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ABSTRACT 

There is evidence that an addition 
compound of oxidized dl-alpha-toco- 
pherol and linoleic acid is formed when 
the components are adsorbed in mixed 
monolayer on silica gel at a molecular 
ratio of 1:20, and subjected to heating in 
air at 80 C. A relatively nonpolar toco- 
pheryl quinone is also formed in smaller 
amounts. These are the major tocopherol 
oxidation products isolated in this system 
and do not correspond to any known to 
the authors. The addition compound has 
about the same mobility as linoleic acid 
in most thin layer chromatography (TLC) 
and chromatographic systems, but can be 
isolated by successive chromatography on 
silica and gel filtration on Sephadex 
LH-20. It yields a single spot in TLC in 
several systems. The elemental analysis is 
reproducible and consistent with a simple 
addition compound of linoleic acid and 
bivalently oxidized tocopherol. The com- 
pound has a carboxyl group which can be 
esterified. The ester has about the same 
TLC mobility as methyl linoleate. The 
molecular weight of the ester is 722.6. 
The UV spectrumoshows a single peak, 
ETOH = 3000 A, E = 4.74. The IR max 

spectrum shows a very strong chroman 
ether band at 9.12 At, a strong methyl 
band at 7.24 At and carboxyl but no 
hydroxyl absorption. The NMR spectrum 
shows, in contrast to that of tocopherol, 
a reduction in aromatic methyl protons, a 
carboxyl  proton exchangeable with 
deuterium oxide, but no hydroxyl pro- 
ton. The compound does not reduce 
Emmerie-Engel reagent prior to treatment 
with concentrated hydriodic acid, nor do 
the ether-extractable products after such 
treatment. The present data are con- 
sistent with an addition product whose 
bridging group is a new chroman ring. 

INTRODUCTION 

The oxidation of statistical monolayers of 
fatty acids formed by adsorption on silica gel, 
both with and without added d/-alpha-toco- 
pherol, has been reported from this laboratory 

(1,2). The products of these oxidations were 
studied to determine the relative translational 
mobility of the molecules in the monolayer. 
Since tocopherol and its oxidation products 
have characteristic UV absorptions indicative of 
monomeric and polymeric forms, and since we 
have shown that the silica gel system, under 
suitable experimental conditions, permits UV 
study of the products while in monolayer (2), it 
was decided to study first the alterations of this 
molecule. Although quinones and self-polymeric 
forms have been frequently reported (3-8), 
compounds of oxidized dl-alpha-tocopherol 
with molecules other than tocopherol under 
conditions presumably productive of free 
radicals, have not been frequently demon- 
strated. Only the 9-hydroxy-alpha-tocopherone 
(9), the 9-ethoxy-alpha-tocopherone (10), and 
the 5-benzoyloxymethyl-dl-alpha tocopherol 
(i  i)  appear to have been reported from in vitro 
reactions. From the alpha-tocopherol model 
compound,  6-hydroxy-2,2,5,7,8-pentamethyl 
chroman, Nilsson (12) prepared a styrene 
Diels-Alder type adduct (Fig. 1) during alkali 
ferricyanide oxidation in styrene solution. Also 
from the same model compound, Skinner and 
Parkhurst (13) have prepared Diels-Alder type 
adducts with dihydropyran and tetracyano- 
ethylene in aprotic solvents. 

About 40% of the tocopherol adsorbed from 
petroleum ether at a 1:20 molar ratio with 
linoleic acid in monolayer on silica gel and 
oxidized at 80 C in air was recovered as a 1 : 1 
adduct of oxidized tocopherol with linoleic 
acid. The adduct is quite stable, has a free 
carboxyl group and about the same chromato- 
graphic mobility as the free fatty acid in all 
systems tested, except gel permeation chro- 
matography. 

About 10% of the adsorbed tocopherol was 
recovered as a relatively nonpolar monomeric 
quinone of tocopherol without a hydroxyl 
group. Neither of the products corresponds to 
compounds previously reported (6). 

EXPERIMENTAL PROCEDURES 

Silica Gel G was supplied by Warner-Chilcott 
Laboratories Instruments Division, Richmond, 
California. It was acid-washed four times by the 
procedure of Stahl (14). Iron content of the 
final acid washings was 0.75 ppm, as deter- 
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FIG. 1. Structure of chromanol-styrene adduct and 
of tocopherol-linoleic acid adduct; n + m = 12. 
Relative location of methyl, carboxyl and double 
bond of linoleic acid moiety not determined. 

mined by atomic adsorption spectrophoto- 
metry. 

Linoleic acid was purchased from the 
Hormel Institute, and was used as received, 
since further purification in our hands gave a 
product not noticeably more free of UV 
absorption at 233 nap than the original, which 
shows less than 0.1% conjugated diene. There is 
about 0.1 moles percent of an impurity with 
the  UV spectrum and chromatographic 
behavior of conjugated trienoic acid. 

Both synthetic, racemic d/-alpha-tocopherol 
and natural d-alpha-tocopherol were used. The 
synthetic tocopherol was purchased from 
Nutritional Biochemicals Corporation, Cleve- 
land, Ohio, and was of N.F. grade (96% toco- 
pherol). It was purified by eight repetitions of 
the acid and alkali wash procedure of Parker 
and McFarlane (15). The product gave a single 
spot in several systems of thin layer chromato- 
graphy (TLC) and UV absorbance in agreement 
with literature values. 

Natural d-alpha-tocopherol was purchased 
both from Fisher Scientific Company and from 
Distillation Products Industries. These prepara- 
tions, which are initially of high purity, were 
used without further purification from an 
unopened ampoule and were pure to TLC and 
UV analysis. 

Redistilled, low-boiling (35-52 C) petroleum 
ether of A.C.S. Reagent Grade was used as 
adsorbing solvent. It was deoxygenated by 1 hr 
of flushing with dry nitrogen. Benzene and 
chloroform used as eluting solvents in chro- 
matography were also of A.C.S. Reagent Grade 
and were used as received. 

Silicic acid used for the initial chromato- 

graphy was Mallinckrodt A.R. Grade, "Suitable 
for Chromatographic Analysis by the Method 
of Ramsey and Patterson." It was activated at 
110 C for at least 10 hr, and column beds were 
washed with about three bed volumes of 
benzene. 

For the final gel filtration of the com- 
pounds, Sephadex LH-20 was purchased from 
Pharmacia Fine Chemicals, Inc. The gel was 
allowed to swell overnight in a mixture of 
chloroform and cyclohexane (8:2 v/v). After 
column packing, it was washed with about 
three bed volumes of chloroform. 

The methods of adsorption on silica gel of a 
monolayer of lipid containing linoleic acid and 
tocopherol at a molar ratio of 20:1, subsequent 
c o n t r o l l e d  air oxidation at 80 C, and 
monitoring of the oxidation by oxygen uptake 
and UV measurements of the monolayer while 
on silica, have been reported elsewhere (1,2). 

Briefly summarized, the method entails 
adsorption on 2 g of acid-washed, activated 
Silica G at room temperature of approximately 
370 mg of linoleic acid and 25 mg of toco- 
pherol from solution in 45 ml redistilled petro- 
leum ether in an acid-washed, 100 ml round 
bottom flask. After 40 min of shaking and 3 
min of settling, the supernatant solvent is 
decanted and the adhering residual solvent 
removed during 1 hr under dry nitrogen flow at 
slightly above atmospheric pressure. The 
reaction vessel is then flushed with filtered 
laboratory air for 5 min, capped with a rubber 
serum bottle stopper, placed in an 80 C off 
bath, and sampled for headspace gas at appro- 
priate intervals, using a Fisher Gas Partitioner 
(16). After this procedure, no petroleum ether 
peak could be detected by the Gas Partitioner. 

It has been previously shown (1) that 
adsorption conducted under the above con- 
ditions conforms to the Langmuir adsorption 
isotherm. The amount of linoleic acid adsorbed 
at the solution concentration used was equi- 
valent to about 75% of theoretical monolayer 
coverage and was approximately the molecular 
equivalent of the available oxygen in the flask. 

Flasks were removed at appropriate intervals 
and samples of lipid-coated silica were sub- 
jected to successive elution and two-stage chro- 
matography, first in a silica-benzene and later in 
a gel filtration system. Final purification 
i n v o l v e d  repeated gel f i l t rat ion,  which 
accomplished the difficult separation of the 
tocopherol-linoleic acid adduct from linoleic 
acid. 

For the silicic acid column chromatography, 
since the compounds had been calculated to be 
in monolayer form on the silica, they were 
eluted directly from the oxidized lipid-coated 
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FIG. 2. IR spectrum of tocopherol adduct (A) and of tocopherol (B). 

silica onto the top surface of the silicic acid 
column bed. The 2 g sample of lipid-coated 
silica, representing the charge of one flask, was 
dusted through a long-stemmed funnel onto a 
filter paper disk covering the top of the silicic 
acid bed surface, which was submerged in ca. 1 
ml of the slurrying solvent, benzene. A second 
disk was floated into place above the charge, 
solvent was added cautiously, and elution 
commenced. Among other minor fractions, 
about 2 mg of a bright yellow, relatively non- 
polar tocopheryl quinone was usually eluted at 
about 1.2 bed volumes. The nearly colorless 
tocopherol-linoleic acid adduct was eluted at 
two to three bed volumes, depending on the 
silica activation. Linoleic acid (and its conju- 
gated trienoic acid impurity) was eluted shortly 
after the emergence of the adduct, and cochro- 
matographed with it during much of the 
elution. Of the initial charge of 375 mg, there 
were retained for gel filtration the middle frac- 
tions containing about 165 mg of linoleic acid 
and 20 mg of tocopherol-derived products. 

Since the adduct was highly contaminated 
with fatty acid after silica chromatography, it 
was twice rechromatographed by gel filtration 
on Sephadex LH-20, using chloroform as 
eluent. In this system, using newly swelled 
Sephadex, or Sephadex regenerated by chloro- 

form and methanol washing and overnight 
vacuum drying before swelling, the adduct sepa- 
rates as a pure fraction just preceding the fatty 
acids, at about two bed volumes. 

UV spectrophotometry was performed on a 
Cary Recording Spectrophotometer, Model 14, 
using 95% ethanol, unless otherwise specified. 
IR spectrophotometry was done on a Perkin- 
Elmer IR Spectrophotometer, Model 21, using 
CC14 as solvent. NMR spectrometry wa s carried 
out on a Varian HA-100 NMR Spectrometer. 
Spectra were recorded at 100 MHz, operating in 
the frequency-swept mode, using deuterated 
chloroform as solvent and tetramethylsilane as 

R 0 R 

R R' R' R 

TOCOPHEROL DIMER 

R = CH 3 

R' = ClsH33 

R 

II 
CH 2 

QUINONE METHIDE 
OF TOCOPHEROL 

(HyL~othetical) 

FIG. 3. Structure of tocopherol dimer and of 
hypothetical quinone methide of tocopherol. 
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FIG. 4. IR spect rum of  tocopherol  dimer. 

internal standard. Peak values are reported in 
the tau convention, as parts per million. Mass 
spectrometry was performed on the methyl 
ester of the adduct using a CEC Mass Spectro- 
meter, Model 21-I 10B, with perfluorokerosene 
as an internal standard and a source tempera- 
ture of 240 C at time of recording the parent 
molecular ion. Molecular weight and a con- 
firmation of the elemental analysis were deter- 

mined by the peak-matching method of Nier 
(17). 

The adduct was characterized by using TLC 
on Silica G with benzene, esterification with 
boron trichloride and methanol reagent (18), 
reaction with the Emmerie-Engel spray reagent 
and with 58% hydriodic acid (15,19). Ana- 
lytical data for the compound are shown 
below. 
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FIG. 5. IR spectrum o f  tocopheryl  allyl e ther  (A) and o f  tocopheryl  me thy l  e ther  (B). 
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All analytical data on the adduct except that 
from mass spectrometry were obtained from at 
least two separately purified samples and were 
reproducible: pale yellow oil; molecular weight 
(mass spectrometry) 708.6; Rf linoleic acid 
0.07, tocopherol-linoleic acid adduct 0.08, 
m e t h y l  linoleate 0.40, tocopherol-methyl  

ETOH linoleate adduct 0.42; ;kma x 300 m/.t 
(Egc~4.74) with blue shift on silica and with 
polar solvents; IR (/J) carboxyl at 5.84, strong 
bands at 9.12 ( tocopherol  chroman) and 7.24 
(methyl);  NMR, 7.88 (2 aromatic methyl 
groups), 4.56 (2 olefin protons),  5.93 (1 ether 
proton),  carboxyl but no hydroxyl  protons;  
adduct gives no Emmerie-Engel reaction; with 
BC13-MeOH is converted to an ester giving no 
Emmerie-Engel reaction; HI t reatment  does not 
produce t o c o p h e r o l  or ether-extractable 
products that give an Emmerie-Engel reaction. 

Analysis�9 Calculated for C47H8004:  C, 
79.60; H, 11.37. Found:  Sample 1, C, 79.45;H,  
12.17. Sample 2, C, 79.32; H, 12.10�9 

The methyl and allyl ethers of d-alpha-toco- 
pherol were prepared, using either methyl 
iodide or allyl bromide in acetone solution 
shaken with 36% sodium hydroxide solution at 
room temperature (20). After two repeti t ions 
of silica-benzene chromatography, the middle 
fractions in both cases were a clear oil for 
which UV, IR and NMR spectrophotometry 
were consistent with the relevant ether struc- 
ture, as was elemental analysis. The ethers were 
readily cleaved to tocopherol  using hydriodic 
acid (19). 

Analysis of allyl ether. Calculated for 
C32H5402:  C, 81.64; H, 11.56. Found:  C, 
81 .93 ;~ ,  11.14. ND20: 1.4956. 

Analysis of methyl ether. Calculated for 
C30H5202:  C, 81.02; H, 11.79. Found:  C, 
80.92;H,  11.77. ND20: 1.4925. 

The spiro-keto ether dimer of tocopherol  (3) 
was prepared in over 90% yield using silver 
oxide. Twenty-two milligrams of d-alpha-toco- 
pherol were dissolved in 7 ml of methyl  iodide 
contained in a 50 ml round bo t tom flask with 
reflux condenser. One gram of silver oxide was 
added, whereupon the solution became bright 
yellow. The suspension was refluxed at 60 C for 
3 1/2 hr and filtered. The solvent was removed 
at reduced pressure to leave 21.5 mg of a 
bright, orange-yellow oil, soluble with difficulty 
in ethanol, but very soluble in petroleum ether. 
The UV absorption spectrum in hexane showed 
an absorption maximum at 301 mff and a 

E ]7~ 3 secondary maximum at 338 m# ( 1 cm 5. , 

2.3). This spectrum was very little changed on 
further purification and closely corresponds to 
reported values (3-5,7) for the keto-ether dimer 
of tocopherol.  The oil was further purified by 
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FIG. 6. UV spectra of tocopheryl derivatives. 
Tocopherol adduct, 0.16 mg/ml. Nonpolar quinone, 
0.016 mg/ml. Allyl ether, 0.20 mg/ml. Dimer, 0.21 
mg/ml. 

column chromatography on silica, using 
benzene as eluent, the bright yellow oil 
emerging at 0.79 bed volumes. After  two 
repetit ions,  the middle fractions of the yellow 
zone were collected for an analytical sample 
and were pure to TLC (Silica G-benzene). UV 
and IR spectra were in agreement with reported 
values, as was the elemental analysis. 

Analysis. Calculated for C58H9604:  C, 
81.25 ; H, 11.29. Found:  C, 80.62; H, 11.26. 

RESULTS A N D  D ISCUSSION 

Course of Oxidation in the Linoleic 
Acid-Tocopherol Monolayer 

It was found, using silica-UV and gravimetric 
measurement methods previously described 
(1,2), that about 4.3 moles per cent tocopherol  
were co-adsorbed with 185 mg of linoleic acid 
in a monolayer on 1 g of silica from 25 ml of 
petroleum ether solution initially containing 10 
mg/ml of linoleic acid and 0.8 mg/ml of toco- 
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FIG. 8. NMR spectrum of tocopheryl methyl ether 
(A) and of tocopheryl aUyl ether (B). 
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FIG. 7. NMR spectrum of tocopherol adduct (A), 
linoleic acid (B) and tocopherol (C). 

pherol. In the typical experiment at this con- 
centration and at a temperature of 80 + 2 C, 
oxygen uptake was followed for five to seven 
days, or until  headspace oxygen had reached 
less than 1%. This oxygen consumption was 
approximately equivalent to 1 mole of oxygen 
per mole of linoleic acid. 

The course of oxygen uptake and the 
changes in the UV spectrum of such a mono- 
layer on silica have been reported (1). Briefly 
summarized, during the first day of a four day 
"induction period," there is a pronounced up- 
take of oxygen (10% of available oxygen), coinci- 
dent with a shift in the peak of maximum UV 
absorbance from 285 nap (tocopherol adsorbed 
on silica) to 277 nap (quinone adsorbed on 
silica). The oxygen consumption then declines 
slowly and the UV spectrum remains nearly 
constant for three more days. However, at the 

end of the fourth day about 25% of the avail- 
able oxygen has been consumed, or about 5 
mole/mole of tocopherol. After this four-day 
tocopherol-dependent "induction period," there 
is a sharp increase in oxygen consumption and an 
abrupt shift in the peak of the silica-UV 
spectrum back to 283 m/~ (diene carbonyl on 
silica). Almost all of the oxygen is consumed 
within the next day or two. 

Oxidation Products Derived From Tocopherol 

Silicic acid chromatography of the products 
of oxidation direct from the monolayer on 
silica just prior to the end of the four-day 
"induction period" showed two predominant 
products traceable to tocopherol. A yellow, 
re la t ive ly  non-polar, monomeric quinone 
without a hydroxyl group (Compound A) is 
eluted after about one bed volume of benzene 
as eluent. The UV absorption spectrum in 
ethanol showed maxima at 261, 267 mp 
(E]%cm approx. 300). Compound B, a nearly 
colorless oil, appears after three or four bed 
volumes, just prior to linoleic acid and, in later 
fractions, merged with it. It is a tocopherol- 
linoleic acid adduct, the analytical character- 
istics of which have been described above. 

LIPIDS, VOL. 6, NO. 1 
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These two compounds, at most, represent 
about 50% of  the available tocopherol.  Neither 
silica-UV spectrophotometry nor subsequent 
chromatography gave evidence for other 
monomers, dimers or trimers as elsewhere 
reported from tocopherol  oxidation. 

The TocopheroI-Linoleic Acid Adduct 

Because it is present in larger amounts,  and 
because of its possible importance to toco- 
pherol function, the adduct was the more 
thoroughly characterized of the two products.  
Many of its characteristics have been stated 
above, but some should be discussed in more 
detail. 

The elemental analysis most closely cor- 
responds to that calculated for a simple or 
multiple adduct of the composition: linoleic 
acid + tocopherol,  C47H8204.  However, the 
parent ion molecular weight derived from mass 
spectral data for the ester, 722.617, cor- 
responds more closely to that  calculated for 
C48H8204,  722.621, consistent with methyl 
linoleate + tocopherol  - 2H, the coupling of 
bivalently oxidized tocopherol  with methyl 
linoleate (Fig, 1 for the acid). 

The IR spectrum (Fig. 2) shows the presence 
of a carboxyl group at 5.83 g and the methyl 
(7 .24 / l )  and chroman (9 .12 / l )  groups of toco- 
pherol but no hydroxyl  or unsaturated 
carbonyl groups. The chroman peak arises from 
the CO stretch vibration of the cyclic aromatic 
ether ring. The ratio of the absorbance of the 
methyl-methylene peak at 3.42 g to that of  the 
carboxyl group is 1.50 for the adduct,  com- 
pared to 0.78 for linoleic acid alone, nearly a 
twofold increase, as expected for the hypothe-  
sized adduct.  

In general, then, the IR spectrum confirms 
the presence of both linoleic acid and toco- 
pherol moieties. Only one oxidation product  of  
tocopherol  is known which has an esterifiable 
carboxyl group (21). The ring of this com- 
pound, alpha-tocopheronic acid, has a quinone 
structure and reactions, which Compound B, 
the adduct,  does not. The chroman peak of the 
adduct is twice as intense as that in the toco- 
pherol spectrum, and its wave length matches 
that of the chroman peak of the known toco- 
pherol dimer (Fig. 3,4). The dimer contains a 
second chroman ring linking the monomers 
(4,8) and is probably derived from a quinone 
methide intermediate.  The absorption by the 
adduct in the acyclic aromatic ether region 
around 8 /l is weak in contrast to the compar- 
able absorption of the allyl and methyl toco- 
pheryl ethers (Fig. 5), 

Of the four oxygens in the 1:1 adduct sug- 
gested by the elemental analysis and mass 

spectrometry,  the IR analysis permits assign- 
ment of two to the carboxyl and one to the 
chroman group. The assignment of  the 
remaining oxygen is critical to the problem of 
structure. The IR analysis and the failure of the 
adduct to give an Emmerie-Engel reaction rule 
out hydroxyl  and unsaturated carbonyl groups. 
Thus, for the group containing the remaining 
one atom of oxygen, there remain only simple 
or cyclic ethers as alternatives, either of which 
places a requirement that the aromatic struc- 
ture be preserved, since no ether peak other 
than that of the intensified chroman is observed 
in the 9 kt cyclic and aliphatic ether region. 

The UV spectrum in ethanol (Fig. 6) adds 
strong support to the aromatic ether assign- 
ment. The main 300 m/l band shows a slight 
bathochromic shift to 301 m# in less polar 
solvents like chloroform, and a pronounced 
hypsochromic shift in more polar systems such 
as the silica-UV system (2), where the peak is at  
295 m/~. We have found such a hypsochromic 
shift in polar media to be associated with the 
aromatic ring of all tocopherol  derivatives so far 
examined, whenever aromatici ty is preserved. 
Thus, tocopherol  and its allyl and methyl 
ethers, and the main 300 m~u band of the dimer, 
which contains one aromatic ring, shift in this 
manner. On the other hand, tocopherot 
quinones experience a bathochromic shift on 
silica of 7-10 rn~, and the unsaturated ketones, 
in particular the ketone band of the dimer, also 
shift bathochromically,  often as much as 30 
my. Pure conjugated polyene systems of up to 
three double bonds shift only slightly batho- 
chromically. 

Confirmation of aromatici ty was provided 
by the NMR spectrum. In addit ion to the usual 
methyl peaks between 9.06-9.12 ~ and 
m e t h y l e n e  peaks between 8.63-8.73 T, 
representing the aliphatic chains of linoleic acid 
and tocopherol  (Fig. 7), there occurred broad, 
asymmetric peaks at 4.56 T and 5.93 r ,  which 
were equivalent to two and one protons, 
respectively. The former peak is in the region of 
nonconjugated olefinic protons,  while the lat ter  
is not exchangeable with deuterium oxide, and 
is in the region of protons on carbon alpha to 
an aromatic ether oxygen. A carboxyl proton 
exchangeable with deuterium oxide was located 
below the zero of the scale. The most promi- 
nent peak below 8.0 r was the strong singlet at 
7.88 r ,  representing six protons of two toco- 
pherol methyl groups. This low field posit ion is 
indicative of methyl groups attached to 
aromatic or olefinic carbons (22). 

The assignment most critical to structure is 
that of the 7.88 ~" singlet, since it must arise 
from the ring methyl groups of tocopherol  (Fig. 
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7), which  have no  ad jacent  a lpha  c a r b o n  w i th  a 
p r o t o n  in any  k n o w n  s t ruc tures .  Since it  has  
been  shown  by  the  IR tha t  the re  is no  unsa tu-  
ra ted  ca rbony l  f u n c t i o n  in the  ring, it appears  
conf i rmed  t h a t  the  r ing remains  a romat i c ,  and  
t ha t  the  single unass igned oxygen  a t o m  is par t  
of  a s imple or cyclic a roma t i c  e the r  l ink. S t rong  
suppo r t  for  this  ass ignment  is f o u n d  in the  peak  
at 5.93 r ,  wh ich  is in the  region of  p r o t o n s  o n  
ca rbon  a lpha  to an a roma t i c  e the r  oxygen ,  as is 
evident  in the  spectra  of  the  allyl and  m e t h y l  
e thers  (Fig. 8). This peak in the  a d d u c t  is equi-  
va len t  to  a single p r o t o n ,  which  suggests t h a t  
the  pa ren t  ca rbon  a t o m  is secondary ,  and  thus ,  
par t  of  a chain.  

I t  appears,  however ,  f r om an  in spec t ion  of  
the  NMR spect ra  of  the  allyl and  m e t h y l  e thers  
of  t o c o p h e r o l  t ha t  the  a d d u c t  does  n o t  have a 
s imple a roma t i c  e the r  l ink.  Unl ike  t he  adduc t ,  
b o t h  of  these  e thers  wi th  widely di f fer ing 
oxygen  subs t i t uen t s  show a charac te r i s t ic  
benzyl ic  m e t h y l e n e  t r ip le t  at  7.4 r ,  near ly  the  
same as t ha t  in t ocophe ro l ,  and  a very d i s t inc t  
tr iple singlet s t ruc tu re  of  the  a roma t i c  m e t hy l s  
in the  7.85 r region.  In add i t ion ,  b o t h  o f  these  
e thers  have a UV a b s o r p t i o n  m a x i m u m  at 
a b o u t  288 m/~ in e thano l ,  in con t ras t  to  300  m/l  
for  the  adduc t  and  the  main  b a n d  of  the  d imer .  

The  failure of  hydr iod ic  acid t r e a t m e n t  to  
p roduce  e the r -ex t rac tab le  c o m p o u n d s  reac t ing  
like t o c o p h e r o l  in  the  Emmer ie -Enge l  r eac t ion  
is f u r t he r  evidence t h a t  a s imple a roma t i c  e the r  
br idge is no t  involved,  since the  s imple allyl and  
m e t h y l  e thers  readi ly  p roduce  t o c o p h e r o l  u n d e r  
these  cond i t ions .  

All the  above  data ,  the  s imilar i ty  of  the  IR 
spec t rum in the  8-9 /a region to  t h a t  of  the  
t o c o p h e r o l  d imer  (Fig. 3,4),  ( to  which  has been  
assigned the  s t ruc tu re  of  a second  c h r o m a n  ring 
as a br idge)  and  Nilsson 's  d e m o n s t r a t i o n  (12)  of  
a s t y r e n e - c h r o m a n o l  adduc t  for  which  he  pos tu-  
lates a second  c h r o m a n  ring bridge (Fig. 1), 
appea r  cons i s ten t  wi th  an  a d d u c t  whose  
br idging group is a new c h r o m a n  ring. 

The  presen t  f indings  of  a m o n o m e r i c ,  non-  
h y d r o x y l i c  q u i n o n e ,  and  an a d d u c t  of  ox id ized  
t o c o p h e r o l  and  l inoleic acid,  coupled  w i th  
fai lure to  f ind  se l f -polymeric  fo rms  of  ox id ized  
t o c o p h e r o l  r e p o r t e d  by  o t h e r  workers  f rom 
one-  and  two-phase  bu lk  l iquid  sys tems,  suggest 
t ha t  t o c o p h e r o l  o x i d a t i o n  fol lows a d i f fe ren t  
course  in the  silica m o n o l a y e r  sys tem.  Thus,  
t o c o p h e r o l  molecules  appea r  to  be  p reven ted ,  
e i ther  by  separa t ion  or by  steric res t r ic t ions ,  
f r om m u t u a l  associa t ion  and  reac t ion .  However ,  
t he  exis tence  of  the  a d d u c t  in  p r o p o r t i o n a t e l y  
large yield suggests t ha t  the  chemica l  reac t iv i ty  
of  the  t o c o p h e r o l  molecule  wi th  o t h e r  
molecules  is still cons iderable .  The  data  are thus  

c o n s i s t e n t  wi th  a relat ively unres t r i c t ed  
reac t ion  rate,  bu t  a great ly  r educed  migra t iona l  
mobi l i ty .  Since t o c o p h e r o l  is the  more  mobi l e  
of  the  two c o m p o n e n t s  in mos t  silica c h r o m a t o -  
graphic  sys tems,  i t  would  seem plausible  t h a t  
b o t h  c o m p o n e n t s  are qu i te  f i rmly  ancho red ,  
t h a t  the i r  ini t ial  d i s t r i bu t ion  is qu i te  r a n d o m ,  
wi th  l i t t le t e n d e n c y  for  segregat ion of  the  two  
c o m p o n e n t s ,  and  t h a t  the  au to -ox ida t i on  
reac t ion  may  be p ropaga ted  in d o m i n o  fashion ,  
wi th  l i t t le  la teral  t rans la t ion .  

I f  these  f indings  are n o t  u n i q u e  to  the  
sys tem descr ibed,  ana logous  c o m p o u n d s  m a y  
be  d e m o n s t r a b l e  using m e m b r a n e  c o n s t i t u e n t s  
l ike u n s a t u r a t e d  phospho l ip ids  on  silica, or  in  
lyophi l ized ,  or in vivo tissue sys tems.  
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Lipid Monolayers on Silica Gel 
W.L. PORTER, A.S. HENICK, J.I. JEFFERS and L.A. LEVASSEUR, 
U.S. Army Natick Laboratories, Food Laboratory, Natick, Massachusetts 01760 

ABSTRACT 

A method has been developed for 
visible and UV spectrophotometry of 
lipid monolayers after preadsorption on 
silica gel from solution in hydrocarbon 
solvents. Lipid-coated silica gel is made 
optically transparent in the desired 
spectral region by slurrying with an inert 
solvent mixture. Reproducible gels with 
nearly the same refractive index as the 
solvent are achieved by careful choice of 
mixed solvents and carefully t imed 
settling periods. The gel is pipet ted into a 
silica cuvette of 1 cm light path, and a 
9 mm silica spacer bar is inserted between 
Teflon guide strips. Appropriate  choice of 
solvent mixtures (mainly spectral grade 
cyclohexane and c y c l o o c t a n e ) p e r m i t s  
quanti tat ion of spectra down to 2250 
Angstrom units, using a silica gel 
reference cell. Lipid elution from the 
monolayer into the solvent is usually less 
than 1% at the dry-mixing dilutions used. 
Spectra of known unsaturated carbonyl 
compounds adsorbed on silica show red 
shifts as great as 240 Angstrom units, 
while blue shifts as great as 100 Angstrom 
units are observed for tocopherol  deriva- 
tives with an intact aromatic ring. Very 
small shifts are observed for polyenes. 
The extent and direction of the shifts are 
i n d i c a t i v e  o f  adsorp t ion  and its 
orientation and are useful in the pre- 
liminary determination of the class of an 
unknown compound. The silica slurry 
spectra of the important  tocopherol  oxi- 
dation products,  the quinone, dimer and 
trimer, have been examined. Peak wave- 
length shifts are consistent with struc- 
tures elsewhere proposed for these com- 
pounds. 

INTRODUCTION 

To study the autoxidat ion of monolayers 
of linoleic acid adsorbed from solution at equi- 
librium onto silica gels of high specific area, it 
was necessary to develop a method of studying 
the products while still in the monolayer.  This 
would reduce the risk of confusion caused by 
artifact formation during elution from the 

monolayer.  Also, intermediate products,  whose 
survival depends upon stearic or mobil i ty 
restrictions prevailing in the monolayer,  could 
be detected. 

Because of the high sensitivity of UV 
spectrophotometry and the fact that silica gel 
t r ansmi t s  UV light down to 2200A, the 
products were studied by UV spectrophoto- 
metry using a gel of the lipid-coated silica in a 
solvent of approximately the same refractive 
index as the silica at the wavelength region 
desired. Scattering effects are minimized by this 
procedure,  although they cannot be eliminated 
because of the differing refractive indices and 
d i s p e r s i o n s  o f  the lipids, their oxidized 
products and the silica. 

Leermakers and coworkers (1-4) have made 
the most recent studies on the spectra and 
photochemistry of adsorbed organic molecules 
using silica gel in a quartz cell of path length 
0.I cm, added with stirring to a solution of  the 
compound to be studied at appropriate concen- 
trat ion in cyclohexane. Robin and Trueblood 
(5) studied the spectra of organic molecules 
adsorbed on silicic acid in cyclohexane slurries 
previously prepared with magnetic stirring and 
poured as an aliquot into a quartz cell with 
path length 0.3 cm. Because of the close 
proximity of acidic protons of  the silanol 
groups of silicic acid, an intense electrostatic 
and hydrogen-bonding field seems to exist at 
the surface. Thus, pronounced spectral changes 
both in peak wavelengths and in molar 
absorptivity may result from adsorption. Leer- 
makers states, "In general, red shifts occur on 
adsorption of a compound onto the polar 
adsorbent silica gel if the excited state of  the 
molecule has an increased permanent dipole or 
if it is more polarizable than the ground state; 
the blue shifts occur if the reverse is t rue"  (1). 
The extent and direction of the shifts indicate 
the fact of adsorption, the nature of the 
adsorbing group in the molecule and, to a 
degree, the orientation of adsorption. 

EXPERIMENTAL PROCEDURES 

Materials 

Purifications of Silica Gel G, tocopherol  and 
petroleum ether used in adsorbing monolayers 
of lipid and reference compounds have been 
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described elsewhere (6). Neutral alumina 
(Brockman Activity 1) was purchased from 
Fisher Scientific Co. 

Solvents for silica slurry spectrophotometry 
were appropriate mixtures of cyclohexane and 
cyclooctane. The cyclohexane was of spectral 
grade, purchased from Matheson, Coleman and 
Bell. Cyclooctane was purchased from Eastman 
Organic Chemicals, Rochester, N.Y., and 
Colombian Carbon Company, Princeton, N.J. 
The cyclooctane was not of spectral grade and 
contained an impurity adsorbing between 2600 
and 2700 A. This impurity was reduced to 
approximately one fifth by shaking three times 
with one half the volume of concentrated sul- 
furic acid, followed by washes with water and 
saturated sodium bicarbonate until the effluent 
was neutral. The product was then dried over 
magnesium sulfate. Thus purified, it was 
suitable for silica gel spectrophotometry down 
to 2100 A. 

Crotonaldehyde was procured from Eastman 
Organic Chemicals (Rochester, N.Y.). 2,4-Hexa- 
dienal and 2,4-hexadienol were procured from 
Aldrich Chemical Co., Milwaukee, Wisc. Mesityl 
oxide was procured from Matheson, Coleman 
and Bell. Eleostearic acid and ethylidene ace- 
tone were procured from Pfaltz and Bauer, Inc., 
Flushing, N.Y. The d-alpha tocopheryl quinone 
was procured from Distillation Products 
Industries, Rochester, N.Y. 

The volatile materials were purified by redis- 
tillation. Tocopheryl quinone was purified by 
column chromatography on silica and gave a 
single spot in thin layer chromatography. UV 
absorption values of both tocopheryl quinone 
and eleostearic acid agreed with those found in 
literature. 

Preparation of tlae spiro-keto ether dimer 
and of the allyl and methyl ethers of toco- 
pherol is described elsewhere (7). The trimer of 
tocopherol was prepared by standard proce- 
dures (8), except that final purification was by 
two repetitions of column chromatography on 
neutral alumina, using petroleum ether-diethyl 
ether mixtures, the final elution being with 
petroleum ether-diethyl ether (19:1) which 
s epa ra t e s  t r imer  A from trimer B. The 
characteristics of trimer A, including elemental 
analysis, were in agreement with values found 
in literature, with the exception that the IR 
spectrum (CC14) showed a strong 5.93 g peak, 
as reported, but neither trimer A nor B showed 
a 5.80/a peak. 

The method of adsorption of lipids and 
reference compounds on activated Silica Gel G 
from petroleum ether solution is described else- 
where (6). 

Silica Slurry UV Spectrophotometry 
UV spectrophotometry of the lipid-coated 

silica was conducted in standard silica cuvettes 
of 1 cm path length and of approximately 4 ml 
capacity. A reproducible and optically homo- 
geneous slurry of the coated silica was prepared 
in cyclooctane and cyclohexane solvent mix- 
tures, placed in the bottom of the cuvette, and 
extruded with a 9 mm quartz spacer bar 
inserted rapidly into the gel to produce two 
bubble free, homogeneous layers of slurry 
totaling 1 mm in path length. Evaporation of 
the volatile solvent mixture was prevented by a 
cap of "Saran Wrap" secured with a small 
rubber band placed over the spacer bar and cell. 
A reference sample was prepared using 
uncoated, acid-washed, heat-activated silica in a 
solvent slurry in a similar cell and spacer combi- 
nation. 

To prepare the silica for UV spectrophoto- 
metry a weighed aliquot (about 100 mg) of the 
coated silica containing autoxidized lipid, 
which was kept under dry nitrogen at O C, was 
carefully and quickly weighed after restoration 
to room temperature under dry nitrogen. At 
the same time, sufficient acid-washed, heat- 
activated, uncoated silica (about 900 mg) was 
mixed with the coated silica to compose 1 g. 
The coated and uncoated silicas were dry-mixed 
for 5 min in a 50 ml round bot tom flask with a 
small magnetic stirrer bar by manual shaking 
under dry nitrogen flush at slightly above 
atmospheric pressure. An escape manifold 
provided a visual monitor of silica loss, which 
was kept to a minimum consistent with a 
steady nitrogen flow. 

To form the slurry, exactly 3 ml of a suit- 
able solvent mixture (typically cyclooctane- 
cyclohexane, 2:8 v/v) was pipetted directly into 
the bottom of a 25 ml graduated cylinder (19.5 
x 1.5 cm) with standard taper orifice and glass 
stopper, taking care not to wet the walls. A 
12 mm magnetic stirrer bar was added and a 
long stem filter funnel was inserted into the 
graduate with the stem of a length sufficient 5o 
nearly touch the liquid. The mixed silicas or, 
alternatively, the blank silica, were slowly 
added with stirring by funnel so that each 
increment was wetted and incorporated into 
the slurry without forming a dry powder on the 
walls of the cylinder. The slurry formed in this 
manner was almost immediately optically 
homogeneous; there were no visible bubbles 
and very little slurry on the wails of the 
cylinder. At this time, when no clear super- 
natant was visible, stirring was stopped, the 
cylinder was stoppered, and the slurry was 
allowed to settle for a 3 rain interval which was 
carefully timed by a laboratory timer with an 
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TABLE I 

Spectral Shifts of Reference Compounds on Silica 

11 

Compound 

Wavelength of maximum absorption a 
A units 

Cyclohexane-cyclooctane 
solution (8:2 v/v) 

Silica gel-cyclohexane- 
cyclooctane 

(8:2 v/v) slurry 
Spectral shift, 

cm-1 

Crotonaldehyde Below 2200 2270 --- (red) 
Ethylidene acetone Below 2200 2295 --- (red) 
Mesityi oxide 2315 2470 2711 (red) 
Sorbaldehyde 2630 2870 3180 (red) 
D-alpha-tocopheryl 

quinone 2610-2695 2680-2755 808 (red) 

Sorbyl alcohol 2295 2295 0 (none) 
Beta-eleostearic 

acid 2705 2720 204 (red) 

D-alpha-tocopherol 2980 2880 1165 (blue) 
Tocopheryl allyl 

ether 2880 2850 365 (blue) 

Tocopheryl methyl 
ether 2880 2850 365 (blue) 

Keto ether dimer 
of tocopherol 3020 2950 786 (blue) 

3410 3770 2800 (red) 

Trimer of tocopherol 2945 2910 408 (blue) 
--- 2525 --- (red) 

aBased on slant baseline. Method described in text. 

alarm. The reference slurry was mixed first; 
after it had settled approximately 11/2 min, the 3 
rain settling period for the coated sample was 
begun and timed in the same manner. 

At the end of the timed period, the volume 
of the slurry was 3.25 ml. An 0.8 ml aliquot of 
the slurry was slowly and carefully withdrawn 
from a position 2 mm above the bot tom of the 
graduate using a finger-controlled pipette filler 
and a pipette prepared from a fire-polished glass 
tube 4 mm i.d., scratch-marked at a suitable 
point. Seven tenths of a milliliter of the slurry 
sample was deposited in the open cuvette at a 
point 2 mm from the bot tom and the 9 mm 
quartz spacer bar was thrust quickly and firmly 
into the slurry, extruding it up the cell walls. 
To prevent the development of cracks in the 
slurry, it was found that this operation must be 
performed quickly and preferably by two 
people. The Saran Wrap cell cover was secured, 
the cell surfaces gently wiped, and the cell 
placed in the spectrophotometer cuvette 
holder. The effective life of such a preparation 
is approximately 10 min before cracks and 
bubbles develop. Therefore, a calibration base- 
line was made using the cuvettes alone or filled 
with liquid solvent instead of slurry. Experience 
had proven the adequacy of such a procedure 
for precision; the rapidity of onset of deteriora- 
tion of the reference slurry prevented its use 

against both a blank and the sample. The 
d e t e r i o r a t i o n  is relatively sudden and 
immediately detectable by eye. Prior to this, 
repetitions of optical absorbance never differ 
more than 5%, and changes in the position of 
the peak wavelengths are not observable. 

Spectra were read on a Cary Recording 
Spectrophotometer,  Model 14M, using a slit 
control setting of 50 and full slit height. Under 
the above conditions, spectra could be obtained 
between 2250 and 3600 A using the 2/8 cyclo- 
octane-cyclohexane solvent mixture, the 
shorter wavelength limit being set by the 
absorbance of the reference silica and the 
consequent increase in slit width. In general, 
an initial preparation was followed by a repeat 
preparation of both sample and reference 
slurries. Optical repetitions on the same slurry 
differed so little that they were not included in 
the standard procedure. Preparative repetitions 
from the same dry mixture of silica in general 
differ less than 5% in absorbance, and even 
when preparations are made from separately 
weighed and mixed silica samples, the cumu- 
lative variability in molar absorptivity is less 
than 10%. The wavelengths of  maximum 
absorption are very reproducible, particularly 
above 2400 A, but errors inherent in "slurry 
preparation and settling permit less precision 
for molar absorptivities. 
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FIG. 1. UV spectrum of d-alpha-tocopherol. Cyclo- 
octane-cyclohexane, 2:8 (solid line); cyclooctane- 
cyclohexane-silica slurry (dashed line); 0.176 mg/ml. 

RESULTS AND DISCUSSION 

Selection of Slurrying Solvent 

V e r y  f e w  so l ven ts  are s u i t a b l e  f o r  pe r -  
forming UV spectrophotometry with silica 
precoated with lipid monolayers. They cannot 
have any important  UV absorption above 2100 
A. They must be relatively inert chemically, 
and, preferably, aliphatic hydrocarbons.  More 
polar materials will strongly elute products 
from the silica surface. Solvents must be rela- 
tively nonvolatile and possess an index of 
refraction high enough to match the lipid- 
c o a t e d  silica in the ranges desired. The 
components of a solvent pair must be suitably 
different in index so that  matching mixtures 
may be found for the desired range. It is also 
important  that the supernatant be clear, to 
insure that all the coated silica particles are 
being included in the measured volume after 
settling of the slurry. More polar solvents fail to 
produce such coherence of the slurry. The 
c y c l o o c t a n e - c y c l o h e x a n e  combination in 
various proport ions was found to be the 
best. 
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FIG. 2. UV spectrum of d-alpha-tocopheryl 
quinone. Cyclooctane-cyclohexane, 2:8 (solid fine); 
cyclooctane-cyclohexane-silica slurry (dashed line); 
0.023 mg/ml. 

Optical Limitations of the Method 

To increase transparency of oxidized lipid- 
coated silica slurries in the 2200 to 2500 A 
regions where diene hydroperoxide and alpha- 
beta unsaturated carbonyl compounds absorb, 
cyclooctane-cyclohexane mixtures were used, 
rather than cyclohexane alone (Robin and 
Trueblood, and Leermakers). However, any 
spectrophotometr ic  studies of silica solvent 
slurries are limited by the fact that the 
refractive dispersions (increase of refractive 
index with decreasing wavelength) of liquids are 
generally greater than those of solids. A good 
match at one wavelength is an imperfect match 
at another wavelength, i.e., a slurry nearly 
transparent in the UV may be only translucent 
in the visible range. This is responsible for the 
we l l  known Christiansen-filter effect of 
enhanced transmission of a slurry in the range 
of best match of solvent and solid indices of 
refraction (5). To this is added the effect of the 
small particle size of the silica, which always 
tends to increase Rayleigh scattering toward 
lower wavelengths. Furthermore,  the lipid 
which is in the monolayer coating on the silica 
usually has a different index of refraction from 
either the silica or the solvent, and this dif- 
ference is strongly enhanced upon oxidation. 
Thus a perfect match of solvent and coated 
solid, even at one wavelength, is impossible, and 
a compromise is necessary in choosing solvent 
mixtures for the particular lipid material and 
wavelength region of study. In addition, a 
solvent refractive index which matches the 
refractive index of the uncoated reference 
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FIG. 3. UV spectrum of Keto-ether dimer of d- 
alpha-tocopherol. Cyclooctane-cyclohexane, 2: 8 (solid 
line, 0.192 mg/ml). Cyclooctane-cyclohexane-silica 
slurry (dashed line, 0.128 mg/ml). 

silica, and hence extends the spectral range to 
lower wavelengths, may add to the scattering 
background of the coated silica sample which 
appears like an "end-absorpt ion" or a slowly 
rising background toward shorter wavelengths. 

The extinction of uncoated silica slurries, 
prepared as above in cyclooctane-cyclohexane 
( 2 : 8 ) ,  showed the following values at 
representative wavelengths: wavelength 2300 A, 
1.5 extinction; 2900 A, 0.4; 3600 A, 0.5. 

Theoretical maximum transmission or the 
Christiansen "window" (3) should occur nearer 
to 2300 A, but  the nonselective increase of 
Rayleigh scattering with decreasing wavelength 
shifts this point toward the red. In general, 
however, the optical density of these slurries is 
low, compared to the dense, light-scattering 
materials for which Butler (9) reports selective 
w a v e l e n g t h - d e p e n d e n t  scattering due to 
anoma lous  dispersion in the region of 
absorption bands. Anomalies due to stray light 
and fluorescence found in dense, light- 
scattering materials are also minimized by the 
much lower optical density of correctly 
matched solvent-silica slurries. 

Peak Wavelength and Absorbance Measurements 

In practice the effects of background 
scattering can be minimized if peak wavelengths 
are located and absorbances are measured above 
a slant base line. The points of tangency with 
the apparent upper and lower wavelength limits 
of the peak were connected by a straight line. 
Peak wavelength was the wavelength of the 
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FIG. 4. UV spectrum of tocopherol trimer A. 
Cyclooctane-cyclohexane, 2:8 (solid line); cyclo- 
octane-cyclohexane-silica slurry (dashed line); 0.086 
mg/ml. 

point  of tangency of the tangent to the curve 
which was parallel to this slant base line. Peak 
wavelengths, so defined, agreed well with those 
of the identical compounds in the absence of 
background scattering, whereas the apparent 
peak positions (above an assumed horizontal  
base line) are the sums of the background and 
compound absorbances, which always shift the 
apparent location of a smaller peak toward that  
of the larger peak upon which it is super- 
imposed. Absorbance was determined as the area 
bounded by the curve above the slant base line, 
which was found to be directly proport ional  to 
the scalar absorbance measured between the 
slant base line and the determined peak parallel 
to the absorbance axis of the chart paper. 

Extent of Elution by Slurrying Solvent 

To test the extent of elution of relatively 
nonpolar compounds by the slurrying solvent 
during the course of the silica-UV spectro- 
photometry ,  the supernatant from a slurry 
coated with a monolayer containing 5 moles 
per cent tocopherol  in stearic acid was 
examined. The slurry was prepared without any 
dry-mixing dilution of the coated silica. The 
supernatant showed less than 8% of the total  
tocopherol  present in the system. Under the 
condit ion of 1:10 dry-mixing dilution, the 
supernatant  contamination by elution is 
reduced to vanishingly low levels. Since the usual 
powder dilution is 1:10, the method gives 
reasonably quantitative absorbance values and 
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highly reproducible wavelengths of maximum 
absorption referable to compounds adsorbed in 
the monolayer rather than dissolved in the 
solution phase. 

Silica-UV Spectrophotometry of 
Reference Compou nds 

To identify the absorption bands present in 
the silica-UV spectrum resulting from a mixture 
of reaction products, the wavelengths of maxi- 
mum absorption and the molar absorptivity of 
authentic analogous reference compounds were 
determined on silica. This procedure permits 
tentative resolution of a mixed spectrum into 
its components. It also aids greatly in tentative 
classification of unknown compounds, since the 
extent of red and blue spectral shifts are very 
diagnostic. Large shifts also confirm that the 
moiety of a compound producing the shifted 
band is within the silanol electrostatic field, if 
not directly hydrogen-bonded, and thus con- 
firm location and orientation in the monolayer. 

Table I gives a list of relevant purified 
reference compounds whose spectral indices 
have been determined in solvent and on silica in 
this laboratory. 

As discussed above in connection with toco- 
pherol, red shifts appear characteristic of the 
rr-Tr* transition of quinones, unsaturated alde- 
hydes and ketones; blue shifts appear to be 
characteristic of the similar transition in 
aromatic compounds with electron-donating 
substituents. Little or no shift occurs for 
polyenes without a conjugated donating or 
withdrawing group. 

Our work has indicated that tocopherol and 
its derivatives with intact aromatic and 
chroman ring structure experience a blue shift 
in maximum and a decrease in molar 
absorptivity from the solvent values upon 
adsorption on silica (Fig. 1), whereas dienes or 
monoenes conjugated with a carbonyl group as 
in tocopheryl quinone (Fig. 2) or the dienone 
group of the dimer (Fig. 3) experience a red 
shift. 

Thus, the tocopherol dimer, whose proposed 
structure (10,11) has separate aromatic and 
homoannular diene ketone moieties, not conju- 
gatedwith each other, would be expected to 
have a moderate blue shift of the 3020 A band 
and a very strong red shift of the 3410 A band. 
A decrease in absorbance of the 3020 A band 
would be also expected. These changes were 
found (Fig. 3), giving further confirmation to 
the proposed structure, about which doubts 
have been recently expressed (12). The toco- 
pherol trimer (8) is reported to contain two 
aromatic tings with associated chroman groups, 
together with an alpha-beta unsaturated cyclic 

ketone. The silica slurry spectrum (Fig. 4) 
showed the expected blue shift of the aromatic 
band at 2945 A and the red shift of the shorter 
wavelength absorption of the unsaturated car- 
bonyl (appearing as end absorption below 2400 
A in the solvent spectrum). 

The small blue shift of the tocopheryl ethers 
in contrast to that of tocopherol and the 
chroman group of the dimer, appears to result 
from the anomalously short wavelength of their 
7r-Tr* band (2880 A in the solvent cyclohexane- 
cyclooctane, 8:2). The ethers are examples of 
molecules with the steric inhibition of 
resonance found in 2,6-dialkylated, alkyl-aryl 
ethers (13). Since donation of lone pair 
electrons to the ring is thus reduced, the wave- 
length of maximum absorption in solvent is 
abnormally short and bonding to silica 
produces less blue shift. 

Unstrained six-membered ring formation 
involving the ether oxygen is known to remove 
these steric distortions. Therefore, in toco- 
pherol and the aromatic band of its dimer, 
wavelengths in solvent are longer and blue shifts 
due to silica bonding are greater. The shorter 
wavelength of the aromatic band of the trimer 
in solvent in contrast to that of the dimer, and 
its smaller blue shift in silica slurry are con- 
sistent with greater steric distortion of the 
chroman rings than that in tocopherol and the 
dimer. The proposed molecular structure (8) 
would be expected to show steric strain. 

Thus, for a given type of compound to be 
expected from a surface reaction, authentic 
analogue compounds may be studied in the 
adsorbed state on silica to determine the wave- 
lengths of maximum absorption and the molar 
absorptivity. The amount of a known com- 
pound adsorbed may be calculated and the 
components of a spectrum resulting from two 
or three compounds present on the silica may 
be tentatively predicted and confirmed upon 
elution and separation. In addition, unknown 
compounds eluted from the silica surface and 
separated by appropriate methods may be 
classified by the extent and direction of the 
wavelength and absorptivity shifts of their 
spectra in solution as compared to those in 
silica slurry. This affords a valuable clue to the 
nature of the compound. 
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UV Spectrophotometry of Autoxidized Lipid Monolayers 
While on Silica Gel 
W.L. PORTER, L.A. LEVASSEUR, J.I. JEFFERS and A.S. HENICK, 
U.S. Army Natick Laboratories, Natick, Massachusetts 01760 

ABSTRACT 

Autoxidation reactions of linoleic acid 
and tocopherol and of mixtures of the 
two have been monitored in the dry 
monolayer state while adsorbed on silica 
gel, by means of silica slurry spectro- 
photometry and oxygen uptake measure- 
ments. The UV absorbance of the 
products of linoleic acid alone is similar 
to that of previously characterized com- 
pounds, but that from tocopherol is not 
referable to any oxidation products 
known to the authors, regardless of 
whether the determination is made while 
adsorbed on silica or on the extracted 
products. Two compounds, designated A 
and B, having absorbance in ethanol at 
2610-2670 and 3000 A, respectively, are 
the major products of tocopherol oxi- 
dation detectable by UV above 2200 A. 
They are a tocopheryl quinone without a 
hydroxyl group and an adduct of linoleic 
acid and oxidized tocopherol. The 
product distribution suggests that toco- 
pherol may have a restricted migration in 
this system. 

INTRODUCTION 

A method was developed in this laboratory 
for visible and UV spectrophotometry of lipid 
monolayers after adsorption on silica gel from 
solution in hydrocarbon solvents (1). The work 
reported here is the application of that method 
to study of the autoxidation of monolayers of 
linoleic acid and tocopherol, from which a new 
compound of autoxidized tocopherol and 
linoleic acid has been reported (2). 

The compounds resulting from photo- 

decompositions of molecules conducted on 
silica surfaces by Leermakers (3) suggest 
strongly that the migrational mobility of 
molecules which can act as hydrogen bond 
donors or acceptors is strongly restricted by the 
silica. Under these conditions, quantum yields 
are reduced by recombination of free radical 
intermediates and fewer product species are 
found. It was hoped that in the studies reported 
here on autoxidation of monolayers of com- 
pounds while on silica gel, a different and per- 
haps simpler product distribution might be 
found than that for autoxidations conducted in 
other, more conventional media. Finally, it was 
believed that the monolayer on silica provides a 
reasonable model system analogous to that of 
the Lipoprotein membranes in freeze-dried 
foods, where lipids of the membranes are 
relatively dry and presumably firmly anchored 
to the protein (4) and the structure is pauci- 
layered and porous. Autoxidation of these 
lipids is responsible for many of the flavor 
changes due to rancidity (5). 

EXPERIMENTAL PROCEDURES 
Materials 

Silica Gel G was supplied by Warner-Chilcott 
Laboratories Instruments Division, Richmond, 
Calif., and the predecessor company, Research 
Specialties Co. The material has a particle size 
of 5-25 p, and prior to acid washing, contains 
about 13% calcium sulfate as binder (6). The 
pore volume is reported by the supplier to be 
a p p r o x i m a t e l y  0.68 cc/g, median pore 
diameter, approximately 30 A, and specific sur- 
face area by nitrogen adsorption, approxi- 
mately 450 m2/g (K.P. Brinkmann, personal 
communication). Determinations at this labora- 
tory by atomic absorption spectrophotometry 

TABLE I 

Adsorption of Linoleic Acid on Silica From Petroleum Ether Solution 

Volume of Initial weight of Weight of Weight of linoleic 
petroleum ether, linoleic acid, mg acid-washed acid adsorbed a, Percentage adsorption, 

ml in solution silica, g mg/2 g silica of initial weight 

45 475 2.00 383 81 
45 475 2.00 369 78 

Mean 376 79 

aDetermined gravimetrically. 
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FIG. 1. Oxygen uptake and silica gel-UV spectro- 
photometry of autoxidation of linoleic acid mono- 
layer at 80 C. Area of band centered at: �9 2300 A; �9 
2900 A. 

of metal content removable by acid wash 
showed iron to be 162, copper 1.8, cobalt 2.8 
and manganese 2.2 ppm. An acid wash proce- 
dure followed, which was essentially that of 
Stahl (7) with the exception that a mixture of 
cold, concentrated hydrochloric acid, concen- 
trated nitric acid and water (1:1:2 v/v) was 
used. Five hundred grams of silica were stirred 
10 min in a liter of this mixture, allowed 2 hr 
to settle and the supernatant liquid decanted. 
The procedure was repeated four times, and the 
silica was then washed four times in a B//chner 
funnel with a liter of deionized water or until  
the washings were neutral. A wash with 300 ml 
of ethanol and 200 ml of benzene and 24 hr 
oven-drying completed the procedure. Iron con- 
tent of the final acid washings was reduced to 
0.75 ppm, as determined by atomic absorption 
spectrophotometry. This procedure increased 
by threefold the antioxidant-dependent 
induction period of linoleic acid when in mono- 
layer on silica. 

R e d i s t i l l e d ,  deoxygenated, low-boiling 
(35-52 C) petroleum ether was used as solvent 
for deposition of compounds as monolayers 
from solution by adsorption on silica gel. All 
solutions were prepared in an atmosphere of 
dried and purified nitrogen procured from 
either Linde, Medical-Technical Gases, Inc., 
Medford, Mass., or Air Reduction Company, 
New York, N.Y. 

Both synthetic dl-alpha-tocopherol (N.F. 
grade, Nutritional Biochemicals Corp., Cleve- 
land, Ohio) and natural d-alpha-tocopherol 
(Distillation Products Industries, Rochester, 
N.Y., and Fisher Scientific Co., Fairlawn, New 
Jersey) were used. The synthetic material was 
used either as received (96% C29H5oO 2) or 
after eight repetitions of an acid and alkali wash 
procedure (8). The natural material was used 
directly from the ampoule and gave a single 
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FIG. 2. UV absorption spectrum of autoxidation 
products of linoteic acid while in monolayer on silica. 
Sample taken after 80 min at 80 C. 

spot in all systems of thin layer chromato- 
graphy (TLC) and UV absorption was in agree- 
ment with literature values. Essentially identical 
results were obtained with tocopherol from all 
sources. Purification procedures are described 
elsewhere (2). 

Linoleic acid was purchased from the 
Hormel Institute, Minneapolis, Minn. (stated 
purity 99%). Liquid partition chromatography 
on silicic acid with 2% methanol in benzene 
using a stationary phase of 20% methanol in 
benzene (9,10) gave a product not noticeably 
more free of compounds absorbing at 233 m~t 
than the original (less than 0.1% conjugated 
diene). Therefore, the original Hormel material 
was used in most of the experiments. It con- 
tains not more than 0.1 moles per cent of an 
impurity with the spectrum and chromato- 
graphic behavior of a conjugated trienoic acid. 

IR spectrophotometry was carried out with 
a Perkin-Elmer IR Spectrophotometer, Model 
21, using CC14 as solvent. A Cary Recording 
Spectrophotometer, Model 14 M, was used for 
UV spectra. Determination of molecular weight 
was by peak-matching mass spectrometry per- 
formed on a CEC Mass Spectrometer, Model 
21-110B. Details are reported elsewhere (2). In 
photooxidation studies, there was employed an 
unfiltered Rayonet Super-kill Tube Type 
Germicidal Lamp using 110 v at 1.5 amperes, 
procured from Southern New England Ultra- 
violet Co., Middletown, Conn. 

The diene ketone of linoleic acid, although 
not totally separated from linoleic acid, was 
characterized by a positive carbonyl test with 
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2,4-dinitrophenylhydrazine, an IR spectrum 
showing peaks at 5�9 6.03 and 6.14 ~u 
(carboxyl, conjugated carbonyl C=O and C=C), 
and a UV absorption spectrum showing ;k max 
2780 A (ethanol), 2715 (cyclooctane-cyclo- 
hexane 2:8), 2870 (silica slurry in cyclooctane- 
cyclohexane 2:8), thus showing a strong red 
shift in polar solvents�9 The material having this 
UV absorption was extractible into dilute 
sodium carbonate solution and could be 
reextracted into ether on acidification. 

Adsorption of Lipids for Autoxidation 

Two gram portions of acid-washed silica 
were weighed, placed in 100 ml round bot tom 
flasks and the silica activated by heating in a 
draft oven at 110 C for 1 hr. The flasks had 
been cleaned before use by soaking in a mixture 
of hot, concentrated nitric acid, hydrochloric 
acid and water (1:1:1 v/v), with thorough 
rinsing in tap water and deionized, distilled 
water�9 The flasks with the silica were outgassed 
under reduced pressure for at least 30 min, 
after which the vacuum was broken under dry 
nitrogen. Subsequent operations until the 
measurement of oxygen uptake were carried 
out in a dry box under dry nitrogen�9 

Measured volumes of petroleum ether 
solution containing varying molar ratios of lipid 
(usually 45 ml containing about 10 mg/ml of 
lipid) were added to the silica, the flasks placed 
on a shaker operating at five oscillations per sec 
with a 4 cm excursion, and shaken for 40 min. 
At the end of this period, the gel was allowed 
to settle 3 min and the clear, supernatant 
solution was decanted�9 Tests had shown that 
with nonpolar solvents, there is virtually no 
silica lost by this procedure. Initial solution 
concentration was adjusted so that at equili- 
brium adsorption conditions, the lipid concen- 
tration of the remaining solution would be that 
required to produce 75% of monolayer 
adsorption, according to previously prepared 
Langmuir adsorption plots�9 As a check on the 
amount adsorbed, silica gel spectrophotometry 
was conducted on known amounts of authentic 
compounds after virtually total adsorption on 
the gel (at low solute concentrations), the 
supernatant being essentially without UV 
a b s o r p t i o n � 9  Extinction coefficients thus 
obtained permitted confirmation of the results 
of gravimetric assays of equilibrium adsorbing 
solutions as to amounts adsorbed at a given 
concentration. 

The flasks were placed on a dual manifold 
permitting solvent removal under a continuous 
stream of nitrogen at slightly above atmos- 
pheric pressure�9 An escape manifold permitted 
the monitoring of silica loss by blow off. This 

LIPIDS, VOL. 6, NO. I 



SPECTRA OF OXIDIZED LIPID MONOLAYERS 19 

i �9 

I ~ a n  heodspo(e oxyeen 

2O �9 

z 

1S 

Z 

> 

/ "  

I I [ I I [ L [ 
40  80  120 160 200  240  280  320  

TIMs Im~n) 

FIG. 3. Oxygen uptake and silica gel-UV spectro- 
photometry of autoxidation of linoleic acid mono- 
layer containing 0.1 moles per cent tocopherol. Tem- 
perature 80 C. Shaded area includes means of two 
experiments. Area of band centered at: �9 2300 A; �9 
2900 A. 
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was minimized by control of the nitrogen flow. 
Gas partition chromatography showed that sol- 
vent removal was complete after 1 hr. At the 
end of the solvent removal procedure, nitrogen 
flush was halted and the nitrogen line switched 
to a stream of laboratory air filtered through a 
Drierite column. After 10 men, flasks were 
tightly capped with a rubber serum bottle 
stopper (11). 

Oxygen Uptake Determination 

Progress of oxidation was followed by deter- 
mining oxygen content of the headspace gas, 
u s ing  t h e  gas chromatographic method 
developed by Bishov and Henick (11). The 
Fisher Gas Partitioner, Model 25 M, with a 
Sargent Recorder, Model SR, was used. Samples 
of 30-50 pl were withdrawn by a conventional 
gas chromatography Gas-Tight Syringe No. 
1710, Hamilton Co., Inc., Whittier, Calif. 

Flask gas volume, after correction for 
adsorbent volume, was 154 ml. At 25 C and 
standard pressure, 1.32 mmoles of oxygen were 
therefore contained in the enclosed air. The 
amount of lipid in the 45 ml of adsorbing 
solution, typically 475 mg or 10.6 mg/ml in the 
case of linoleic acid, was adjusted so that it 
constituted about 125% of a molecular equi- 
valent of the oxygen available (371 mg of 
linoleic acid). Since the supernatant liquid (40 
ml) was decanted after the adsorption period 
and prior to the solvent removal with nitrogen 
flush, and the concentration of the supernatant 
liquid was approximately 2.5 mg/ml, only 375 
mg or about 75% of full theoretical Langmuir 
monolayer coverage, was deposited. Thus the 
effective charge was about a molecular equi- 

in  

(depressed by 0.1 absorbance units) 
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FIG. 4. UV absorption spectra on silica of products 
of autoxidation of linoleic acid containing 0.1 moles 
per cent tocopherol in monolayer on silica. Tempera- 
ture 80 C. 

valent of the oxygen available. This was done to 
study in detail only the oxygen uptake prior to 
and just after the end of the induction period. 
A low oxygen volume and a high sensitivity 
setting of the Gas Partitioner gave the desired 
sensitivity in oxygen uptake measurements. The 
rate-limiting effect of oxygen depletion on thin 
layer autoxidation has been shown to appear 
only at less than 1% headspace oxygen and was 
deemed not important in this study (12). 

Before insertion of the flasks in the oil bath 
used to conduct the reactions, control readings 
of oxygen content were made on all flasks. Two 
flasks containing only a 2 g charge of dry silica 
were used as thermal and instrumental controls 
and as a correction for any oxygen uptake by 
the rubber stoppers. The difference between 
the oxygen content determined therein and 
20.9% was used as a linear correction for other 
oxygen content measurements. Flasks were 
placed on an agitating rack in a thermostatically 
regulated oil bath held at 80 + 2 C. Necks of 
the flasks protruded through holes in a "Styro- 
foam" blanket wrapped in aluminum foil, 
providing access for sampling. The rack was 
agitated at 4 cycles/see with a 1 cm excursion. 

Silica Slurry Speetrophotometry 

UV spectra of the lipids, while adsorbed on 
silica, were obtained by methods reported else- 
where (1). At appropriate intervals, samples 
were withdrawn immediately after an oxygen 
uptake determination. Powder mixing dilutions 
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TABLE III 

Relationship of Silica-UV Absorbance 
to Concentration for Reference Compounds (1) 

Absorbing on 
One area Unit, Approximately Silica at 

0.08 Moles per cent a 
conjugated trienoic acid 2720 A 

0.19 Moles per cent 
diene hydroperoxide b 
or alcohol 2370 A 

0.26 Moles per cent 
alpha-beta unsaturated aldehyde 2270 A 

0.48 Moles per cent 
alpha-beta unsaturated ketone 2295 A 

0.17 Moles per cent 
diene aldehyde 2870 A 

O. 16 Moles per cent 
diene ketone 2870 A 

aRelative to the l inoleic acid content .  
bEstimated by comparison with sorbyl alcohol. 

ranged from 1/50 to 1/I0, the latter being more 
c o m m o n .  Bo th  peak  wavelengths and 
absorbances were determined by graphic inte- 
gration of area above a slant baseline as 
previously described (1). 

Silicic Acid Column Chromatography 

In an analysis of tocopherol oxidation 
products, the details of which are reported else- 
where (2), silicic acid column chromatography 
in benzene followed by gel filtration in chloro- 
form was used. The silica containing the autoxi- 
dized products in monolayer form was dusted 
into a thin layer of solvent lying above a filter 
paper disk placed above the chromatographic 
silica slurried in solvent. A second disk was 
placed above the lipid-coated silica and elution 
commenced. No anomalies of separation were 
experienced due to this procedure, and weights 
of products recovered after scouring with 
methanol were between 75% and 95% of the 
total linoleic acid and tocopherol initially in the 
sample. After evaporation of chromatography 
solvent under reduced pressure and nitrogen 
flush and determination of weight, fractions 
were dissolved in 10 ml 95% ethanol. The 
accumulated UV absorption area above 2500 A 
recoverable from the column was 89% to 91% 
of the area found in silica-UV studies after 
correction by the appropriate dilution and 
molecular extinction factors. The form and area 
of the silica-UV curve can be reproduced 
by appropriate addition of the spectra of the 
chromatographed components as shifted on 
silica, 

Characteristics of Tocopherol Derivatives 
Eluted From Oxidized Linoleic 
Acid-Tocopherol Monolayer 

Compound A. Yellow oil; molecular weight 
(mass spectrometry) 428.4; Rf (TLC on silica G 
with benzene) 0.57, a-tocopherol 0.32, a-toco- 
pheryl quinone 0.04; IR (/~) very strong car- 

.bonyl at 6.07, no peak in the 2.8 to 3.0 region, 
but the balance of the spectrum resembles that 
of a-tocopheryl quinone; with SnC12-HC1 treat- 
ment UV maximum is shifted to 2930 A; 
extracted product has the Rf of tocopherol and 
gives positive Emmerie-Engel test; unreduced 
compound gives negative test. 

Compound B. Nearly colorless oil; molecular 
weight (mass spectrometry) 708.6; Rf (TLC on 
silica G with benzene) 0.08, linoleic acid 0.07; 
IR (/a) linoleic acid peaks plus strong peaks at 
7.24 and 9.12 (methyls and chroman of toco- 
pherol or congeners); with BC13-MeOH treat- 
ment gives a relatively nonpolar compound 
with Rf of 0.42 in silica G-benzene TLC; 
methyl ester of linoleic acid has Rf of 0.40 in 
this system; neither acid nor ester of Com- 
pound B gives positive Emmerie-Engel test. 

RESULTS AND DISCUSSION 

Autoxidation of Linoleic Acid on Silica 

Linoleic acid was chosen as representative 
for  silica-UV spectrophotometry of the 
products of autoxidation of a methylene-inter- 
rupted diene system typical of biological mem- 
brane lipids. The acid was used rather than the 
triglyceride or methyl ester because of the high 
binding energy of the carboxyl group to the 
silanol surface. It was thought that this might 
restrict the mobility and give a known 
orientation of the acid in a solvent free mono- 
layer during autoxidation. It would also reduce 
elution by the slurrying solvent in silica-UV 
procedures. The acid is available in relatively 
pure form, the only spectral interfering contam- 
inant being less than 0.1 moles per cent of a 
material whose spectral and chromatographic 
behavior conform to that of conjugated trienoic 
acid. This is quickly destroyed in rapid phase 
oxidation. Typical adsorption data are shown in 
Table I. 

The mean value of 188 mg/g of uncoated 
silica represents about 75% of the theoretical 
saturation monolayer weight ratio at infinite 
equilibrium concentration derived from a 
Langmuir plot of adsorption data for linoleic 
acid. Final equilibrium concentration is usually 
about 8 x 10-3M. About 11 mg of linoleic acid 
are deposited from the remaining adherent 
solution by solvent removal under nitrogen 
after decantation of 40 ml of the equilibrium 
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solution. It can be assumed that due to the non- 
equilibrium deposition, part of this 3% of the 
coating may be nonmonolayer in nature, but 
this seems insufficient to cause concern. 

Six flasks containing the above charge, after 
solvent removal and replacement of an air 
atmosphere, were shaken at 80 + 2 C for 
periods up to 100 min. At appropriate intervals, 
the headspace gas was sampled and a flask with- 
drawn for silica-UV study. The spectral 
absorbance data (areas between the slant base- 
line and the curve) were expressed in arbitrary 
areal units. Table II and Figures 1 and 2 give 
the results. 

Figure 1 shows a rapid, immediate, nearly 
linear uptake of oxygen, a corresponding rapid 
increase in absorbance in the 23-2400 A region 
within the first 5 min and a slower increase of 
absorbance in the 2900 A region. Table III 
shows  the  approximate conversions of 
absorbance area to concentration, for possible 
compounds absorbing in these regions, the 
values being relative to the initial linoleic acid 
charge. 

Because of the similarity of peak wave- 
lengths on silica of compounds absorbing at or 
near 2300 A (diene peroxides or alcohols, 
alpha-beta aldehydes and ketones), the method 
cannot distinguish between species in this 
region. However, it can be said that the 
absorption in this region rises very rapidly in 
the first 10 min and approximately triples 
during the entire 90 min of the rapid autoxida- 
tion of linoleic acid without antioxidants. The 
final value is consistent with either about 3 
moles per cent conjugated diene hydroperoxide 
or diene alcohol, 4 moles per cent alpha-beta 
aldehyde or 7 moles per cent alpha-beta ketone, 
or appropriate mixtures of these compounds. 

In the 2800-2900 A region, there is little 
ambiguity, since separate carbonyl tests, silica- 
UV spectral red shift, ether extractability in 
acid vs. base, IR spectrum and chromatographic 
behavior of the eluted products show that the 
major compound absorbing here is the conju- 
gated diene ketone derivative of linoleic acid. 
The final value corresponds to about 0.5 moles 
per cent. The conjugated trienoic acid contami- 
nant is autoxidized quickly and disappears from 
this region. It is plain that diene carbonyl is 
present very early in the rapid autoxidation on 
silica of linoleic acid without antioxidants. 

These spectral absorbances are substantially 
below those usually found in bulk oil oxi- 
dations. They are also much lower than values 
suggested by peroxide or carbonyl tests per- 
formed on the compounds while on the silica, 
suggesting that the latter values may be partly 
test artifacts. 
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FIG. 5. Oxygen uptake and silica gel-UV spectro- 
photometry of autoxidation of linoleic acid mono- 
layer containing 4.3 moles per cent tocopherol. Tem- 
perature 80 C. Shaded area includes means of four 
experiments. Area of band centered at: �9 2300 A; �9 
2800 A. 

Autoxidation of Linoleic Acid on Silica as Modified 
by 0.1 Moles Per Cent Tocopherol 

The effect  of  t o c o p h e r o l  on  l inoleic acid 
a u t o x i d a t i o n  was s tud ied  by  si l ica-UV me thods .  
One  t e n t h  mole  per  cent  t o c o p h e r o l  was added  
u n d e r  n i t rogen  to  the  abso rb ing  so lu t ion  pr ior  
to  the  add i t ion  of  l inoleic  acid. O x i d a t i o n  con-  
di t ions ,  m o n i t o r i n g  of  headspace  gas, sampling,  
sil ica-UV readings and  data  analysis  were per- 
f o r m e d  as above ,  w i th  the  e x c e p t i o n  t h a t  t he  
per iod  of  s tudy  was l e n g t h e n e d  to  4-5 hr ,  
because  the  t o c o p h e r o l  p r o d u c e d  a 240  min  
pe r iod  w i th  essential ly no  oxygen  u p t a k e  at  
80 C wi th in  the  de t ec t ion  l imits  of  the  sys tem.  
It  was f o u n d  t ha t  a cyc lohexane -cyc looc t ane  
ra t io  of  4:1 gave bes t  resul t s  in the  spect ro-  
p h o t o m e t r y  of  the  mixed  mono laye r .  Table  IV 
and  Figures  3 and  4 display the  results .  
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FIG. 6. UV absorption spectra on silica of products 
of tocopherol oxidation mediated by linoleic acid in 
monolayer on silica. 4.3 Moles per cent tocopherol. 
Temperature 80 C. 

The  same convers ions  of  area of  U V  
abso rbance  to  c o n c e n t r a t i o n  apply  as was the  
case above w h e n  no  t o c o p h e r o l  was presen t ,  
since spectra l  abso rbance  due to  t o c o p h e r o l  or 
its p r o d u c t s  was t oo  low for  de t ec t ion .  

Again,  a l t h o u g h  the  2300  A region is 
anomalous ,  it can be s t a t ed  t ha t  i f  t he  absorp-  

TABLE V 

Wavelength Maximum and Absorbance of Alpha-Tocopherol 
in Various Media 

Wavelength 
Maximum, Absorbance, 

Medium A ~ 1% Source r ~ ] C l n  

95% Ethanol 2920 73.7 (13) 

Glacial acetic acid 2915 69.0 This laboratory 

Cyclohexane-cyclooct ane 
(8:2) 2980 87.5 This laboratory 

Precoated silica slurried 2880 a 52.3 a'r 
in cyclooctane-cyclohexane 3.0 b This laboratory 
(7:3) 

Silica added to tocopherol 
in cyclooctane-cyclohexane 2880 a 56.8 a -+ 
(2 : 8) 2.0 c This laboratory 

aSla,t baseline used. See text. 
bMean 4" standard deviation, n=4. 
C n = 2 .  
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tion is all due to dSene hydroperoxide,  as is 
probably true in the initial stages, the amount 
rises from 0.2 to 0.3 moles per cent during the 
approximately 240 min of the induction 
period. It then rises very rapidly to an amount 
of 1.2 moles per cent for the last observation, 
when 82% of the available oxygen has been 
consumed. In this case, probably because the 
linoleic acid was placed directly into a toco- 
pherol-containing medium, the initial and final 
values in the 2300 A region are less than one 
third of those in the experiment without toco- 
pherol. 

In the 2700-2900 A region, the initial 
absorption can be traced to the contaminant of 
about 0.1 moles per cent conjugated trienoic 
acid, whose characteristic three peak absorption 
is initially visible in Figure 4. The 0.1 moles per 
cent tocopherol  would correspond to only 0.07 
area units of silica-UV absorption, or about 6% 
of the trienoic acid absorption. This amount 
would not be separable from the background 
level of the instrument, and cannot be 
responsible for the observed slow decline of UV 
absorption in this region throughout the 
induction period. 

At  the end of the induction period, rapid 
absorption increases are observed in the 
2700-2900 A region and the peak wavelength 
shifts to 2870 A, which can probably be 
assigned to increase in diene carbonyl,  since 
tocopherol  autoxidat ion products absorbing in 
this region do not give substantial increase in 
UV absorption at this wavelength compared to 
that of the original tocopherol  (1). The trienoic 
acid absorption disappears slowly in this area 
during the induction period. 

The  compara t ive ly  small increase in 
absorption in the 2300 A region, during the 
induction period, corresponding at maximum 
to only 0.1 moles per cent of diene, if this is its 
origin, suggests that, if conjugated diene hydro- 
peroxide is the chain propagator in a relatively 
anchored array of linoleic acid and tocopherol  
molecules, it rapidly forms secondary products,  
largely without UV absorption. 

Autoxidation of Tocopherol Mediated 
by Linoleic Acid 

The  p r e s u m e d  m o l e c u l a r  anchoring, 
dehydrated,  porous structure and monolayer 
configuration of a mixture of linoleic acid and 
t o c o p h e r o l  on silica appear to provide a 
plausible model for freeze dried biological 
membrane systems in respect to autoxidation,  
since the protein sheet to which lipid consti- 
tuents are presumed to be affixed (4) may have 
polarity and hydrogen bonding characteristics 
somewhat analogous to the silica surface. 
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TABLE VII 

Spectral Shifts of Oxidized Products Eluted From 
Linoleic Acid-Tocopherol Monolayer 

Compound 

Wavelength of maximum absorption, A 

Cyclohexane-cyclooctane 
solution (8:2 v/v) 

Silica gel- 
cyclohexane- Spectral 

cyclooctane slurry shift, 
(8:2 v/v) cm -1 

Compound A 
(quinone) 2595-2675 

Compound B 
(adduct of 
tocopherol and 
linoleic acid) 3010 

Diene ketone 
of linoleic acid 2715 

2700-2750 1020 (red) 

2930 907 (blue) 

2870 1989 (red) 

Therefore, a study was planned, using 5 moles 
per cent tocopherol included in a linoleic acid 
adsorbing solution, to survey the products of 
tocopherol oxidation by silica-UV methods. 
The actual tocopherol amount adsorbed, as 
determined from silica-UV measurements, was 
approximately 4.3 moles per cent. Experi- 
mental procedures were similar to those above, 
but the time of study was seven days at 80 + 
5C. 

Silica gel-UV spectrophotometry on prepara- 
tions of tocopherol adsorbed alone or with 
stearic acid on silica shows that the wavelength 
of maximum absorption is shifted to 2880 A 
from its value of 2920 A in ethanol and 2980 A 
in cyclohexane. In addition, the extinction 
coefficient derived from absorbance above a 
slant baseline (1) varies from 71% to 77% of its 
value similarly measured in ethanol solution. 
Representative values of E are shown in Table 
V. 

Table VI and Figures 5 and 6 show the 
results of autoxidation of tocopherol present as 
4.3 moles per cent of a monolayer containing 
185 mg of linoleic acid per gram of uncoated 
silica. 

Clearly shown in Table VI and Figure 6 is 
the abrupt shift of the peak of absorption from 
2850 to 2770 A within the first day of a four- 
day induction period. This coincides with a 
pronounced consumption of oxygen which 
then levels off. However, in the first day, 
approximately 10% of available flask oxygen 
has been consumed, and by the end of the 
induction period, as shown in Figure 5, nearly 
25% of the available oxygen has been con- 
sunled. That this is still a tocopherol dependent 
induction period of sorts, however, is shown by 
the sharp increase in oxygen consumption after 
four days (5581 min sample). 

The end of the induction period is marked 
by a rather abrupt shift of the peak of 
absorbance in silica-UV back to 2830 A. This 
coincides with a rapid increase in diene ketone 
as revealed by chromatographic product 
analysis. 

The area under the major absorbance peak as 
shown in Figure 6 and Table VI increases 
relatively slowly and the curve remains 
essentially similar until  the end of the fourth 
day, the end of the induction period. It then 
sharply rises and changes form, leveling off and 
finally failing in the rapid phase of oxidation, 
days five and six. 

The area under the curve of the secondary 
maximum at 2300-2400 A is nonexistent in the 
first sample, but approximates at one day an 
amount that could be produced by 0.1 moles 
per cent conjugated diene hydroperoxide. It 
increases to represent 0.15 moles per cent at 
the end of the induction period, and then rises 
much more sharply to slightly over 0.3 moles 
per cent. It should be cautioned as before that 
this area may correspond as well to differing 
amounts of alpha-beta aldehyde or ketone or to 
conjugated diene alcohol. In any case, it is 
remarkable for its small amount considering the 
fact that the oxygen uptake is so large and the 
amount of tocopherol destroyed is so great. As 
mentioned above, at this temperature, conju- 
gated diene hydroperoxide may be rapidly con- 
verted to nonconjugated materials. 

The silica-UV spectrophotometry gave no 
evidence for known characterized monomers, 
dimers or trimers reported from tocopherol oxi- 
dation (14-27). The dimers and trimers known 
have very characteristic absorptions on silica 
(1), particularly in the 3700 and 2400-2500 A 
region, respectively, which would have certainly 
been detected at the tocopherol loading used, 

LIPIDS, VOL. 6, NO. 1 



SPECTRA OF OXIDIZED LIPID MONOLAYERS 25 

e i the r  on  the  silica or in  s u b s e q u e n t  t o t a l  chro- 
ma tog raphy .  Charac ter i s t ic  UV bands  exist  for  
all o the r  k n o w n  m o n o m e r s ,  such  as the  toco-  
p h e r o n e s  (27) ,  and  these  were no t  seen. 
A l t h o u g h  C o m p o u n d  A (be low)  is a qu inone ,  
its U V  s p e c t r u m  in e i the r  solvent  or s lurry dif- 
fers f rom t h a t  of  a u t h e n t i c  a - t o c o p h e r y l  
qu inone .  

The  resul ts  of  silicic acid c h r o m a t o g r a p h y  of 
the  p r o d u c t s  of  a u t o x i d a t i o n  f r o m  four  and  five 
day samples  (a t  the  onse t  of  rapid  phase  oxi- 
da t ion )  showed  t h a t  two  p roduc t s  der ived f r o m  
t o c o p h e r o l  very  s t rongly  p r e d o m i n a t e d .  The  
f i r s t ,  a r e l a t i v e l y  n o n p o l a r  c o m p o u n d  
des igna ted  " C o m p o u n d  A " ,  appears  as the  first  
i m p o r t a n t  p r o d u c t  e lu ted  a f te r  a b o u t  one  
co lumn vo lume  of  b e n z e n e  e luant .  I t  is der ived 
f rom a b o u t  10% of  the  available t ocophe ro l .  
The  second,  des ignated  " C o m p o u n d  B" ,  
appears  a f te r  four  or five c o l u m n  vo lumes  and  
represen t s  40% of  the  available t ocophe ro l .  

The  spect ra l  shifts  of  the  two  p r o d u c t s  and  
of  the  l inoleic  acid d iene  k e t o n e  o b t a i n e d  as a 
m i n o r  p r o d u c t  a f te r  t o c o p h e r o l  dep le t ion  are 
s h o w n  in Table  VII.  Silica s lurry s p e c t r o p h o t o -  
m e t r y  faci l i ta tes  p re l iminary  classif icat ion of  
such u n k n o w n  c o m p o u n d s .  Thus ,  C o m p o u n d  A 
shows a doub le  peak and  a m o d e r a t e  red shif t ,  
C o m p o u n d  B a m o d e r a t e  b lue  shif t  and  the  
d iene  k e t o n e  a s t rong  red shift .  Spectra l  shif ts  
of ana logous  re ference  c o m p o u n d s  (1)  are con-  
s is tent  w i th  the  t en ta t ive  ass ignment  of  Com- 
p o u n d  A as a qu inone ,  C o m p o u n d  B as a toco-  
phe ro l  der ivat ive w i th  an i n t a c t  a roma t i c  ring, 
and  the  k e t o n e  as a mul t ip ly  u n s a t u r a t e d  
carbonyl .  

These t en ta t ive  ass ignments  are con f i rmed  
b y  the  add i t iona l  chemica l  and  spect ra l  da ta ,  
some of  w h i c h  has been  r epo r t ed  above  u n d e r  
E x p e r i m e n t a l  P rocedures  for  the  t w o  toco-  
phe ro l  derivatives.  Details  of  c h r o m a t o g r a p h y  
and  the  cha rac te r i za t ion  of  C o m p o u n d  B are 
r epo r t ed  e lsewhere  (2).  

Ne i the r  of  these  mater ia ls  show charac te r -  
istics w h i c h  coincide  w i th  any  t o c o p h e r o l  oxi- 
da t ion  p r o d u c t  k n o w n  to  us. C o m p o u n d  A is a 
q u i n o n e ,  b u t  i t  has  no  h y d r o x y l  g roup  and  its 
mob i l i t y  in TLC is five t imes  t h a t  of  any  k n o w n  
q u i n o n e  of  t ocophe ro l .  I t  p roduces  t he  
a b s o r p t i o n  in the  sil ica-UV s p e c t r u m  at 2 7 6 0  A. 
C o m p o u n d  B is an  a d d u c t  of  l inoleic acid and  
b iva lent ly  ox id ized  t ocophe r o l .  I t  p roduces  the  
in f l ec t ion  in the  sil ica-UV spec t rum at 2930  A. 

These  two  c o m p o u n d s  at  the i r  m a x i m u m  
a m o u n t s  r ep resen t  a b o u t  50% of the  available 
t o c o p h e r o l  o n  a molar  basis. The  r ema in ing  
mater ia l  appears  no t  to  be  de t ec t ab le  b y  U V  or  
c h r o m a t o g r a p h i c  m e t h o d s  and  m ay  be  poly-  
mer ized .  

One  may  conc lude  f rom these  data  t h a t  t he  
ox ida t i on  of  t o c o p h e r o l  coadso rbed  wi th  f a t t y  
acids in m o n o l a y e r  on  silica gel, p r e sumab ly  
med ia t ed  by  l inoleic acid h y d r o p e r o x i d e ,  
resul ts  in p r o d u c t s  no t  previously  f o u n d  in 
o t h e r  systems.  I t  would  fo l low t h a t  the  course  
of the  r eac t ion  in th is  ma t r ix  is d i f ferent .  Also,  
the  fai lure to  f ind d imers  or t r imers  of  toco-  
phe ro l  is cons i s t en t  w i th  a res t r i c ted  migra t ion  
of  t ocophe ro l .  

ACKNOWLEDGMENTS 

Atomic absorption spectrophotometry was done by 
E.A. Goffi; mass spectrometry, by W.G. Yeomans, 
Pioneering Research Laboratory, U.S. Army Natick 
Laboratories. 

REFERENCES 

1. Porter, W.L., A.S. Henick, J.L Jeffers and L.A. 
Levasseur, in press. 

2. Porter, W.L., L.A. Levasseur and A.S. Henick, in 
press. 

3. Leermakers, P.A., H.T. Thomas, L.D. Weis and 
P.C. James, J. Amer. Chem. Soc. 88:5075-5083 
(1966). 

4. Vandenheuvel, F.A., JAOCS 40:455-471 (1963). 
5. Labuza, T.P., H. Tsuyuki and M. Karel, Ibid. 

46:409 (1969). 
6. Randerath, K., "Thin Layer Chromatography," 

Academic Press, New York, 1963, p. 29. 
7. Stahl, E., Ibid. 1965, p. 475. 
8. Parker, W.E. and W.D. McFarlane, Can. J. Res. 

18B:405-409 (1940). 
9. Frankel, E.N., C.D. Evans, Helen A. Moser, D.G. 

McConnell and J.C. Cowan, JAOCS 38:130-134 
(1961). 

10. Frankel, E.N., C.D. Evans, D.G. McConnell and 
E.P. Jones, Ibid. 38:134-137 (1961). 

11. Bishov, S.J. and A.S. Henick, Ibid. 43:477 
(1966). 

12. Goldblith, S.A., M. Karel and G. Lusk, Food 
Technol. 17:139-144 (1963). 

13. The Association of Vitamin Chemists, Inc., 
"Methods of Vitamin Assay", 2nd Ed., Inter- 
science Publishers, Ltd., New York, 1951, p. 272. 

14. Boyer, P.D., J. Amer. Chem. Soc. 73:733-740 
(1951). 

15. Draper, H.H., A.S. Csallany and M. Chiu, Lipids 
2:47-54 (1967). 

16. F r a m p t o n ,  V.L. ,  J. Amer.  Chem. Soc. 
82:4632-4634 (1960). 

17. Golumbic, C., Oil and Soap, 20:105-107 (1943). 
18. I s s idor ides ,  A., J. Amer .  Chem.  Soc. 

73:5146-5148 (1951). 
19. Knapp ,  F.W., and  A.L. Tappel, JAOCS 

38:151-156 (1961). 
20. MacKenzie, J.B., H. Rosenkrantz, S. Ulick and 

A.T. Milhorat, J. Biol. Chem. 183:655-662 
(1950). 

21. Mar t ius ,  C., and E. Ffi~er, Biochem. Z. 
336:474-488 (1963). 

22. Nilsson, J.L.G., G.D. Daves, Jr. and K. Folkers, 
Acta. Chem. Scand. 22:207-218 (1968). 

23. Plack, P.A., and J.C. Bieri, Biochim. Biophys. 
Acta 84:729-738 (1964). 

24. Simon, E.J., A. Eisengart, L. Sundheim and A.T. 
Milhorat, J. Biol. Chem. 221:807-817 (1956). 

25. Skinner, W.A., and R. Parkhurst, J. Chromatogr. 
13:69-73,240-241 (1964). 

26. Tappel, A.L., W.O. Lundberg and P.D. Boyer, 
Arch. Biochem. Biophys. 42:293-304 (1953). 

27. Durckheimer, W., and L.A. Cohen, J. Amer. 
Chem. Soc. 86:4388-4393 (1964). 

[Received  S e p t e m b e r  11, 1970]  

LIPIDS, VOL. 6, NO. I 



Diet and the Fatty Acids in the Plasma of Lambs During the 
First Eight Days After Birth 
R.C. NOBLE, W. STEELE and J.H. MOORE, 
Hannah Dairy Research Institute, AYR, Scotland 

ABSTRACT 

This study reports the plasma lipid 
changes in lambs receiving either ewes' 
milk or a reconstituted low fat milk 
powder during the first eight days after 
birth. The liveweight gains of the lambs 
on the artificial diet was less than half 
that observed in the lambs on the natural 
diet. The plasma lipid levels in the lambs 
on the natural diet increased considerably 
after birth due to large increases in the 
concentrations of the cholesteryl ester, 
triglyceride and phospholipid fractions. 
For the lambs on the artificial diet these 
fractions remained similar to those 
observed at birth. In both groups unester- 
flied fatty acid fractions decreased after 
birth. The main difference between the 
two groups of lambs was the large 
increase in C 18 polyunsaturated fatty 
acids observed after birth in the lambs on 
the natural diet. The triene-tetraene ratio 
of the fatty acids in the lambs on the 
natural diet decreased from 1.0 at birth 
to 0.08 after eight days whereas in the 
lambs on the artificial diet the ratio 
increased to 2.9. These composition 
changes are discussed in relationship to 
the metabolism of essential fatty acids in 
monogastric animals. 

INTRODUCTION 

The fatty acid composition of tissues of the 
newborn animal depends upon the balance 
between those derived from maternal circula- 

tion and those synthesized by the fetus. It has 
been shown in several species (1-3) that little, if 
any, esterified fatty acids of the maternal circu- 
lation are taken up by the fetus during develop- 
ment. However, work with isotopically labeled 
palmitic acid (2,4) has demonstrated that 
unesterified fatty acids of maternal plasma may 
constitute an important source of fatty acids to 
the fetus. Although ruminant plasma contains 
high concentrations of linoleic and linolenic 
acids, these fatty acids are confined mainly to 
cholesteryl ester and phospholipid fractions (5). 
This specific distribution of polyunsaturated 
fatty acids between lipid fractions in the 
maternal blood might explain the low concen- 
trations of essential fatty acids found in 
ruminant plasma at birth. In the ruminant the 
net placental flow of maternal fatty acids to the 
fetus has been shown to be low and it has there- 
fore been suggested that in the ruminant fetus 
there is a greater dependence upon de novo 
synthesis of fatty acids (6). Although the con- 
centration of linoleic and linolenic acids in the 
plasma of the ruminant at birth is very low, it 
has been demonstrated with lambs that concen- 
trations of these polyunsaturated fatty acids 
undergo a considerable increase within the first 
48 hr after birth (7). During this period the diet 
consists entirely of the ewes' milk and it has 
therefore been suggested that one of the 
functions of ewes' colostrum is to provide the 
newborn lamb with these essential fatty acids 
(7). However, investigations on the fatty acid 
composition of ewes' colostrum and milk during 
early lactation (8) have shown that the con- 
centration of linoleic acid never exceeded 1% of 
the total fatty acids present, whereas the concen- 

TABLE I 

Total Fat and Linoleic Acid Content of Ewe Milk and Reconstituted Milk Powder 

Ewe Milk 

D a y s  Post-partum a 
Reconst i tuted  milk 

Colostrum 1 2 3-8 powder 

Total fat b 17.9 14.3 10.4 10.6 0.03 
Linoleic  acid c 0 .64  0 .68  0 .86  0 .77  1 .20 

aSee Reference 8. 
bpercentage by weight. 
Cpercentage o f  total  fatty acids. 
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TABLE II 

Mean Daily Live Weight Gains of the Lambs Receiving the Natural Diet and the 
Artificial Low Fat Diet 

27 

Days after birth Natural diet, g/day Low fat diet, g/day S.E. 

O- 2 277 37 ---39.5 
2 - 4 205 72 +25.8 
4 - 6 225 142 +59.4 
6 - 8 294 183 +32.4 

tration of linolenic acid was even lower. In an 
attempt to answer some questions concerning 
the metabolism of the C18 polyunsaturated 
fatty acids in the lamb during the first week after 
birth an experiment was conducted in which 
detailed lipid analysis was carried out on the 
plasma of lambs suckled naturally for eight 
days after birth and from lambs given an arti- 
ficial low fat diet for eight days after birth. 

EXPERIMENTAL PROCEDURES 

Twin lambs were obtained from a flock of 
pure bred Cheviot ewes. The ewes had been 
given a diet of good hay and concentrates; 
water was given ad lib. The lambs were divided 
at birth into two groups. One member of each 
twin pair was allowed to suckle and stay with 
its mother while the other member was segre- 
gated from its mother and received a diet of a 
reconstituted low fat dried milk powder 
(Unigate Dairies Ltd., London). Food was 
allowed ad lib. Samples of the ewes' milk were 
obtained for analysis on the day of parturition 
and on each of the following eight days after 
parturition (8). The low fat diet was reconsti- 
tuted with water to give a total dry matter con- 
tent of 27% on the day of birth; the 
proportion of water was gradually increased so 
that on the eighth day after birth the lambs 
received the reconstituted diet containing only 
11% dry matter. All the lambs received an intra- 
muscular injection of a multivitamin prepara- 
tion (Crooks Laboratories Ltd., London) on the 
second day after birth. 

Blood samples were obtained from the 
jugular vein of each lamb immediately after 
birth before access to food; further blood 
samples were taken at exact intervals of one, 
two, three, four, six and eight days after birth. 
The lipids were extracted from the plasma by 
the method of Nelson and Freeman (9). The 
plasma lipids were fractionated into cholesteryl 
esters, triglycerides, unesterified fatty acids and 
phospholipids by thin layer chromatography 
and the fatty acid compositions of these lipid 
fractions were determined by the gas chromato- 
graphic methods described in more detail by 

Moore and Williams (10), Noble and Moore 
(11), and Moore et al. (12). Absolute concen- 
trations of various lipid fractions in the plasma 
were determined by addition to each fraction 
of a known amount of n-heptadecanoic acid as 
an internal standard. No attempt was made to 
determine the concentration of free cholesterol 
in the plasma. The results were analyzed statis- 
tically on a paired treatment basis according to 
methods described in detail by Cochran and 
Cox (13). 

RESULTS 

Although the concentration of linoleic acid in 
milk fats was of the same order in both natural 
and artificial diets, concentration of total fat in 
the artificial diet was negligible when compared 
to that of the ewes' milk (Table I). Lambs 
receiving the natural diet maintained a con- 
sistently high growth rate as compared to lambs 
on the artificial diet (Table II). 

Concentration of the total plasma fatty acid 
and concentrations of fatty acids in each of the 
lipid fractions of plasma from the naturally-fed 
and artificially-fed lambs after birth, are given 
in Table III. In contrast to the naturally-fed 
group, the concentration of the total plasma 
fatty acids in lambs receiving the artificial diet 
decreased immediately after birth and through- 
out the experimental period remained lower 
than that observed at birth (Table III). Of the 
four main lipid fractions of the plasma, the 
major contribution to the rise in total fatty 
acids observed in naturally-fed lambs after birth 
was provided by increases in concentrations of 
triglyceride and phospholipid fractions, with a 
smaller but significant contribution being pro- 
vided by the cholesteryl ester fraction. The con- 
centration of unesterified fatty acids of both 
groups of lambs on the other hand decreased 
significantly after birth. 

The two main fatty acids of plasma trigly- 
cerides at birth were palmitic and oleic acids 
which together accounted for some 67% of the 
total fatty acids present (Table IV). Oleic acid 
in plasma triglycerides of  naturally-fed lambs 
increased considerably after birth and this was 
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accompanied by significant, although smaller, 
increases in stearic and linoleic acids. In the arti- 
ficially-fed lambs the changes were less pro- 
nounced and were confined to an increase in 
stearic acid and a decrease in palmitoleic acid. 
However, palmitoleic acid in artificially-fed 
lambs remained significantly higher than that in 
lambs on the natural diet. 

Oleic acid in plasma unesterified fatty acids, 
however, decreased after birth in both 
naturally-fed and artificially-fed lambs (Table 
V). Both groups also showed increases in 
palmitic and stearic acids. In artificially-fed 
lambs there was also an increase in palmitoleic 
acid, whereas in naturally-fed lambs it 
decreased as did also linoleic acid. 

The C~o and C22 polyunsaturated fatty 
acids accounted for some 18% of the total fatty 
acids in plasma phospholipids at birth (Table 
VI) in spite of the very low concentrations of 
linoleic and linolenic acids. However, linoleic ,,.o 
and linolenic acids increased rapidly after birth ~t~ 
in naturally-fed lambs but remained very low in ~ 
lambs on the artificial diet. The increase in C ] 8 ~ ~: 
polyunsaturated fatty acids in naturally-fed ~,-~ 
lambs was accompanied by a rapid decrease in '~.~ 
As,S,1] eicosatrienoic acid. The eicosatrienoic ~.~ 
acid-arachidonic acid ratio (triene-tetraene ..-. 
ratio) at birth was about 1.0 but after eight ~ ~= 
days on the natural diet the ratio decreased to m ~ 
0.08. This ratio was 2.9 for lambs on the arti- ~ ~ = 
ficial diet after eight days. ~ ~.~ 

During the first week increases in concen- ~.~ 
tration of linoleic and linolenic acids in plasma o= 
cholesteryl esters (Table VII) of naturally-fed .~ 
lambs were considerably greater than increases "~Z 
that occurred in concentrations of these acids ~ 
in the phospholipids. In the artificially-fed iambs ~.~ 
linoleic and linolenic acids remained low ~.~ 
throughout the experimental period�9 As in ,~,, 
phospholipids, eicosatrienoic acid in plasma ~,'~ 
cholesteryl esters of naturally-fed lambs 
remained similar to that observed at birth. 
Arachidonic acid in plasma cholesteryl esters of 
both groups of lambs decreased over the experi- 
mental period although this acid in the choles- 
teryl esters of naturally-fed Iambs remained sig- 
nificantly higher than in artificially-fed lambs. 

DISCUSSION 

The plasma of the newborn lamb contains a 
large concentration of unesterified fatty acids 
and although it has been shown that during 
pregnancy the concentration of the unesterified 
fatty acid fraction in the plasma of the ewe is 
increased to a level well above that found in the 
nonpregnant sheep (4) it is now known that 
transfer from mother to fetus in sheep is 
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relatively low as sheep placenta may not be 
equally permeable to individual maternal un- 
esterified fatty acids (4). Fetal sheep in fact 
have very low concentrations of plasma unester- 
ified fatty acids (14). However, within the first 
few hours after birth this fraction increases con- 
siderably (14) and it has been suggested that 
unesterified fatty acids are being rapidly 
mobilized from body stores to supply the energy 
needs of the newborn. Although the cause of 
this sudden increase is as yet unknown, some 
workers suggest that it may be associated with a 
sudden increase in sympathetic nervous activity 
resulting in subsequent catecholamine release 
(4,14). Intravenous infusions of either nor- 
adrenaline or adrenaline have a marked adipo- 
kinetic effect (15,16). 

The rapid rise in concentration of plasma 
lipids during the first two days after birth in the 
lambs receiving the natural diet resulted from 
the high intake of fat during this period pro- 
vided by the ewe colostrum and milk. The 
colostrum of the ewe has been shown to con- 
tain about 18% fat (8) but the fat content of 
the milk declines rapidly to 10% by the fourth 
day after parturition. The decrease that occured 
in lipid concentration in the plasma of the 
naturally-fed lambs during the later part of the 
experiment is presumably a reflection of the 
decreased fat content in the ewes' milk. 

It has already been shown by Leat (17) tha t  
the fatty acid composition of the newborn 
ruminant plasma differs markedly from that of 
the adult. The plasma of the newborn ruminant 
contains negligible concentrations of the C 18 
polyunsaturated fatty acids whereas the plasma 
of the adult ruminant contains relatively high 
concentrations of the C18 , C20 and C22 poly- 
unsaturated fatty acids. These polyunsaturated 
fatty acids in the plasma of the adult are mainly 
confined to the cholesteryl ester and phospho- 
lipid fractions, which together account for 
some 75-80% of the plasma lipids of sheep (12). 
As the only possible source of these acids in the 
newborn animal is from the unesterified fatty 
acids of the mother's cilculation, the absence of 
these acids from the unesterified fatty acids 
fraction of the adult ruminant plasma accounts 
for the very low concentration of the higher 
polyunsaturated fatty acids in the blood of the 
newborn ruminant.  

The present experiment shows that in 
plasma phospholipids of the newborn lamb there 
are substantial amounts of C20 and C22 poly- 
unsaturated fatty acids but virtually no linoleic 
or linolenic acids. The work of Scott et al. (18) 
on the phospholipid composition of ovine 
fetal lipids showed that, although there were 
very low concentrations of iinoleic acid and 
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linolenic acid in the fetal liver, the proport ion 
of arachidonic acid accounted for about 11% of 
the total fa t ty  acids present; this suggests that 
there may be a rapid conversion of the C18 
polyunsaturated fat ty acids into C2o or higher 
polyunsaturated fatty acids by the fetal tissues. 
The presence of A5,8,11 eicosatrienoic acid in 
the plasma of newborn lambs has also been 
noted by Leat (17); it would appear that the 
fetal ruminant receives insufficient amounts of 
linoleic acid during development to prevent the 
accumulation of this metaboli te which is 
normally accepted as being a characteristic of 
essential fat ty acid deficiency (19,20). Investi- 
gations with monogastric animals under varying 
degrees of essential fatty acid deficiency suggest 
that a triene-tetraene ratio greater than 0.4 in 
various tissues, including blood plasma, is 
indicative of a dietary deficiency of linoleicacid 
(21-23). 

In the present experiment there were large 
increases in concentrations of  linoleic acid in 
plasma phospholipids and cholesteryl esters of 
naturally-fed lambs after birth. In the phospho- 
lipid fraction this was accompanied by a 
decrease in concentration of A5,8,11 eicosa- 
trienoic acid and a resultant decrease in the 
triene-tetraene ratio. Work on various non- 
ruminants (21,24-26) has indicated that the 
minimum dietary requirement of linoleic acid 
to prevent symptoms of essential fat ty acid 
deficiency is 1% of the total  caloric intake. 
Using results obtained by Barnicoat et al. (27) 
for the composition of ewes' milk during the 
first week of lactation it may be calculated that  
linoleic acid should comprise at least 1.5-1.7% 
of the total  milk fat ty acids to satisfy this mini- 
mum essential fat ty acid requirement. In spite of 
the large increase observed in the concentration 
of linoleic acid in the plasma of naturally-fed 
lambs, analysis of the ewes' colostrum and milk 
immediately after parturit ion (8) showed that 
essential fat ty acid concentration in the milk fat 
was always less than 1% thus the requirements 
suggested for monogastric animals were 
certainly not satisfied. From our results these 
values for essential fat ty acid requirements do 
not appear to be applicable to young rumi- 
nants. 

In spite of the small concentration of 18:2 
in ewes' milk (8) the intake of 18:2 by the 
suckling lamb is apparently more than 
sufficient to account for the pronounced 
increase in plasma lipid fractions that  occurs 
during the first three days after birth. From the 
results of Thomson and Thomson (28) the total  
intake of milk by the suckling lamb during the 
first three days of life is about 1800 g. This 
corresponds to an intake of 1.56 g 18:2 over 

the first three days. From estimates of plasma 
volume and plasma lipid composition, the total  
amount of 18:2 circulating in the plasma 
increased by about 70 mg during the first three 
days. However, changes in the 18:2 content of 
other tissues during this period must also be 
taken into account before the balance of 18:2 
in the young lamb is fully understood. 

Although it cannot be claimed that lambs 
maintained on the artificial diet in the present 
trial were exhibiting the external physical abnor- 
malities seen in essential fat ty acid deficiency, 
the progressive increase in the triene-tetraene 
ratio that occurred in the plasma lipids of these 
animals, together with the general lack of well- 
being and poor physical condit ion that  
developed over the eight days of  the experi- 
ment (Table II), does correlate with this con- 
dition. 

The concentration of linoleic acid in plasma 
phospholipids of naturally-fed lambs increased 
nearly tenfold within the first 24 hr after birth, 
whereas in the cholestery! esters it only 
doubled. However, by the third day, the 
linoleic acid in the cholesteryl ester fraction 
was greater than that in phospholipids, and by 
the end of the eight day it accounted for some 
26% of the total  fa t ty  acids present in cho- 
lesteryl esters as compared with 15% in phos- 
pholipids. Although the greatest increases in 
linoleic acid occurred in the cholesteryl ester 
and phospholipid fractions, by the end of  the 
experiment concentrations of linoteic acid in 
the triglyceride and unesterified fat ty  acid frac- 
tions had also undergone significant increases. 
Incorporation of linoleic acid into various 
plasma lipid fractions of the lamb appears to be 
similar to that in adult sheep (5). In the adult it 
was suggested that hydrolysis of chylomicron 
triglycerides in the liver is followed by an initial ~ 
and preferential utilization of linoleic acid in 
the synthesis of plasma phospholipids; this is 
then followed by incorporation of linoleic acid 
into plasma cholesteryl esters. Specificity of  the 
enzyme system in the liver is such that  little of 
the liberated linoleic acid is utilized for resyn- 
thesis of triglycerides. Although the origin of 
linoleic acid utilized for cholesteryl ester 
synthesis is obscure, some enzymic transfer of 
linoleic acid from the /~-position of plasma 
phosphatidyl  choline to cholesterol may occur. 

This process has been demonstrated to occur 
in human plasma (29). It has already been 
shown by Noble et al. (30) that phosphatidyl 
choline comprises about 80% of circulatory 
phospholipids of the cow and contains high 
concentrations of linoleic acid. 

At birth all the plasma lipid fractions con- 
tained high levels of palmitoleic acid, in 
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par t icular ,  cho les te ry l  esters in which  
pa lmi to le ic  acid a c c o u n t e d  for  some 12% of the  
to ta l  f a t t y  acids present .  These levels were 
m a i n t a i n e d  t h r o u g h o u t  the  whole  e x p e r i m e n t a l  
pe r iod  in ar t i f icial ly-fed l ambs ,  whereas  in  
l ambs  receiving the  na tu ra l  diet ,  the  concen t ra -  
t ion  of  pa lmi to le ic  acid was marked ly  r educed  
wi th in  24 hr  of  b i r th .  High c o n c e n t r a t i o n  of  
pa lmi to le ic  acid in p lasma l ipids at  b i r t h  
p re sumab ly  ref lects  d e p e n d e n c e  of  the  fe tus  
dur ing  d e v e l o p m e n t  u p o n  de novo  synthes is  of 
f a t t y  acids by  the  soluble  e n z y m e  sys tem and  
desa tu ra t i on  of  pa lmi t ic  acid thus  p roduced  
(31) .  With the  in take  of  large c o n c e n t r a t i o n s  o f  
exogenous  l ipid f rom the  diet  i t  would  be  
expec ted  t ha t  de novo  synthes is  wou ld  be  
severely cur ta i led  and  the  f o r m a t i o n  of  
pa lmi to le ic  acid r educed  accord ingly  (31) .  A 
decrease in c o n c e n t r a t i o n  of  pa lmi to le ic  acid in 
t issues of  ra ts  a f te r  b i r t h  has  been  n o t e d  by  
Sand et al. (32) ,  whereas  ra ts  m a i n t a i n e d  on  an  
essential  f a t t y  acid def ic ien t  diet  increased the i r  
c o n t e n t  of  pa lmi to le ic  acid dur ing  the  
d e v e l o p m e n t  of def ic iency.  Mead (33)  has  also 
d e m o n s t r a t e d  a h igh  c o n c e n t r a t i o n  of  pa lmi t -  
oleic acid in the  adipose  t issues of  ra ts  given 
a fat  def ic ien t  diet  and  suggested t h a t  synthes is  
of  large a m o u n t s  of  pa lmi to le ic  acid is an  
a t t e m p t  by  the  an imal  to  m a i n t a i n  desirable  
p roper t i e s  of  b o d y  lipids o rd inar i ly  achieved by  
d ie ta ry  unsa tu r a t ed  acids such  as l inoleic acid. 
I t  is also in te res t ing  to  n o t e  t h a t  in  the  work  of  
Moore  et al. (34)  in wh ich  cows were fed a diet  
con ta in ing  10% palmi t ic  acid the  p lasma 
showed  increased c o n c e n t r a t i o n s  of  pa lmi to le ic  
acid which  appeared  to  be  pre fe ren t ia l ly  
i n c o r p o r a t e d  in to  the  cho les te ry l  es ter  f rac t ion .  
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Determination of Plasma Tocopherols by 
Gas Liquid Chromatography 
JOANNA LEHMANN and HAL T. SLOMER, Human Nutrition Research Division, 
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Beltsville, Maryland 20705 

ABSTRACT 

A method is described for the sepa- 
ration and determination of  plasma toco- 
pherols by gas liquid chromatography 
(GLC). Proteins in 0.I g samples of  
plasma were precipitated with ethanol 
containing a known amount  of  5,7- 
dimethyltocol  which served as an internal 
standard. Tocopherols were extracted 
into petroleum ether, purified by thin 
layer chromatography and analyzed as tri- 
methylsilyl ethers by gas liquid chromato- 
graphy (GLC) on 0.5% Apiezon L. 
Recoveries of a- and 7-tocopherols 
averaged 100% and 93%, respectively. The 
mean total  tocopherol  content  of eight 
human plasma samples was 8.5 #g/g by 
GLC and 9.9 #g/g by a ferric chloride- 
a,0(-dipyridyl method. The 0t- and 7-toco- 
pherol contents of 16 human plasma 
samples ranged from 4.0 to 12.3/ag/g and 
0.6 to 2.1 btg/g, respectively. 

INTRODUCTION 

An evaluation of the vitamin E potency of 
natural products is complicated by the dif- 
ferences in biological activity of the various 
tocopherols (1). Although a-tocopherol ,  the 
most .biologically active member of the series, is 
of greatest interest, it is usually found in mix- 
tures with other tocopherols.  In blood plasma, 
3,-tocopherol is usually present and can be a 
significant part of the total  tocopherol  (2). 
Since forms other than 0t-tocopherol are 
present, a method is needed for measuring the 
vitamin E content of plasma that is specific for 
individual tocopherols.  For  routine analysis, 
this method should be relatively simple and 
able to be used with small samples. 

Present methods for plasma vitamin E 
generally require extraction of tocopherols  into 
a hydrocarbon solvent followed by spectro- 
photometr ic  analysis of the extract with a 
correction for carotenoids (3-5). These methods 
are adequate for many purposes but  do not dif- 
ferentiate among tocopherols and are subject to 
interferences from other reducing substances. 
Many investigators have removed interfering 
substances and separated the various toco- 

pherols by paper (6,7), column (6), or thin 
l aye r  chromatography (TLC) (8) before 
spectrophotometric  anatysis~ No reference to 
methods that apply these chromatographic 
techniques to plasma sample sizes of  less than 
1 ml has been found. 

A previous publication from this laboratory 
reported a gas chromatographic method for the 
separation and quanti tat ion of tocopherols in 
foods (9). The present paper describes the 
modification and adaptat ion of that  method to 
the analysis of individual tocopherols in 0.1 g 
samples of plasma or serum. 

EXPERIMENTAL PROCEDURES 

Operating conditions and materials were 
essentially the same as previously described (9). 

Apparatus 

The gas chromatograph was an F&M Model 
810 modified to reduce dead volume and to 
provide for on-column injection. The coiled 

L 

6 Ib zb so 
T I M E  (rain) 

FIG. 1. Gas chromatographic separation of human 
plasma tocopherol TMS ethers on 0.5% Apiezon L: a, 
~/-tocopherol; b, 5,7-dimethyltocol (internal standard); 
c, ~-tocopherol. Chromatographic conditions are 
described in the text. 
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TABLE I 

Recoveries of Total Tocopheroi a From 0.1 g Plasma 

Sample 1 Sample 2 

Data Alpha Gamma Alpha Gamma 

#g tocopherol/0.1 g plasma 1.04 0.19 0.40 0.10 
/3g tocopherol  added 1.06 0.80 1.06 0.80 
Range rec., % 97-106 83-95 98-103 100-102 
av. rec., % 100 90 100 101 
No. detn. 9 9 3 3 

aTotal tocopherol  equals sample tocopheroi  plus added 0~- and "y-tocopherol. 

glass columns were 0.125 in. OD x 15 ft  long, 
silanized and packed with  0.5% Apiezon  L on 
100/120 mesh Gas Chrom Q. All separations 
were isothermal  at 250 C. The inject ion por t  
was also mainta ined at 250 C and the flame 
ionizat ion de tec tor  at 280 C. The carrier gas 
was hel ium at a f low rate of  approx imate ly  
25 ml /min ,  2 a ~  ~a " ~ .  T h e  electro-  
meter  was normal ly  opera ted  at 1.6 x 10 -11 
amp full scale (range 1, a t tenuat ion  4 on the  
Model  810). 

Special tubes for  handling 1 ml and 10 pl 
volumes  were made f rom disposable Pasteur 
pipets (Fisher Scientif ic  Co.). New pipets were 
soaked in cleaning solut ion,  r insed thoroughly  
with  distilled water  and oven dried at 110 C. 
The  clean tubes were sealed at the point  where 
the capillary was drawn f rom the  body  of  the 
pipet to produce a tube approx imate ly  4.5 in. 
long with  a narrow tip. Small volumes  in the tip 
could be reached with a syringe needle by 
breaking of f  the top  of  the tube.  

TABLE II 

Tocopherol Content a of Human Blood Plasma 

Alpha, Gamma, 
Subject No. /dg/g /dg/g 

1 12.3 -1"0.87 1.5 "t"0.64 
2 11.0 ---0.55 1.2 ---0.25 
3 10.7 +0.40 2.1 -+0.36 
4 8.9 -+ 0.49 0.7 -+ 0.06 
5 8.5 -+0.29 1.5 -+0.21 
6 8.0 -I- 1.72 1.0 -+ 0.30 
7 7.9 -+1.54 0.8 -+0.15 
8 7.1 -+0.66 1.2 --+0.40 
9 6.5 -+0.44 0.6 -+ 0.10 

10 6.7 -+0.58 1.7 -+0.17 
11 6.4 -----0.93 1.6 4-0.23 
12 6.1 -+0.68 1.3 -+0.31 
13 6.1 -+0.52 0.7 -+0.15 
14 5.8 -+0.80 1.1 -+0.12 
15 4.9 -+0.74 0.7 -+0.15 
16 4.0 -+0.72 1.1 +0.10 

aAverage and standard deviation for samples drawn 
on three consecutive days. 

Internal Standard 

5,7-Dimethyl tocol  (Pierce Chemical  Co.) in 
e thanol  ( I 0  /ag/ml) was used as internal  
standard at a concent ra t ion  approximat ing  
levels of  t~-tocopherol expec ted  in plasma, Pyro- 
gallol (2 mg/ml)  was added as an ant ioxidant .  

Thin Layer Chromatography 

Silica gel (Silica Gel HR extra pure ace. to 
Stahl,  Br inkmann Ins t ruments ,  Inc.) plates 250 

thick were air dried for 1 hr, heated  at 110 C 
for 1 hr, and stored unti l  needed in a desic- 
cator.  Just  before  use they  were predeveloped 
with  methanol ,  marked off  in to  2 cm strips and 
activated at 110 C for 15 min. Developing 
chambers  lined with  fil ter paper  were prepared 
with  a solvent system of  0.75% methanol  in 
benzene and al lowed to equil ibrate for  1 hr. 

Method 

Plasma or serum (90-120 btl) measured 
roughly with  a disposable bore pipet  (Microtrol ,  
D r u m m o n d  Scientif ic  Co.) was transferred to a 
2 ml conical centrifuge tube  and weighed. 
Exact ly  100 /~1 of  5 ,7-d imethyl tocol  internal  
standard in e thanol  was added and the sample 
mixed  thoroughly .  Pe t ro leum ether  (200 /al; 
Mall inckrodt Chemical  Works, nanograde)  was 
added,  the tube s toppered with  a po lye thy lene  
s topper  and then mixed  vigorously on a 
vibrator  for 30 sec. Af te r  centr i fugat ion,  the 
pe t ro leum ether  was transferred to a 2 or  3 ml 
centrifuge tube and evaporated to dryness wi th  
a gentle stream of ni t rogen.  The residue was 
dissolved in 20 /~1 o f  pe t ro leum ether  and 
applied to a 2 cm strip on a thin layer plate.  A 
10 /11 pe t ro leum ether  rinse of  the tube was 
added to the same spot.  A standard reference 
mixture  containing approx imate ly  I0  ~tg each 
of  0~- and 6- tocophero l  was spot ted  on the two  
outside strips and the plate was developed for 
10 cm. The side strips bearing the reference 
standard were sprayed with phosphomolybd ic  
acid to determine  the  l imits of  tocophero l  
travel. The  corresponding tocophero l  area 
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GLC 

Subject No. Alpha,/.tg/g Gamma,/d.g/g Total,/dg/g No. detn. 

Chemicala 

Total, 
/Ag/g No. detn. 

1 12.9 1.2 14.1 2 9.5 2 
2 4.6 1.2 5.8 2 7.7 2 
3 4.1 0.9 5.0 2 8.2 2 
4 5.8 0.9 6.7 2 6.7 2 
5 7.0 1.8 8.8 2 12.9 2 
6 8.6 0.8 9.4 2 11.4 2 
7 6.1 0.6 6.7 2 8.5 2 
8 10.4 1.9 12.3 9 13.9 6 

aBieri et al. (5). 

bear ing  the  sample  was scraped f rom t he  pla te  
and  t r ans fe r red  to  a 3 ml cent r i fuge  t ube  con-  
ta in ing  1 ml of  m e t h a n o l  (99 .9  Mol % pure ,  
F isher  Scient i f ic  Co.),  mixed  well, and  cen- 
t r i f u g e d .  The  s u p e r n a t a n t  so lu t ion  was 
d e c a n t e d  in to  a sealed Pas teur  p ipe t  and  solvent  
was evapora t ed  wi th  a s t r eam of  n i t rogen .  The  
p ipe t  was r insed d o w n  wi th  a small  a m o u n t  of  
m e t h a n o l ,  t he  t op  was b r o k e n  of f  to  leave a 
sealed b o t t o m  sect ion  less t h a n  2 in. long,  and  
the  solvent  was evapora t ed  comple te ly .  The  
t h o r o u g h l y  dr ied sample res idue was dissolved 
in 10 v l  of  a m ix tu r e  of  hexame thy ld i s i l azane ,  
t r i m e t h y l c h l o r o s i l a n e ,  and  dry pyr id ine  
( 9 : 6 : 1 0 ) ,  r e -evapora ted  to  dryness  and  dis- 
solved in 10 /al of  ca rbon  disulfide.  A 2/~1 ali- 
quo t  s andwiched  in the  syr inge b e t w e e n  1 /~1 
plugs of  ca rbon  disulf ide was in jec ted  on  the  
gas c h r o m a t o g r a p h .  Peak areas were measured  
by  t r i angula t ion .  

The  a m o u n t  of  t o c o p h e r o l  in mic rograms  
per  gram was equal  to  (Wi/Ai) x (At /Ws) ,  where  
W i is the  weight  of  added  in te rna l  s t andard  in 
micrograms,  A i the  area of  t he  in te rna l  s t andard  
peak,  A t t he  area of  the  t o c o p h e r o l  peak ,  and  
W s the  weight  of the  sample  in grams.  

RESULTS A N D  DISCUSSION 

Precision 

A series of  n ine  analyses of  the  same c i t ra ted  
p lasma sample,  made  in sets of  t h r ee  on  t h r ee  
d i f fe ren t  days,  gave a coeff ic ient  of  va r ia t ion  of  
4.5% for a - t o c o p h e r o l  and  5.8% for  3'-toco- 
pherol .  The  average a- and  7 - t o c o p h e r o l  values 
for  this  sample were 10.4 and  1.9 ktg/g, 
respect ively.  This  va r ia t ion  of  the  m e t h o d  was 
c o m p a r e d  w i th  daily va r ia t ion  of  t he  gas 
c h r o m a t o g r a p h .  A l iquo t s  (100/~1) of  a s t anda rd  
m i x t u r e  of  10.6 ktg/ml a - t o c o p h e r o l  and  8.1 
/.tg/ml 7 - t ocophe ro l  and  5 ,7 -d ime thy l toco l  in  
e t hano l  were evapora ted ,  der ivat ized and  
in jec ted  on  the  gas c h r o m a t o g r a p h  o n  10 dif- 
f e ren t  days. U n d e r  these  cond i t ions ,  co- 
eff ic ients  of  var ia t ion  were 4.2% for  a - toco-  
phe ro l  and  5.6% for 3,- tocopherol .  

Recoveries 

A n  e thano l i c  so lu t ion  con ta in ing  1.06 pg  
o~-tocopherol, 0 .80 pg  3 ' - tocopherol  and  5,7- 
d i m e t h y l t o c o l  in t e rna l  s t anda rd  was added  to 
0.1 g subsamples  of two  plasmas.  Recover ies  for  
the t o t a l  t ocophe ro l ,  added  plus sample ,  are 

TABLE IV 

Stability of Blood Tocopherols During Storage at -40 C 

Subject No. 

Plasma 

EDTA Oxalate Serum 

Time, Alpha, Gamma, Alpha, Gamma, Alpha, Gamma, 
wk /./gig b/gig //gig /2gig b/gig /-/gig 

0 12.5 3.9 13.4 3.5 13.7 3.9 
4 12.7 4.1 12.6 3.5 15.3 3.7 
8 12.1 3.9 12.1 3.6 12.3 3.9 

0 3.7 1.1 4.0 1.0 4.6 1.1 
4 3.8 1.0 4.2 0.9 3.8 1.1 
8 4.6 1.2 3.7 1.2 4.1 1.2 
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shown in Table I. Average recoveries for 12 
determinations were 100% for 0t-tocopherol and 
9 3 % for 3"-tocopherol. These acceptable 
recoveries from plasma, relative to 5,7- 
dimethyltocol ,  were in contrast to 80-85% 
recoveries when water was substituted in the 
method for plasma. A systematic examination 
of all steps in the procedure, including the 
effects of extraction and susceptibility to 
destruction from each solvent, showed these 
low recoveries were due to losses during TLC. 
The amounts chromatographed were 1.2/~g of 
~-tocopherol and 0.85 /~g of 7-tocopherol;  
recoveries of each averaged 83%. These findings 
suggest that tocopherols from plasma suffer less 
destruction than the pure tocopherol  standards, 
perhaps because of the presence of other lipid 
material. If  this is true, the use of  standard 
curves or the calculation of recoveries based on 
TLC of pure standards may be suspect. 

Tocopherols in Human Plasma 

As a test of the applicabili ty of the method,  
blood from a series of human donors was 
analyzed for tocopherols.  Samples were drawn 
from 16 donors, following a 12 hr fast, on each 
of three consecutive days and the oxalated 
plasma was stored at -40 C until analyzed. 
Duplicate analyses were made on each sample 
and values for three days were averaged (Table 
II). Only a- and 7-tocopherols were detected 
with ranges of 4.0-12.3 ~ug/g and 0.6-2.1 /lg/g, 
respectively. The total  tocopherol  ranged from 
5.1-13.8 pg/g with an average of 8.7/lg/g. 

Comparison of Methods 

Eight human plasma samples were analyzed 
by both GLC and a modified Emmerie-Engel 
colorimetric method (Table III). The method 
chosen for comparison was that  of Bieri et al. 
(5), with minor volume changes to suit available 
cell sizes; this method does not require a TLC 
step. The only sample which gave a lower result 
by the colorimetric method was slightly 
lipemic. One sample gave the same results by 
both methods while the other six samples were 
all higher by the colorimetric method.  The 
higher values by the colorimetric method are 
probably due to other reducing substances. 

Stability During Storage 

To test the stability of blood tocopherols 
during storage, plasma (EDTA and oxalate) and 
serum from two different donors were analyzed 
i m m e d i a t e l y  and then subsamples were 
analyzed again after four and eight weeks of 
storage at -40 C. All samples showed no sig- 
nificant change after eight weeks of storage 
(Table IV). 

Impurities 

Only solvents of high purity could be used; 
these were selected to give minimum inter- 
ference on the gas chromatogram. Commercial 
products of adequate puri ty were available for 
most solvents, others were purified by distilla- 
tion. Several extraneous GLC peaks derived 
from silica gel were reduced to trace levels by 
using Silica Gel HR. Incomplete  separation of 
one of these impurities from 7-tocopherol inter- 
fered with the determination of  trace amounts 
of this tocopherol.  To minimize this difficulty, 
TLC plates were predeveloped in methanol for 
at least 10 cm just prior to use and samples 
were developed on 2 cm strips. Because of 
possible contamination from the atmosphere, 
plates were used within three days of spreading. 

Internal Standard 

5,7-Dimethyltocol met several criteria which 
made it a suitable internal standard for the 
determination of other tocopherols.  On TLC 
with the methanol-benzene system described, 
its Rf was similar to that of a- tocopherol ,  and 
on GLC it emerged just before a- tocopherol  
with complete separation. There were further 
advantages in the selection of 5,7-dimethyl- 
tocol in that it does not occur in natural prod- 
ucts and is available commercially. 

Since a-tocopherol  was the purest toco- 
pherol available (>99%), the 5,7-dimethyltocol 
solution was standardized against a- tocopherol  
by chromatographing mixtures of these two 
tocopherols.  This standardized value for 5,7- 
d i m e t h y l t o c o l ,  therefore ,  included any 
correction factor necessary for calculating 0t- 
tocopherol .  Both ~- and 3"-tocopherol had flame 
ionization detector  responses of  1.0 relative to 
the standardized 5,7-dimethyltocol and did not  
require a correction factor in the calculation. 

Gas Chromatography 

Under the conditions described, retention 
times were approximately 15 rain for 7-toco- 
pherol, 21 min for 5,7-dimethyltocol,  and 24 
min for a-tocopherol.  Columns had efficiencies 
in excess of 5500 theoretical plates. 

The limiting factor determining the number 
of samples that could be handled in one day 
was the gas chromatograph. With one analytical 
column we found eight samples could be 
h a n d l e  d convenient ly  with simultaneous 
quanti tat ion of each tocopherol.  

With care in transferring solvents 0.3 pg 
3'-tocopherol per gram plasma and 0.6 /~g 
ot-tocopherol per gram plasma could be 
measured in 0.1 g samples. This lower limit of 
sensitivity is due in part to interferences from 
impurities derived either from solvents or from 
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silica gel. Ehmination of these trace impurities 
would probably make this method sensitive to 
lower amounts of tocopherols. 
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Mycobacterial Sulfolipids: Spontaneous Desulfation 
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ABSTRACT 

A glycolipid sulfate elaborated in 
abundance by surface-grown cultures of 
Myeobaeterium tuberculosis has been 
characterized in earlier studies as a com- 
plex 2,3,6,6'-tetraacyl a, a '  trehalose 
2'-sulfate. The purified ammonium salt 
undergoes rapid quantitative desulfation 
on mere dissolution in reagent grade 
anhydrous ether. The same reaction is 
observed in sulfolipids recovered from a 
number of human strains and one bovine 
strain. Experimental observations on the 
normal and acid-catalyzed rates of the 
reaction and on the influence of other 
solvents and other cationic forms support 
a proposed mechanism, which is detailed. 
Structural criteria which may influence 
the proclivity for spontaneous desulfation 
are discussed. 

INTRODUCTION 

Surface cultures of virulent strains of Myco- 
bacterium tuberculosis var. hominis were found 
by Middlebrook et al. to elaborate a strongly 
anionic sulfur-containing lipid which, Middle- 
brook suggested, might play a prominent role in 
the biology of tuberculosis (1,2; also unpub- 
lished data). My studies, begun in collabora- 
tion with Middlebrook, have shown that several 
families of sulfated lipids are produced by the 
strain H37Rv. The most abundant member is 
designated as sulfolipid I (SL-I) and comprises a 
group of very closely related 2,3,6,6'-tetraacyl 
trehalose esters in which the carbohydrate bears 
a single equatorial sulfate half ester in the 
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FIG. 1. Ammonium Sulfolipidq of M. tuberculosis; 
approximate molecular formula CI45H283020NS. 

2'position, a rarely sulfated position in natural 
carbohydrate sulfatides. Recovered as the 
ammonium salt in our purification scheme, 
NH4SL-I has a molecular weight of approxi- 
mately 2400 and an average empirical formula 
and gross structure as depicted in Figure 1 
(3,4). 

Desulfation of NH4SL-I 

NH4SL-I , and indeed several other of the 
mycobacterial SL groups, exhibit a remarkable 
propensity for desulfation under mild, non- 
degradative conditions. On mere dissolution of 
small amounts of NH4SL-I in reagent grade 
anhydrous ether, complete desulfation occurs 
in a short time at room temperature. 
Apparently a spontaneous hydrolytic process, 
the necessary water for the hydrolysis of a 
substance of the indicated molecular weight is 
more than adequately provided for by that 
already present in the solvent. The desulfation 
of mycobacterial NH4SL-I results in the release 
of a mole of NH4HSO 4 and restoration of the 
o r i g i n a l  hydroxylic function, i.e., with 
retention of configuration. This was assured in 
the following specific experiments: the carbo- 
hydrate sulfate from gentle alkaline solvolysis 
of SL-I affords trehalose on hydrolysis in 
aqueous acid at room temperature; similarly the 
spontaneously desulfated lipid gives trehalose 
quantitatively on alkaline solvolysis. 

Although alkali- or acid-catalyzed hydrolysis 
of carbohydrate sulfates has been extensively 
described in aqueous systems (5), with only 
occasional exceptions (6-8), the desulfation 
process of the present is more similar to 
solvolytic transformations which had been 
described solely for certain steroid sulfates 
(9-11) and were only recently extended to 
simpler alcohols (12). Our accidental redis- 
covery of this facile reaction in the domain of 
the mycobacterial sulfolipids yielded an inde- 
pendent mechanistic interpretation which dif- 
fers in some respects from those previously 
advanced, as in the review of Haines (13). 

Proposed Mechanism 

Because the spontaneous desulfation of 
NH4SL-I in ether proceeded with retention of 
configuration and was dramatically catalyzed 
by traces of mineral acid, we reasoned that 
except for rate, the solvolytic behavior of 
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FIG. 2. Proposed mechanism for desulfation of NH4SL-I. Overlap of electrons from the anomeric 
oxygen into the sulfur d orbital facilitates attack of the ester oxygen by the proton (or NH 4 ion). The 
intermediate oxonium salt is then hydrolyzed. 
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NH4SL-I resembled the hydrolytic behavior of 
simpler carbohydrate sulfates (5) or of acid- 
catalyzed desulfations in methanol (6-8). We 
postulated that in an aprotic but yet 
sufficiently basic solvent, e.g., ether, the 
ammonium ion can yield, or hydrolyzes to 
yield, a proton to coordinate with the ester 
oxygen which links the carbohydrate moiety to 
the sulfur and thus provides the hydrolysis 
susceptible transition state. The apparent 
spontaneity and rapidity of the reaction is 
probably accounted for by the fact that the 
energy barrier to this attack is lowered, by the 
proximity of the anomeric oxygen (a-configura- 
tion) to the sulfate substituent in the adjacent 
equatorial position. With the glucose moiety in 
the very probable C-1 conformation, the 
anomeric oxygen is separated from the oxygen 
at the 2 position by about 2.85 A (14). In a 
Fisher-Hirschfelder-Taylor model construc- 
tion, the anomeric oxygen and the sulfur are, in 
fact, in contact. As a first step (Fig. 2) we 
suggest the overlapping of an electron pair from 
the oxygen into the d-orbitals of the S atom to 
relieve the polarization on the ester oxygen and 
to make a pair of electrons more available to 
attack by the proton, a slow but possibly 
concerted step. Followed by the necessary 
intervention of a mole of water, scission occurs 
to release a mole of NHaHSO 4 and the 
desulfated lipid. 

A system conforming to this model should 
have the following characteristics: (a) the 
reaction rate should be autoaccelerating, since 
each scission yields an additional proton. As a 
t r i v i a l  corollary, desulfation should be 
catalyzed by mineral acids. (b)Other  appro- 
priate solvents should promote desulfation, e.g., 
acetone. (c)Protogenic, more basic solvents, 
e.g., water or alcohols, added to the ether 
s h o u l d  t e n d  to inh ib i t  the reaction. 
(d) "Onium" nitrogen salts bearing a proton 
should desulfate spontaneously; however, 
simple metal salts should not. These require- 
ments follow logically from the thesis which is 
advanced. They are not entirely in accord with 
results described with steroid sulfates, e.g., 

reported desulfations of alkali metal salts (11). 
However, with the precautions taken in our 
experiments, all of the results were realized. 

METHODS 

Early direct qualitative evidence sub- 
stantiated the fact that complete desulfation of 
dilute solutions of NH4SL-I in ether occurs in 
less than 5 min on the addition of appropriate, 
small quantities of sulfuric acid. Therefore, to 
minimize chance contamination by catalytic 
traces of acid, all glassware employed in desul- 
fation studies was heated in dilute alkali, 
exhaustively rinsed and oven dried. This pre- 
caution does not seem to have been anticipated 
in earlier studies. 

To study the time course of desulfations, 
radiolabeled (3s S) NH 4SL-I of known specific 
activity was dissolved in appropriate quantities 
of Baker's reagent grade anhydrous ether (H20 
content .008-.01%) along with any other 
reagents that were to be tested. The concentra- 
tion of NH4SL-I was ordinarily about 0.1-0.3 
mmolar at the final dilution. Aliquots were 
sampled at intervals, the desulfation terminated 
by quenching the sample with water-saturated 
ether about 0.5 M in NHaOH , and hexane 
soluble radiosulfate recovered (an aqueous 
Na2CO 3 extraction is required) and assayed 
radiometrically. In companion experiments, the 
quenched samples were examined by thin layer 
chromatography (TLC) on silica gel (develop- 
m e n t  in  CHC13/CH3OH/H20/CH3COOH, 
95:1:0.3:5). 

NH4SL-I preparations used in the studies 
were obtained from ammoniacal chromato- 
graphy effluents and stored in dilute hexane 
solutions (3). These undergo a very slow 
spontaneous desulfation; complete desulfation 
occurs in about two years. Accordingly, some 
of the experiments were probably conducted 
with material in which spontaneously generated 
degradation products were already present in 
undetectable amounts. As a terminal pretreat- 
ment to minimize even these, the hexane 
solutions of NHaSL-I were filtered through a 
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FIG. 3. Time course of NH4-sulfolipid desulfation 
in ether. A and B, spontaneous. C and D, catalyzed by 
.02 and 0.1 equivalent of H2SO4, respectively. 

column of Na2CO 3 directly into the appro- 
priate reaction vessels and taken to dryness 
under nitrogen. One tenth-millimolar solutions 
of such preparations, in freshly opened reagent 
grade ether, were left undisturbed and simply 
tested for complete reaction. Under these con- 
ditions, complete desulfation occurred in 6 to 7 
hr. 

RESULTS 

Kinetics 

The time courses of desulfation, both 
spontaneous and under H2SO 4 catalysis, are 
depicted in Figure 3. Curves A and B reflect the 
behavior of two samples of NH4SL-I which had 
been stored in hexane, but were not pretreated 
with Na2CO 3 as a final step. The lag or 
induction period before lysis was detectable 
does not seem to be reproducible and may 
reflect minute levels of cleavage products 
already present in the starting material. Once 
reaction is detectable however, the auto- 
acceleration of desulfation is clear. Figure 4 is a 
TLC of samples taken at 5 rain intervals from a 
similar desulfation. This vividly shows the 
increase in amount of desulfated product (Rf 
0.5) at the expense of SL-I (at the origin). 
Curves C and D show the behavior of ether 
solutions of carbonate-filtered NH4SL-I to 
which .02 and 0.1 equivalents, respectively, of 
concentrated H2SO 4 were added at zero time. 
Accordingly, the role of protons generated in 
uncatalyzed desulfations cannot be ignored (see 
Discussion). 

Influence of Solvents 

S p o n t a n e o u s  q u a n t i t a t i v e  desulfation 
occurred in acetone, but required two days 

FIG. 4. Silica gel thin layer chromatogram 
depicting the time course of a normal desulfation of 
NH4SL. Sulfolipid remains at origin; desulfated 
product migrates. 

rather than a few hours. The change in rate 
probably reflects the influence of the solvent 
on the acidity of the solute. Moreover, the 
reaction-promoting NH4HSO 4 cleavage product 
formed in the acetone solution was largely 
deposited on the walls of the reaction vessel; in 
ether, it remains colloidally dispersed. 

At room temperature, NH4SL-I proved com- 
pletely stable in pyridine. Elevated tempera- 
tures were not examined. More significantly, 
0.5% pyridine prevented the spontaneous 
desulfation in ether. When moist hexane solu- 
tions of NH4SL-I are heated at reflux, desulfa- 
tion (and concomitant hydrolysis of acyl func- 
tions) can be recognized in a few hours. The 
desulfation is entirely suppressed by a little 
pyridine. The oily NH4SL-I obtained from 
evaporation of SL4 solutions desulfates on 
keeping for a few weeks, but this too is 
prevented by a trace of pyridine. 

The influence of hydroxylic solvents was as 
expected and accords with similar observations 
of steroid sulfates (9,10), i.e., in 50:50 
ethanol-ether, essentially no desulfation was 
detected in a month. The addition of two 
equivalents of water (based on NH4SL-I) 
appeared to promote the desulfation in reagent 
ether, but it was almost completely inhibited in 
ether containing 0.5% H20. 

Other Salts 

P y r i d o n i u m  sulfolipid was completely 
desulfated after 70 rain in ether solution; but 
NaSL-I was stable; a product judged to contain 
a minute amount of residual NH4SL seemed to 
be slightly decomposed in ether during 7 hr and 
then stabilized without further degradation in a 
week. The apparent slight decomposition may 
be an artifact. As expected, NaSL-I is desul- 
fated in about 30 min in ether containing 
appropriate small quantities of concentrated 
H2SO 4 (10 mole% based on SL). In an NaSL 
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FIG. 5. Partial of IR spectograms, NH4SL-I , NH4SL-II , NH4SL-III. Absorption bands at 3220 and 
1400-1450 cm-1 confirm that these are ammonium salts. Bands at 808 and 828 (833) cm -1 are 
associated with trehalose and sulfate, respectively. 

preparation containing 20% NH4SL , complete 
desulfation occurred during 40 hr. 

Other Sulfated/ipids, Structural Influences 

From some ten Indian and British strains of 
M. tuberculosis and from the bovine strain 
Ravenel (Goren and Brokl, unpublished data) 
we have recovered small amounts of purified 
(radiolabeled) sulfolipids by the chromato- 
graphic procedures described earlier. Individual 
lipids from all of these strains appear to be at 
least very similar to the principal SL-I of strain 
H37Rv. All of these SL-I-like substances which 
have been tested, including the bovine Ravenel 
s u l f o l i p i d  were  f o u n d  to  d e s u l f a t e  
spontaneously in ether. 

Minor Sulfolipifls of H37Rv 

Among the various sulfated glycolipids 
elaborated by the strain H37Rv and separated 
in our DEAE chromatographic procedures are 
minor sulfolipids that have previously been 
only briefly described (3,4). Table I summarizes 
certain physical and structural characteristics of 
these substances, in comparison with SL-I, 
which have been discerned in studies with the 
small amounts that have occasionally been 
available to us. 

SL-II and I' desulfated rapidly, but SL-III 
was entirely stable in ether solution. After 48 
hr without detectable change, it was desulfated 
in a few minutes after the surface of the ether 
solution was momentarily exposed to a gentle 
stream of anhydrous HC1 gas and the flask 

restoppered. This is a most gentle catalyzed 
solvolysis. 

Figure 5 (a,b,c) compares the pertinent 
features of the IR spectra of SL-I,II and III, 
respectively (the spectrum of SL-I' is essentially 
the same as that of SL-I). It is clear that all 
three samples are ammonium salts (NH 
absorption at 3220 and 1400-1450 cm-~). The 
absorption at 800-807 is specifically correlated 
with the trehalose core (4) and is substantially 
identical in the three spectra. However, for 
SL-III the sulfate absorption band at 833 cm-1 
is displaced about 5 to 6 wave numbers from 
that seen in NH4SL-I, I ' and II (827-28 cm-l),  
and it is a considerably stronger band in SL-III. 
This aberration may raise some doubt about the 
actual position of the sulfate; however, other 
observations suggest that it is located normally, 
i.e., at the 2' position. Structural studies indi- 
cate that in the other sulfolipids (I, I ' ,  II), the 
sulfate-containing ring is also substituted with a 
very large acyl function (molecular weight 
about 550) at the 6' position; in SL-III, this 
glucose moiety has only the sulfate. The lack of 
the large acyl function at 6' may account for 
the displacement in the position and strength of 
the sulfate absorption band to which we 
referred; and these consequences may both 
relate to some conformational change attendant 
upon the loss of the major acyl substituent. The 
distinction between NH4SL-III and the other 
ammonium sulfolipids, whatever .it might be, 
may in fact be associated with the resistance of 
the substance to spontaneous desulfation. 
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TABLE I 

Characteristics of Sulfolipids From H37Rv 

TLC Mobility 
Sulfolipid (relative to SL-I) Acyl substituents a Position of sulfate 6' Position 

II 1.1 B, 2C, ? 2' Acylated 
I 1.0 A, B, 2C 2' Acylated 
I' 0.9 2A, B, C 2' Acylated 
III 0.33 B, C (?) 2" (probable) Vacant 

aFrom studies recently completed (4), the acyl substituents identified in these sulfolipids are the 
following: B, palmitic acid; A, a multi-methyl-branched acid of mean molecular weight 550; C, a 
hydroxylated derivative of A. The glucose moiety bearing the sulfate is ordinarily referred to as the 
prime ring; when this carries an acyl function as well, it is apparently only in the 6" position. These 
conclusions are based on permethylation studies such as are described by Goren (3). 

Brain Sulfatides 

Bovine brain sulfatides are cerebrosides sul- 
fated at the 3 posi t ion of  a galactose moie ty  
(15). Samples f rom Supelco,  examined as 
received, were resistant to desulfat ion for  
months  in ether  suspension. Other  samples were 
equil ibrated with large excesses of  a m m o n i u m  
acetate  and recovered or were twice adsorbed 
on DEAE cellulose and recovered by elut ion 
with  ammoniacal  elutr ients  according to the 
me thod  of  Rouser  (16). Products  obta ined  in 
this fashion were tested in acetone or ether  and 
found to be comple te ly  stable. Figure 6 is a 
silica gel thin layer chromatogram (developed in 
C H C 1 3 / C H 3 O H / H 2 0 ,  65 :35 :5)  in which 
cerebrosides (sample on lef t)  are compared with 
material  recovered after  suspension-dissolution 
in ether  for a week. It is clear that  the sulfatides 
did not  degrade. 

FIG. 6. Silica gel chromatogram of ammonium 
brain sulfatides after a week in ether (right) as com- 
pared with cerebrosides (left). 

DISCUSSION 

Our results conf i rm the thesis that  glycolipid 
sulfates are sensitive to hydrolysis  in nucleo-  
philic aprotic solvents, part icularly in the 
presence of  acid catalysts; moreover ,  they  
expand the concept  that  such catalyzed 
hydrolysis  can occur  very rapidly ye t  gent ly in 
essentially anhydrous  media. With lipids that  
are soluble in ether,  rapid desulfat ion may 
o c c u r  s p o n t a n e o u s l y  with appropr ia te ly  
const i tu ted a m m o n i u m  (or on ium)  glycolipid 
sulfates; or the react ion may be p romoted  
through the agency of  even traces of  mineral  
acids. 

The existence of  species of  a m m o n i u m  
sulfolipids which do not  hydro lyze  spon- 
taneously in ether  (such as the mycobacter ia l  
NH4SL-III)  leads to the impor tan t  inference 
that  the cri terion of  a m m o n i u m  glycolipid 
sulfate structure is not  in itself sufficient  to 
confer  procl ivi ty for spontaneous  desulfation.  
Other  factors appear to be involved also. 

The stability of  the brain sulfatides, of  
NaSL-I (and its destabil ization by NH4SL-I  or 
traces of  acid), as well as the stabili ty of  
NH4SL-III  , suppor t  the convic t ion  that  the 
desulfat ion is a spontaneous  one and is not  
s imply the consequence of  a chance encounter  
with a wandering pro ton .  We nevertheless sub- 
mit  that  pro tons  probably  must be generated to 
init iate what  becomes  an irreversible process, 
the complete  desulfat ion of  the sulfatide. More- 
over, contamina t ion  of  a sulfatide salt by  a 
mere trace of  the free acid form will probably  
lead to comple te  degradat ion in an appropr ia te  
solvent. 

The repor ted  ambient  tempera ture  desulfa- 
t ion in dioxan of  alkali metal  salts of  steroid 
sulfates (9,11) does not  accord with our  
findings and conclusions.  At  present these 
cannot be reconciled.  We are, however ,  investi- 
gating some of these steroid sulfates. 
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Mayers, et al. (12) and Haines (13) have 
recently reviewed the solvolysis of steroid 
sulfates in aprotic nucleophilic solvents and 
proposed a mechanism for the general reaction 
which invokes a more definitive role for the 
small amount of water which participates in the 
solvolysis. A hydrated state of the sulfatide is 
postulated, which is attacked and cleaved by 
the nucleophilic solvent. No role is considered 
for an electrophile (proton or the like). The 
well-documented inhibitory effect of larger 
amounts of water (or alcohol) is explained as a 
complete hydration (solvation) of the sulfate 
core so that penetration by the nucleophilic 
solvent is prevented. This explanation for the 
curious inhibition of a hydrolysis by excess 
water is persuasive. 

However, the role of protons in the sol- 
volytic process cannot be ignored: note the 
instability of the free organic hydrogen sulfates 
(10), the autoacceleration of the spontaneous 
solvolysis as protons are generated, the solvoly- 
sis of stable sulfatides under the influence of 
minute amounts of acid (6-8), and the total 
inhibition of the reaction by minute amounts 
of avid proton binders, e.g., pyridine. It is 
unlikely that all of these documented multi- 
directional changes in rate can be attributed 
solely to favorable or unfavorable alterations in 
the degree of hydration at the sulfate core. 

We hope in a supplemental note to expand 
and implement this supporting evidence and, 
accordingly, to develop the thesis that avail- 
ability of both a quintessential electrophile and 
nucleophile are necessary for facile solvolysis of 
the sulfatides. 

Studies with the mycobacterial sulfolipids of 
the present instance have afforded clues sug- 
gesting that subtle structural features within the 
sulfatide (e.g., in SL-III) probably also 
influence the characteristics of the reaction. 
From our mechanistic interpretation, in which 
a probable role is postulated for the a anomeric 
oxygen, we would expect that corresponding/3 
anomers might show significant differences in 
their solvolytic behavior. Accordingly, studies 
of simple analogs may be informative. 

Such structural influences might be sought 
additionally in a careful examination of other 
appropriate sulfated glycolipids having signifi- 
c a n t l y  d i f f e r en t  structures from those 
described. The intriguing lipid from H. cut#  
rubrum of Kates et al. (8) would be interesting 
for comparison. Professor Kates informs me that 
his lipid exhibits marked sensitivity to mineral 
acids, and indeed desulfation of the lipid for a 
portion of the structural study (8) was carried 
out in chloroform, 0.I M methanolic HCI. 
However, he has not examined the ammonium 

salt alone under such conditions as we have 
detailed. Acid-catalyzed desulfation of the 
lipids described by the Haines group (12) would 
also be most informative. 

It is well documented that avirulent and 
attenuated strains of M. tuberculosis var. 
hominis produce tittle or none of the sulfolipids 
seen in virulent strains (1). Middlebrook's sug- 
gestion that this material might have a role in 
the biology of tuberculosis is partially sup- 
ported by a subsequent correlation between 
infectivity and sulfolipid elaboration among a 
dozen strains which were examined (17). If a 
teleonomic advantage accrues to the pathogen 
from its ability to synthesize the sulfolipid, it 
might well reside in the most unusual pro- 
pensity for spontaneous desulfation which I 
have described. Occurring intracellularly in a 
host, the process would have significant physio- 
logical import; a strong mineral acid is released 
at the site, with the attendant traumatic con- 
sequences whi4;h this should initiate. A desulfa- 
tion event taking place in 'a lipid environment, 
e.g., a membrane, in which a balanced polar- 
nonpolar substance is suddenly converted into 
two fragments of widely differing polarity 
could severly and adversely affect the structural 
integrity of that membrane. On the basis of the 
almost unique suicidal property of onium sulfo- 
lipid, the substance is unquestionably endowed 
with the potential for tissue destruction. This 
potential manifests itself in demonstrable local 
toxicity when NH4SL , but not NaSL, is 
injected intracutaneously in guinea pigs, an 
observation which was made long before the 
spontaneous desulfation was discovered (1). 
The mysterious difference in toxicity between 
NaSL and NH4SL now seems to be entirely 
explained. 
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The Influence of Exogenous Cholesterol on the Fatty Acid 
Composition of Liver Lipids in the Rats Given Linoleate and 
7-Linolenate 
KEN TAKAYASU 1 and IWAO YOSHIKAWA, The First Department of 
Internal Medicine, Faculty of Medicine, Osaka University, Osaka, Japan 

ABSTRACT 

Three groups of rats were given choles- 
terol and cholic acid for four weeks, and 
then fed a diet with 20% lard (group 1), a 
diet with 4% of the lard substituted by 
methyl linoleate (group 2), and a diet 
with 2% substituted by methyl linoleate 
and another 2% by methyl 3,-linolenate 
(group 3) during the same period. Two 
control groups (4 and 5) received the 
same diets as did groups 2 and 3, respec- 
tively, but without cholesterol and cholic 
acid. The hepatic cholesterol accumula- 
tion was significantly less in group 3 than 
in groups 1 and 2, and distinct differences 
in the degree of plasma cholesterol eleva- 
tion were found among the cholesterol 
fed groups (1>2>3).  Supplement of 3'- 
linolenate resulted in a reduction of the 
ratio of arachidonate to homo-7-1inole- 
nate in both the cholesterol-fed group 
and the control group, but the ratio was 
much lower in the former. Incorporation 
of 1-t 4C-hnoleate and 1-14C.3,_linolenate 
into the liver lipids of groups 2 and 4, and 
groups 3 and 5 was observed respectively 
at 1 and 3 hr after the intravenous 
injection. The specific activity of arachi- 
donate from both of the labeled acids in 
p h o s p h o l i p i d  and triglyceride was 
apparently lower in groups 2 and 3 than 
in groups 4 and 5, respectively. The distri- 
bution rate of radioactivities in tetraenoic 
acids was also low in groups 2 and 3 
among the fatty acids of 15hospholipid 
and triglyceride. The results indicated 
impairment of conversion of homo-Tqin- 
olenate into arachidonate in the choles- 
terol-fed rats. 

INTRODUCTION 

Cholesterol accumulation in the liver of rats 
given cholesterol and cholic acid was reduced 
by a supplement of linoleate or arachidonate 

1present Address: The First Department of Inter- 
nal Medicine, Osaka University Hospital, 1,3 Chome, 
Dojima-dori, Fukushima-ku, Osaka, Japan, 553. 

(1), and by a supplement of linoleate to a fat 
free diet after withdrawal of cholesterol and 
cholic acid accelerated the regression of choles- 
terol ester and triglyceride in the liver, com- 
pared with a fat free diet and that supplemen- 
ted with palmitate or oleate (2). The hypochol- 
esterolemic effect of polyunsaturated fatty acid 
is well known and it was reported that the 
higher the iodine value of an oil or fat, the 
lower the effective minimum dose in humans 
and rats (3,4). Furthermore, it was shown that 
arachidonate, and eicosapentaenoate and doco- 
sahexaenoate exhibited stronger hypocholes- 
terolemic effects than linoleate and a-lino- 
lenate, and lowered myocardial lipid levels in 
rats, even when the iodine value was identical 
among the diet fats (5). Morin supposed that 
the arachldonate incorporated into liver phos- 
pholipid promoted mobilization of cholesterol 
and glycerides from the liver of rats given cho- 
lesterol (2,6), and that the rise of homo-3,qino- 
lenate was due to the increase of arachidonate 
synthesis induced by exogenous cholesterol (7). 
However, the marked increase of homo-3'4ino- 
lenate accompanied with the fall in the percent- 
age of arachidonate in the liver of rats fed on 
cholesterol (8,9) might also indicate an im- 
paired arachidonate synthesis from homo- 7- 
linolenate. 

The authors examine the influence of admin- 
istration of linoleate and 7-linolenate on the 
accumulation of exogenous cholesterol in rat 
liver and plasma, and also the conversion of 
those fatty acids into arachidonate in the liver. 

MATERIALS AND METHODS 

Wister strain male rats, weighing 200 to 260 
g, were divided into five groups of seven or 
eight each. Group 1 was given a diet consisting 
of 10% vitamin free casein, 57.5% sucrose, 20% 
lard [Hoei Pharmaceutical Co., the main fatty 
acids: 1.4% 14:0 (number of carbon atoms; 
number of double bonds), 22.7% 16:0, 4.1% 
16:1, 16.9% 18:0, 47.0% 18:1 and 6.7% 18:2], 
2% cholesterol (Nakari Chemicals Co.), 1% 
cholic acid (Nissui Seiyaku Co.), 0.5% choline 
chloride, 4% salt mixture, 4% cellulose, and vi- 
tamin mixture. One fifth of the 20% lard in the 
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diet was replaced by methyl linoleate (94.5% 
linoleate and 5.5% 18:1) in group 2 and by 
methyl linoleate plus methyl ~'-linolenate 
(50.3% linoleate, 47.0% 7qinolenate and 2.7% 
18:1, obtained from Ono Pharmaceutical Co.) 
in group 3. Groups 4 and 5 were given diets 
similar to those for groups 2 and 3, respec- 
tively, but containing no cholesterol and cholic 
acid. After four weeks on the diets, the rats 
were anesthetized with ether after overnight 
fasting, and blood was drawn from the abdom- 
inal aorta. The liver was washed with physio- 
logical saline through the portal vein and re- 
moved. At 1 hr and 3 hr before killing them, 
the rats received 0.5 ml of an albumin solution 
containing labeled linoleate in groups 2 and 4, 
and labeled 3,-linolenate in groups 3 and 5, by 
injection into the tail vein. 

A portion of the plasma in each animal was 
used for examination of lipid concentrations 
and the remainder (I ml/rat) was pooled in 
each group to be extracted in chloroform- 
methanol (2:1). Two grams of each liver was 
immediately homogenized in methanol for ex- 
traction in chloroform-methanl (2:1). The 
phospholipid, triglyceride and total cholesterol 
contents were measured with a small part of the 
extract. The extracts from the plasma and liver 
obtained by Folch's method (10) were fraction- 
ated into major lipid classes by silicic acid thin 
layer chromatography (TLC) developed with 
petroleum ether-diethyl ether-glacial acetic acid 
(85:14:1) as solvents. The fractions of choles- 
terol ester, triglyceride, free fatty acid and free 
cholesterol plus diglyceride were eluted with 
diethyl ether, and the phospholipid fraction 
with methanol. 

Radioactivity in each fraction of the liver 
lipids was counted and the remainder was trans- 
methylated with dry methanol containing 5% 
HC1 for 3 hr at 65 C. The methyl esters of fatty 
acids were separated by silicic acid TLC using 
toluene as the developing solvent. Aliquots 
were taken for analyses by gas liquid chromato- 
graphy (GLC) and the remainder was fraction- 
ated according to the number of double bonds 
on AgNO3-impregnated silicic acid TLC (11). 
The plasma lipid fractions were transmethyl- 
ated and analyzed by GLC. 

Argentation TLC was carried out on a 23 X 
8 cm glass plate coated with Silica Gel G (E. 
Merk Ltd.) impregnated with 25% AgNO3, 300 
~m in thickness, with chloroform-methanol 
(95:5) as solvent. Fractions were made visible 
under the UV lamp by spraying with dichloro- 
fluorescein. To each fraction scraped off, di- 
ethyl ether and the same volume of 15% meth- 
anol were added, and the mixture was shaken 
vigorously. This extraction was repeated once 
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more. Radioactivity of each fraction was 
counted after the fatty acid fractionations were 
tested by GLC on all samples. The saturated 
and monoenoic, dienoic, trienoic and tetraenoic 
fatty acids were clearly separated from each 
other, but a small part of arachidonate was 
sometimes found in the fraction of pentaenoic 
and hexaenoic acid. The recovery rate of meth- 
ylated fatty acids through argentation TLC was 
about 95%, and no difference was found be- 
tween the recovery rates of saturated acids and 
those of unsaturated ones. These procedures 
were carried out under nitrogen gas as much as 
possible, especially when the solvents were 
evaporated and the samples were preserved. 

GLC was carried out with Yanagimoto Gas 
Chromatograph 550F, equipped with a 220 cm 
glass column packed with 20% diethylene 
glycol-succinate on celite and a hydrogen flame 
detector. Analyses were performed at a column 
temperature of 206 C, an injection temperature 
of 240 C and a nitrogen flow of 20 ml/min. The 
peak areas were calculated by triangulation. 
Technical error (coefficient of variation) for the 
fatty acid composition was less than 5% for 
major components (5% or more of total fatty 
acids) and less than 10% for minor components 
(from 1% to 5% of total fatty acids). 

Fatty acids were identified by their reten- 
tion time on GLC and fractionation by argenta- 
tion TLC. Fatty acids used as standards for 
identification in both methods were as follows: 
18:0 (99% pure) 20:0 (96%), 22:0 (95%), 
18:16o9 (number of carbon atoms from the 
methyl end to the first double bond), 18:26o6 
(99%), 18:36o6 (95%), 18:36o3 (95%), 20:3606 
(96%) and 20:4606 (95%) (Nakarai Chemicals 
Co., Ono Pharmaceutical Co. and Mann Re- 
search Laboratories). In the liver and plasma 
lipids of rats, the following acids were found: 
14:0, 16:0, 16:1, 18:0, 18:1, 18:2, 18:36o6, 
18;36o3, 20:0, 20:1, 20:2, 20:3609, 20:3606, 
20:4606, 20:5603, 22:0, 22:4w6, 22:5606, 
22:5603, 22:6603, 24:0 and 24:1w9. 

The triglyceride (12), phospholipid (13) and 
total cholesterol (14) contents were measured 
according to the previous reports. 

The linoleate-l-14C (51 mCi/mM) and 
methyl 7-1inolenate-l-14C (20mCi/mM) were 
obtained from Da/ichi Chemicals Co. Ltd. The 
purity of both acids proved to be more than 
99% by radio-GLC (Shimazu RID-2A, with the 
column packed with 20% diethylene glycol- 
succinate on celite). Unlabeled linoleate (99%) 
was added to the labeled linoleate and the mix- 
ture was dissolved in 15% bovine albumin solu- 
tion (tfis-buffer PH 7.4). The labeled methyl 
3"-linolenate was mixed with the unlabeled 
methyl "y-linolenate which had been purified by 
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TABLE III 

Distribution of the Radioactivity From 1-14C-Linoleate and 1-14C-')'-Linolenate 
in the Fatty Acids of Liver Phospholipid 

51 

Number of double bonds in fatty acids, % 
Tim e ,  a 

Group hr O+ 1 2 3 4 5- 

2 Chol 1 24.6 61.7 8.2 4.7 
Linoleate 1 29.4 55.0 8.5 6.7 

1 19.7 68.4 5.7 5.1 
3 15.2 60.8 8.4 14.3 
3 19.9 57.0 6.9 13.6 

4 Control 1 18.5 55.1 6.2 18.9 
Linoleate 1 16.4 51.7 4.2 25.8 

3 16.1 63.8 3.3 16.5 
3 11.0 58.7 5.5 18.1 
3 10.1 48.9 7.0 31.5 

3 Chol 
")'-Linolenate 

5 Control 

0+1+2 

1 7.1 77.8 14.9 
1 8.5 72.5 18.7 
1 4 . 3  7 1 . 4  19 .8  
3 6.2 55.7 36.3 
3 7.0 76.2 16.3 
3 7.3 78.7 13.8 
3 8.0 63.1 28.2 

1 3.3 36.9 59.0 
1 4.5 33.4 56.6 
1 8.4 42.6 47.8 
3 4.4 28.3 65.8 
3 3.0 29.8 66.6 
3 3.8 32.1 63.1 
3 7.6 28.4 61.1 

0.8 
0.4 
1.1 
1.3 
2.6 

1.3 
1.9 
0.3 
6.7 b 
2.5 

0.2 
0.3 
4.5 b 
1.8 
0.5 
0.2 
0.7 

0.8 
5.5 b 
1.2 
1.5 
0.6 
1.0 
2.9 

aAf ter  intravenous injection of 1-14C-linoleate and 1-14C-~'-linolenate. 
bMixed with a small portion of tetraenoic acid on argentation TLC. 

a rgen ta t ion  TLC. The  m i x t u r e  of  m e t h y l  7q ino-  
lena te  was h y d r o l y z e d  u n d e r  n i t rogen  gas in 
e thano l  w i th  NaOH at 55 C for  30 min.  Af te r  
dist i l led wate r  was added ,  e x t r a c t i o n  wi th  pet-  
ro l eum e the r  ( for  the  r ema in ing  m e t h y l  T-lino- 
lena te )  was r epea t ed  th ree  t imes.  T h e n  t he  
phase  of e t hano l  in wa te r  was acidif ied w i th  
HC1 and  was ex t r ac t ed  w i t h  p e t r o l e u m  e the r  
( for  the  free ~ '4inolenate) .  A b o u t  90% of  the  
3,-linolenate was recovered  in a free fo rm and  
was dissolved in an  a l bum i n  so lu t ion .  To each  
rat  was in jec ted  0.5 ml  of  the  a l bum i n  so lu t ion  
c o n t a i n i n g  7 /aCi of  1-14C-linoleate or 
1-14C-~,4inolenate w i th  1 mg of  the  respect ive  
f a t ty  acid. The  lipid samples  for  c o u n t i n g  of  
rad ioac t iv i ty  were e lu ted  in 3 ml of  m e t h a n o l  
and  7 ml of  to luene  con ta in ing  5 g of  2,5-di- 
pheny l  oxazole  (DPO, Wako Chemicals  Co.) 
and  100 mg of  1 ,4-b is -2- (4-methyl -5-phenyloxa-  
zo ly l ) -benzene  ( d i m e t h y l  POPOP, Packard  In- 
s t r u m e n t a l  Co. Ltd . )  per  liter.  Rad ioac t iv i ty  was 
e x a m i n e d  by  the  l iquid  sc in t i l la t ion  coun te r ,  
LSC601 ( A L O K A  Co. Ltd . ) .  The  p robab i l i t i e s  
t h a t  a p p a r e n t  d i f ferences  in  the  date  were due 
to  chance  were ca lcu la ted  b y  the  t test .  

RESULTS 

Lipid Concentration of the Plasma and the Liver 

A large whi te -co lo red  liver w i th  accumula-  
t i on  of  t r iglyceride and  choles te ro l  was f o u n d  
in all of the  ra ts  given choles te ro l  (Table  I). 
G r o u p  3 had  less deposi t  of  choles te ro l  in the  
liver t h a n  the  o t h e r  choles te ro l - fed  groups  
( P < 0 . 0 1 ) .  The  choles tero l - fed  groups  also 
showed  elevated c o n c e n t r a t i o n s  of  plasma chol-  
es terol  in compar i son  w i th  con t ro l  groups ,  and  
a m o n g  the  choles tero l - fed  groups,  the  more  un-  
sa tu ra ted  the  f a t t y  acids in the  diet  fats  were,  
the  lower  the  choles te ro l  c o n c e n t r a t i o n s  were 
(g roup  1>2 :  P < 0 . 0 0 1 ,  group 2 > 3 :  P < 0 . 0 0 5 ) .  

Fatty Acid Composition of Liver Lipids 

In  the  to ta l  phosphol ip ids ,  homo-~/-l ino - 
lena te  and  a r ach idona t e  r ep resen ted  higher  per- 
centages  in the  choles tero l - fed  group  given ~- 
l ino lena te  (g roup  3) t han  in t h a t  given l inolea te  
(group 2) (20 :3 ,  P < 0 . 0 0 5  and  20 :4 ,  P < 0 . 0 5 ) ,  
and  the  choles tero l - fed  groups  had  h igher  per- 
centages  of  l ino lea te  and  homo-~,- l inolenate ,  
and  a lower  pe rcen tage  of  a r a c h i d o n a t e  t h a n  
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TABLE IV 

Incorporation of 1-14C-Linoleate and 1-14C-~-Linolenate 
Into the Fatty Acids of Triglycerides in Rat Liver 

Number of double bonds in fatty acid, % 
Time, a 

Group hr 0+ 1 2 3 4- 

2 Chol 1 22.8 b 67.9 8.3 1.0 
Linoleate 3 15.9 77.7 4.7 1.8 

4 Control 1 21.3 70.9 5.6 2.2 
Linoleate 3 19.1 73.1 5.3 2.5 

3 Chol 1 1.9 5.3 89.8 3.0 
")t-Linolenate 3 2.4 4.6 89.7 3.3 

5 Control l 1.9 4.4 77.4 16.3 
~-Linolenate 3 3.4 7.7 63.3 25.6 

aAfter intravenous injection of 1-14C-linoleate and 1-14C-%linolenate. 
bAverage of three to four rats. 

the control groups (Table I). There was no dis- 
tinct difference among all groups in the per- 
centages of 6o3 polyenoic acids such as 20:5, 
22:5 and 22:6. In the triglycerides, the percent- 
ages of 7-1inolenate and homo-7-1inolenate were 
elevated in the 3,-linolenate-fed groups, especial- 
ly in group 3; a high percentage of arachidonate 
was found only in group 5. In the liver choles- 
terol ester, the cholesterol-fed groups showed a 
markedly decreased percentage of arachidonate, 
compared with control groups. 

Fatty Acid Composition of Plasma Lipids 

The fatty acid composition of total phos- 
pholipids in the plasma closely agreed with that 
in the liver in each group. The plasma triglycer- 
ides showed increased percentages of arachidon- 
ate (group 2 7.7%, 3 8.6%, 4 7.2% and 5 18.3%) 
at the expense of 18:1, compared with the liver 
triglycerides. Although arachidonate represen- 
ted a smaller percentage in cholesterol-fed 
groups than in control groups, the percentages 
were significantly different from one another 
(group 1, 3.7%~2, 6.1%~3,10.9%). 

Specific Activities of Some Lipid Fractions 
and Fatty Acids in the Liver 

The specific activity of phospholipid and tri- 
glyceride at 1 hr after injection was higher than 
at 3 hr in control groups, whereas in choles- 
terol-fed groups, the specific activity of trigly- 
ceride showed no difference between 1 hr and 3 
hr. This suggested that the turnover rate of tri- 
glyceride in the latter groups may be slow. The 
specific activity of cholesterol in Table II was 
calculated for total cholesterol, since the chol- 
esterol ester content was not measured. In the 
labeled T-linolenate-injected groups, the specific 
activity of cholesterol was higher in the control 

group than in the cholesterol-fed group. 
In phospholipid and triglyceride of the liver, 

the specific activities of linoleate and arachi- 
donate were calculated, assuming that the 
radioactivities of the fractions of dienoic and 
tetraenoic acids were equivalent to those of 
linoleate and arachidonate, respectively. The 
specific activity of arachidonate of the control 
group was markedly higher than that of the 
cholesterol-fed group in 14C-7-1inolenate-in- 
jected rats, and slightly higher in 14C-linoleate- 
jected rats. It fell from 1 hr to 3 hr after 
injection in the control groups both in phos- 
pholipid and triglyceride, but did not change in 
the cholesterol-fed groups. The specific activity 
of linoleate was also lower in the cholesterol- 
fed group than in the control group, but the 
difference was smaller than in that of arachi- 
donate. 

Distribution of the Radioactivity of 1-14C - 
Linoleate and 1-14C-')'-Linolenate to the Fatty 
Acids Fractionated According to the Degree of 
Unsaturation in Liver Phospholipid and 
Triglyceride 

In phospholipid fatty acids, the rate of in- 
corporation of radioactivity of 14C-linoleate in 
tetraenoic acids was slightly lower in the choles- 
terol-fed group than in the control, whereas 
that in trienoic acids showed no significant dif- 
ference between the two groups. A more appar- 
ent difference between the cholesterol-fed 
group and the control was observed in the dis- 
tribution of radioactivity of 14C-3,-linolenate. 
In the control group, about 50% of the radioac- 
tivity was distributed to tetraenoic acids at 1 hr 
and 60% at 3 hr, whereas in the cholesterol-fed 
group, less than 36% was distributed even at 3 
hr after injection (Table III). 
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Similar differences were found in triglycer- 
ide fatty acids between the cholesterol-fed 
groups and the controls. In all groups, the rate 
of incorporation of radioactivity in tetraenoic 
acids was far lower in triglyceride than in phos- 
pholipid (Table IV). 

DISCUSSION 

The hypocholesterolemic effect of 7-1ino- 
lenate was stronger than that of linoleate, and 
hepatic cholesterol accumulation was less in 
~-linolenate-fed rats. Since "f-linolenate may be 
easily converted to arachidonate in vivo (15), it 
is possible that the hypocholesterolemic effect 
was due to arachidonate synthesized from 3,- 
linolenate in the liver. In fact, arachidonate 
contents of the liver and plasma increased in 
the ~'-linolenate-fed rats, compared with those 
in the linoleate-fed rats. Arachidonate is re- 
ported to have an important function for the 
metabolism of excess cholesterol in rat liver 
(2,16) and a strong hypocholesterolemic effect 
(3,5). Some investigators have reported that 
cholesteryl arachidonate in rat plasma was 
hydrolyzed faster than other cholesterol esters 
(17) and would have a rapid turnover rate (18). 

However, it is doubtful that arachidonate 
was synthesized in cholesterol-fed rats as 
smoothly as in control rats. Altough the 
amount of arachidonate in the liver calculated 
from the date in Table I was somewhat larger in 
cholesterol-fed rats than in control rats, the in- 
crease of 3,-linolenate and homo-~,4inolenate in 
cholesterol-fed rats was more remarkable. The 
ratio of arachidonate to homo-7-1inolenate was 
distinctly smaller in cholesterol-fed rats than in 
control rats. Even if the reduction of relative 
amounts of arachidonate was due to an increase 
of total liver lipids, the turnover rates of liver 
lipids or fatty acids should also be taken into 
consideration in cholesterol-fed rats. 

The ratio of arachidonate to homo-~'-linolen- 
ate in liver phospholipid and triglyceride was 
lowered by 7-1inolenate feeding in both the 
cholesterol-fed group and the control. Similar 
results have been reported previously (19). The 
synthesis of arachidonate from linoleate might 
be inhibited by the supplement of T-linolenate. 
The experiment in vitro with rat liver micro- 
somes by Marcel et al. (20) suggests that 3,-lino- 
lenate is more easily converted into homo-3,- 
linolenate than is homo~-linolenate into arachi- 
donate. However, the latter conversion was 
strongly enhanced by 18:2, 18:3 and 20:2 of 
the linoleate family. 

If exogenous cholesterol accelerates arachi- 
donate synthesis, the major part of the in- 
creased arachidonate must be transported to 
the plasma cholesterol ester fraction via phos- 

pholipid (6,21,22), since there is very little 
arachidonate in the liver cholesterol ester. How- 
ever, the specific activity of arachidonate in 
liver phospholipid after the injection of 
1-14C-linoleate or 1-14C-'y-linolenate was dis- 
tinctly lower in the cholesterol-fed group than 
in the control. It was also shown that the incor- 
poration of the radioactivity into tetraenoic fat- 
ty acids in phospholipids and triglycerides was 
lower in the cholesterol-fed group than in the 
control, and that there was no significant dif- 
ference between the two groups in the incor- 
poration of the radioactivity of 14C-linoleate 
i n t o  trienoic acids in phospholipid and trigly- 
ceride. These results suggest that the conversion 
of homo~-linolenate into arachidonate was im- 
paired in the liver of cholesterol-fed rats and 
that the decreased arachidonate synthesis might 
promote the cholesterol accumulation in the 
liver and plasma. Since, in this experiment, ra- 
dioactivity was examined only at 1 hr and 3 hr 
after the injection of labeled fatty acids, it is 
possible that the conversion of homo-~/-linolen - 
ate into arachidonate was delayed in the choles- 
terol-fed group. 
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Lipolysis in Castor Seeds: A Reinvestigation of 
the Neutral Lipase 
ROBERT L. ORY and ALLEN J. ST. ANGELO, Southern Regional 
Research Laboratory 1, P.O. Box 19687, New Orleans, Louisiana 70119 

ABSTRACT 

Attempts to study the neutral lipase 
reported in germinating castor seeds and 
to compare this enzyme to the acid lipase 
of dormant seeds were unsuccessful 
because of the inability to repeat the 
work described earlier (1). Activity of the 
proposed neutral lipase could not be 
detected, nor could appearance of the 
enzyme be hastened or affected by 
treating the germinating seeds with 
gibberellic acid or Actinomycin-D. Pos- 
sible explanations for the discrepancy 
between these findings and the early 
report are presented. 

I N T R O D U C T I O N  

A lipase (E.C. 3.1.1.3) or the dormant castor 
seed, Ricinus communis L., has been studied 
extensively and its properties and pH optimum 
are well established (1-4). During subsequent 
investigations on the enzyme, a lipid cofactor 
was isolated (5,6). The term "acid lipase" for 
the dormant seed enzyme was then introduced 
to distinguish it from the neutral lipase 
reported by Yamada (1). He mentioned two 
lipases in castor seeds, one in dormant seed 
with optimum activity at acid pH (the acid 
lipase) and another which appeared after 
germination with a pH optimum at 6.8. 

St. Angelo and Altschul (7) showed that acid 
lipase activity of dormant castor seeds increased 
up to 2-3 days after germination and continued 
for seven days. At this point, most or all of the 
storage oil in the endosperm was depleted (7,8). 
Since the acid lipase is associated with the 
spherosomes which contain the oil in the endo- 
sperm (9), the concept of a second lipase, with 
apparently different properties than the original 
enzyme and appearing at a stage of germination 
when the oil is rapidly depleting, seemed 
unusual since the acid lipase is still quite active. 

Investigations were begun about 1961 to 
compare the two lipases and to relate lipolysis 
in dormant seeds to that in germinating seeds. 
Experiments were designed to determine if the 
two enzymes were one and the same, or if the 
neutral lipase was newly synthesized during 

1So. Utiliz. Res. Dev. Div., ARS, USDA. 

germination. At intervals through these years 
and with each new supply of seeds received, 
attempts have been made to repeat Yamada's 
findings of a neutral lipase. Since lipolysis could 
not be detected at pH 6.8-7.2 under his con- 
ditions, the procedure was modified to hasten 
appearance of the neutral lipase by gibberellic 
acid (GA) stimulation, as applied to lipase 
synthesis in cottonseed (10). 

The data, necessarily condensed, are from 
experiments of 1967-1969, during which time 
the  t echn iques  used were considerably 
improved. However, they typify the data 
collected over the entire period during which 
these attempts to locate the proposed neutral 
lipase were made. 

EXPERIMENTAL PROCEDURES 

In early investigations (1961-1964), Cimar- 
ron variety of castor seeds were used. After 
this, Baker 296 variety was substituted and is 

FIG. 1. Effect of GA and Actinomycin-D on visible 
growth of castor seeds. Seeds germinated in Petri 
dishes as described in Experimental Procedures. Un, 
untreated; GA, GA-treated; A, Actinomycin-treated; 
GA/A, GA and Actinomycin-treated. 
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FIG. 2. Effect of GA and Actinomycin-D on hpase activities in castor seeds. Conditions described 
in Experimental Procedures; cottonseed oil served as the substrate in the experiments shown. Curves 
for acid lipase activity: A, Actinomycin-treated; B, untreated; C, GA and Actinomycin-treated; D, 
GA-treated; E, neutral lipase activity for all treatments. 

the seed used in the studies reported here. GA 
was purchased from Eastman Chemicals Co.; 
substrates were commercial sources of refined 
cottonseed or corn oil. Spergon and Sterosan 
were commercial microbial inhibitors; all other 
chemical reagents were purchased from local 
suppliers. 

Preparation of Neutral Lipase Extract 

The procedure of Yamada (1) was used. This 
consisted of homogenizing the endosperms or 
decotylated embryos of germinated seeds in 
90% glycerol (pH 7.6), centrifuging at 400 x g 
for 4-5 min to remove cell debris, and homo- 
genizing the supernatant which then served as 
the enzyme source. One ml of homogenate was 
equivalent to 100 mg fresh tissue. 

Assays for Neutral Lipase Act iv i ty  

Yamada's method ( i )  of titrating the fatty 
acids released by the homogenate in 10 min was 
followed exactly in some experiments and 
modified in others. He titrated the fatty acids 
released from a Tween-60 substrate with NaOH 
using a phenyl red indicator. This procedure 
was tried in the present studies. In addition, 
since some authors (11-13) either reject the use 
of Tweens as lipase substrates or refer to the 
enzyme hydrolyzing Tweens as a "Tweenase" 
rather than a lipase, the Tween substrate was 
replaced by refined cottonseed or corn oils. 
Enzyme and substrate were homogenized in a 
Potter-Elvehjem tube, then the fatty acids 
released during the 10 min reaction time were 
titrated to a preset endpoint (pH 8.5) in the 
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Radiometer pH-Stat as reported for acid lipase 
activity (4), rather than to a visual endpoint. 

Preparation of Seeds for Germination 

The seedcoat of the castor seed is quite hard. 
Therefore, some experiments were conducted 
on intact kernels carefully dissected by hand to 
remove the seedcoat, to obtain more even 
imbibition of water during germination. Intact 
seeds were lightly dusted with Spergon or 
Sterosan prior to wettingwith water and germi- 
nated at 25 C. Free kernels were sterilized by 
immersion in ice cold 1% sodium hypochlorite 
for 15 min, then rinsed twice in sterile, cold 
distilled water for 10 min periods. Germination 
of kernels took place in sterile Erlenmeyer 
flasks aerated by mild wrist action shaker 
motion at 23 C or between moist filter paper in 
sterile Petri dishes at 25 C. Intact seeds were 
germinated in moist Vermiculite. 

GA and Actinomvcin-D Treatments  

These were conducted on intact kernels in 
Erienmeyer flasks and Petri dishes. GA 
(10 -s M) and Actinomycin-D (50 //g/ml) were 
sterilized by filtration through bacterial filters 
and added to the incubation vessels. Concentra- 
tions used were the same as those employed for 
the cottonseed lipase (10). 

RESULTS AND DISCUSSION 

Assays for Neutral Lipase Activity 

All tests reported were conducted on homo- 
genates of endosperms only, from seeds germi- 
nated with or without seedcoats, as done in the 
original report (1). In all cases, seeds and 
kernels were surface sterilized before germina- 
0 o n .  The Tween-60 solution of Yamada (1), 
corn oil and cottonseed oil were employed as 

~" substrates for reaction times of 10 to 60 rain. 
In one series, threefold increases in the amount 
of enzyme homogenate were tested with corn 
oil substrate for a 60 rain period without 
obtaining measurable lipolysis at pH 6.8-7.2. 
While acid lipase activity at pH 4.2 of these 
same homogenates varied in individual tests 
from 176 to 429 ~u moles fatty acids released 
per l0  rain reaction period, in no case was 
neutral lipase activity detected. 

St. Angelo and Altschul (7)examined  the 
free fatty acid pools in germinating castor 
seeds, peanuts and cottonseeds. Lipase activity 
in dormant seeds was found only in castor 
beans but in all three germinating seeds; lipase 
activity was optimal at acid pH. Since lipolysis 
was detected at neutral pH, they suggested that 
such activity might be due to microbial action. 

Effects of GA and Actinomycin on Lipolysis 

If microbial growth were the source of this 
neutral lipase activity, it seemed worthwhile to 
hasten appearance of the seed lipase, if possible, 
before appreciable microbial growth occurred. 
Therefore, GA was applied to sterile kernels 
minus seedcoats. As additional controls, some 
kernels were treated simultaneously with 
Actinomycin-D and with Actinomycin-D alone 
to block synthesis of any new lipase which 
might be formed during germination. 

Visual examination of the smallest and the 
largest kernels removed from each group after 
four days germination showed some effects of 
the applied treatments (Fig. 1). All seeds 
imbibed water but only untreated seeds showed 
prominent root growth. Endosperms of GA- 
treated seeds swelled the most of the three 
groups at this stage, suggesting that the greatest 
amount of physiological activity might be 
present in these. Actinomycin-treated seeds 
were the smallest. While visible growth of the 
seedlings seems to be inhibited by the treat- 
ments, physiological changes in the germinating 
endosperms were apparently high. As seen in 
Figure 2, disappearance of acid lipase activity in 
GA-treated seeds (D) was accelerated over the 
untreated control (B). The increased activity of 
acid lipase activity in Actinomycin-treated 
endosperms (A) may be due to blocked synthe- 
sis of autolytic enzymes which would normally 
remove the lipase. The combined effects of GA 
and Actinomycin (curve C) were added as an 
additional, treated control. The results appear 
to fall between each individual treatment, sug- 
gesting a possible mutual neutralization of the 
effects by each additive. The important fact 
derived from these series, however, was the 
complete absence of neutral lipase activity in 
both Cimarron and Baker 296 varieties of 
castor seeds under all conditions of germination 
and testing, whether seeds were germinated in 
aerating Erlenmeyer flasks, still flasks, or in 
Petri dishes. 

The original goal of these investigations was 
to determine if the neutral lipase was a 
zymogen which was activated upon germination 
or was a result of de novo synthesis. Our 
inability to detect neutral lipase activity under 
all conditions tested and on several lots of seeds 
suggested that the neutral lipase activity 
reported earlier (1), if present at all, might have 
been derived from a source other than the seed. 

Microbial lipases have been studied by 
numerous groups. Dirks et al. (14) compared 
lipases of wheat germ and Aspergillus and sug- 
gested that fungal lipases might be responsible 
for the observed fat acidity in cereal grains; 
both had pH optima at 7.0-7.3. Ramakrishnan 
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and Banerjee (15-17) found  tha t  fungal lipases 
grown on oilseeds were more  active than  the  
endogenous  seed lipases. They compared  lipases 
f rom castor seed and two strains of  Aspergillus 
which  had been  isolated f rom castor seeds and 
showed  tha t  the fungal lipases were most  active 
at pH 6.2-7.2 (16). Activi ty of  the fungal lipase 
increased wi th  age o f  the  seedling to  a certain 
po in t  before  decreasing, while tha t  o f  the  lipase 
f rom these infes ted  seeds decreased steadily.  A 
l ipolyt ie  esterase in Staphylococcus (18) was 
shown to hydro lyze  Tweens  as well as glycer- 
ides, but  in our  studies ne i ther  Tweens  nor  
glycerides were hydro lyzed  at neutra l  pH. 

While b o t h  an acid and a neutral  lipase have 
been repor ted  in fir seeds (19),  the  results o f  
our extensive invest igat ions indicate  tha t  the  
Cimarron and Baker 296 varieties of  castor  
seed do no t  conta in  a neut ra l  lipase. Until  
fur ther  evidence for the  presence of  this 
enzyme is fo r thcoming ,  it may  be advisable to  
refer  to this as a p roposed  neutra l  lipase ra ther  
than  as an accepted  fact ,  as has been  done  in at 
least one book  (20). 
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The Relationship of Milk Phospholipids to Membranes 
of the Secretory Cell 
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ABSTRACT 

Forty- two per cent of the lipid phos- 
phorus in milk was found in skim milk 
l ipoprotein; the other 58% occurs in the 
milk fat globule membrane (MFGM). 
Investigation of these two sources of lipid 
phosphorus revealed that they involve the 
s ame  i n d i v i d u a l  phospholipids, in 
essentially the same proport ions with 
similar fatty acid compositions. Both con- 
tain sphingomyehn and cerebrosides in 
levels characteristic of those found in 
plasma membranes. Other points of 
resemblance between MFGM and skim 
milk l ipoprotein,  have been shown 
previously. Infusion of (14C) palmitate 
into the mammary gland of a lactating 
goat produced more extensive labeling of 
all the phospholipid classes in the skim 
milk l ipoproteins than in those in the 
MFGM during the following 24 hr. When 
(14C) palmitate was infused into the 
jugular vein of a lactating goat, a pre- 
c u s o r - p r o d u c t - t y p e  relationship was 
observed between specific activities of the 
skim milk and MFGM polar lipids. These 
results render the MFGM an unlikely 
origin of the skim milk lipoprotein.  Other 
possible sources of this latter l ipoprotein 
are Golgi vesicle membranes or plasma 
membrane of the lactating cell. 

I N T R O D U C T I O N  

Consideration of morphological and bio- 
chemical evidence (1-4) leaves little doubt that 
the milk fat globule membrane (MFGM) 
originates directly from plasma membrane 
which envelopes the globule at secretion (2). A 
question is then raised regarding l ipoprotein in 
the skim milk phase. This material accounts for 
one third to one half of the lipid phosphorus of 
milk (5-7) and it bears considerable likeness to 
MFGM. The proportions of the various phos- 
pholipids in the two and the fat ty acid compo- 
sitions of the phospholipids are similar (7,8). 
Similar enzymatic activities have also been 
demonstrated in the two sources (9-11). The 
skim milk l ipoprotein may simply be material 
that is shed from the MFGM, but radioisotope 

t r a c e r  e x p e r i m e n t s  indicate  that this 
explanation is inadequate. 

M A T E R I A L S  A N D  METHODS 

In the analyses of phospholipids in fat 
globules and skim milk, freshly drawn milk 
samples were obtained from cows (Holstein) 
and goats (Nubian). They were divided into fat 
globules and skim milk by centrifugation at 
30,000 to 35,000 x g for 1 hr at 5 C. Lipids 
were recovered from these samples by Roese- 
G o t t l i e b  extraction (12). Solvents were 
removed by rotary evaporation under reduced 
pressure at room temperature.  Polar lipids were 
separated from crude lipid extracts by silicic 
acid column chromatography (13). The polar 
lipids, eluted with methanol,  were recovered by 
evaporation as above and immediately redis- 
solved in an accurately measured volume of 
chloroform. These lipids were separated by two 
dimensional thin layer chromatography (TLC) 
(14). Levels of phospholipids were determined 
by phosphorus analysis of total  lipid fractions 
or of areas scraped from thin layer plates (15). 
Identities of phospholipids separated by this 
procedure have been established (2,14,16). 
Fa t ty  acid compositions of phospholipids 
separated by TLC were determined by gas chro- 
matography of methyl esters as described pre- 
viously (2,17). 

To explore the relationship between the 
lipoproteins of skim milk and the MFGM, we 
conducted two tracer experiments with Na-1- 
(14C) palmitate (Applied Science, State 
College, Pa.). In the first experiment,  a goat in 
mid lactation was completely milked and the 
tracer (50 ttC, 1 /~M), in 5 mt of water, was 
infused into the mammary gland via a teat 
canal. Milk from that side of the gland was 
collected at hourly intervals for the first 6 hr, 
then at 9, 12 and 24 hr postinfusion. Fat  
globules were separated from skim milk in these 
milk samples by centrifugation at 6 200 x g for 
6 min at -2 C. The plastic tubes (50 ml) of cen- 
trifuged milk were completely frozen a t - 3 0  C 
and then sawed just  below the compacted 
layers of milk fat globules. In a second infusion 
experiment,  100 /2C of Na-I-(14C) palmitate 
(57/aC//aM, Amersham/Searle,  Des Plaines, Ill.) 
was bound to 20 mg of bovine serum albumin 
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in 5 ml of water and injected into the jugular 
vein of a completely milked lactating goat�9 Milk 
samples were collected at 2 hr intervals for the 
first 12 hr, then at 24 hr post infusion. These 
milk samples were separated into MFGM and 
skim milk fractions by published methods 
(2,7). Isolation of MFGM was accomplished by 
freezing centrifugally compacted layers of fat 
globules at 4 C for 24 hr, thawing and melting 
the material at 40 C, diluting with several 
volumes of water and sedimenting the mem- 
brane material into a pellet at 36,000 x g for 2 
hr. Extraction of the lipids, isolation and sepa- 
ration of phospholipids and determination of 
lipid phosphorus in these fractions were 
accomplished by the methods cited here. 
Specific activities of phospholipids were calcu- 
lated from radioactivities and phosphorus con- 
tents of total polar lipid fractions or of the 
appropriate areas scraped from two dimensional 
thin layer chromatograms. Specific activities 
per microgram P were converted to a phospho- 
lipid basis by the factor, X 40. 

RESULTS 

Analysis of milks from four individual cows 
revealed an average of 42.4% of the total lipid 
phosphorus in the skim milk (range of 39.9% to 
43.5%). The milk of an individual goat yielded 
42.0% of the lipid phosphorus in the skim milk. 
The remainder of the lipid phosphorus is con- 
tained in the MFGM; none was dissolved in the 
fat (5,7). The same phospholipid classes were 
associated with fat globules and in skim milk. 
Only small variations were observed in the dis- 
tribution of the individual phospholipids 
between skim milk and globules of a given milk 
and the average values for the four samples 
show close agreement for levels of the indivi- 
dual components in the comparison between 
skim milk and globules (Fig. 1). Some minor 
variation in phospholipids at the two sites 
would be expected on the basis that secretion 
involves the addition of plasma membrane 
phospholipids to those that may preexist on the 
fat droplet within the cell (2,3). Mono- and 
dihexose cerebrosides, constituents character- 
istic of plasma membranes and MFGM (2,17), 
were present in both globules and skim milk 
from all samples. Comparative fatty acid 
analyses (not shown) for phosphatidyl inositol, 
phosphatidyl ethanotamine and phosphatidyl 
choline from globules and skim milk confirmed 
earlier findings regarding the similarities in com- 
positions for the two sites (7,8). 

Data from the experiments comparing 
specific activities of phospholipids in skim milk 
with those of fat globules after infusion of Na- 

. . - ~ o  

O e-, 

~t3 ~,a 

O . -  

e x  

o o N  

o E --  

.~.--~ 

o 

=~..= 

~d 

O 

"O 

LIPIDS, VOL. 6, NO. 1 



60 STUART PATTON AND T. W. KEENAN 

u~ 5 o  
t r  

Q_ 

13.. 

~. 3 0  
J 

_ J  

~ 2o 

i- Io 7 
w 

~ o 

s.D 

/ 

1 ! 
SP PC PS P I  PE 

FIG. 1. Distribution of phospholipids as per cent 
of total lipid phosphorus in fat globules (G) and skim 
milk (S). The averages and ranges encountered in fottr 
individual milk samples are presented. Abbrevitions: 
PE, phosphatidyl ethanolamine; PI, phosphatidyl 
inositol; PS, phosphatidyl serine; PC, phosphatidyl 
choline; Sp, sphingomyelin. 

1-(14C) palmitate into one side of a goat's 
udder are given in Table I. These data clearly 
establish the incorporation of the tracer fatty 
acid into all of the phospholipids of the skim 
milk and at substantially higher levels than in 
those of the globules. Since some slight contam- 
ination of the globule layers with skim milk was 
unavoidable in separating the phases, the levels 
of radioactivity in the globule phospholipids 
appears to be low indeed. The total incorpora- 
tion of radioactivity into ester lipids (mainly 
triglycerides) of the milk during 24 hr was 8.3% 
of the total infused activity with 0.25% of this 
dose being recovered i n  the phospholipids. 
While phospholipids of the MFGM were rela- 
tively devoid of radioactivity throughout the 
experiment, the neutral glycerides within the 
globules contained greater than 90% of the 
incorporated activity. This is good evidence 
that the tracer was metabolized by the lactating 
cell. With the exception of the 1 hr datum for 
phosphatidyl choline in skim milk (Table I), 
none of the individual phospholipid specific 
activities at a given time approached those of 
the neutral lipids in the fat globules. 

The conversion of palmitate to other labeled 
metabolites was not evaluated in this experi- 
men[; however, we have previously observed, 
under these same conditions, that between 90% 
and 100% of the activity incorporated into 
lipids remains as palmitate. Our analyses indi- 
cate that the palmitate concentrations in total 
and individual phospholipids from milk fat 
globules and skim milk are quite comparable. 
As shown in Figure 1 there is slightly more 
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]FIG. 2. Changes in specific activity of goat fat 
globule membrane and skim milk polar lipid fractions 
after intravenous infusion of 100 ~C of sodium-1- 
04C) palmitate. ~ ~, skim milk; �9 �9 
fat globule membrane. 

phosphatidyl choline in milk fat globules. For 
the purpose of evaluating activity data in Table 
I the following concentration of pahnitate in 
the individual phospholipids can be used; phos- 
phatidyl choline 33%, phosphatidyl ethanol- 
amine 14%, sphingomyelin 15%, phosphatidyl 
inositol 13% and phosphatidyl serine 8%. It can 
be seen that the labehng pattern (Table I) does 
not strictly follow the amount of palmitate in 
the particular phospholipids although phospha- 
tidyl choline has the highest levels of activity, 
and of palmitate. 

Results from the experiment comparing the 
specific activities of total polar lipid fractions 
of skim milk and MFGM after injection of 
Na-I-(14C) palmitate into the circulation are 
depicted in Figure 2. In contrast to the previous 
experiment where the isotope was introduced 
directly into the mammary gland, in this case, 
labeling of phospholipids was much lower due 
to slow entry of the administered acid into the 
mammary gland over a prolonged period. While 
the skim milk polar lipids were maximally 
labeled 8 hr postinfusion, the specific activity 
of MFGM polar lipids did not reach a maximum 
value until 12 hr postinfusion. In this experi- 
ment approximately 3.4% of the total dose 
administered was recovered in the milk lipids 
during 24 hr. 

D I S C U S S I O N  

The findings of this study are in harmony 
with other findings (2,7-11) showing sub- 
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s tant ia l  r e semblance  b e t w e e n  the  l i popro te ins  
of skim milk,  M F G M  and  p lasma m e m b r a n e  of  
the  lac ta t ing  cell. Our  da ta  do  no t  s u p p o r t  the  
concep t  t ha t  the  skim milk  l i pop r o t e i n  arises b y  
d i s in tegra t ion  of  MFGM. A l t h o u g h  the  resul ts  
of  the  14C-tracer  e x p e r i m e n t s  pose some dif- 
f icul t ies  of  i n t e r p r e t a t i o n ,  t h e y  show clearly 
t ha t  the  sk im milk phospho l ip id s  b e c o m e  
labeled more  p r o m p t l y  and  in tens ive ly  t h a n  do  
those  of  the  MFGM. While a c o m m o n  origin of  
the  skim milk  and  fat  g lobule  phospho l ip ids  
may  exist ,  t he  d i f ferences  in  the  pa lmi t a t e  
label ing pa t t e rn s  (Table  I, Fig. 2) ind ica te  t h a t  
phospho l ip ids  f rom the  two  sites equ i l ib ra te  
qu i t e  d i f fe ren t ly  w i th  the  t racer ,  and  t h a t  at  
some po in t  t hey  have diverged b iosyn the t i ca l ly .  

Membranes  of  Golgi  vesicles, w h i c h  are 
vehicles in t he  secre t ion  of  the  mi lk  p ro t e in s  
and  w h i c h  in te rac t  w i th  t he  p lasma m e m b r a n e  
at sec re t ion  are a logical source of  the  skim 
milk l ipopro te in .  The  occur rence  o f  Golgi  mem-  
b ranes  in skim milk  is also suggested by  the  
presence  of  UDP galactosyl  t ransferase  (18 ,19) .  
This  enzyme ,  the  A p ro t e in  of  lactose syn the -  
tase (19) ,  is local ized in the  Golgi  appa ra tus  of  
l ac ta t ing  m a m m a r y  t issue (20)  and  represen ts  a 
marke r  for the  Golgi  appa ra tus  in h e p a t o c y t e s  
(21 ,22) .  The  shedd ing  of  p lasma m e m b r a n e  or 
of  some M F G M  c o m p o n e n t s  i n to  the  skim milk  
are no t  p rec luded  by  the  p resen t  f indings.  

The  p robab i l i t y  t ha t  the  n o n f a t  phase  of  
mi lk  conta ins  small  a m o u n t s  of  cell m e m b r a n e  
in a physiological ly  dispersed s ta te  offers  a uni-  
que  research o p p o r t u n i t y .  Pre l iminary  experi-  
m e n t s  (D.L. Pupp ione  and  S. Pa t t on ,  u n p u b -  
l ished)  reveal the  presence  of  skim milk  l ipopro-  
te in  in the  u l t racen t r i fuga l  dens i ty  class 
1.063-1.21 g/ml.  
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Free Radicals, Malonaldehyde and 
Protein Damage in Lipid-Protein Systems 
W.T. ROUBAL, Pioneer Research Laboratory, National Marine 
Fisheries Service, 2725 Montlake Boulevard East, Seattle, Washington 98102 

ABSTRACT 

The free radical concentration in lipid- 
protein mixtures with a low moisture 
content was monitored both during and 
after the time that the lipid actively 
absorbed oxygen. The data show that, in 
dry systems, the decay in radical content 
is followed by a rise in malonaldehyde 
protein fluorescence. Analysis of amino 
acid content at two distinctly different 
periods in the reaction substantiate the 
hypothesis that radicals and not alde- 
hydes are a major cause of protein 
damage. 

INTRODUCTION 

In studies of lipid-protein nucleotide inter- 
action, a number of investigations have 
shown that polyunsaturated fatty acids under- 
going oxidation can induce extensive changes in 
enzymes, proteins and nucleotides (1-8). In 
some of these studies, radicals derived from 
oxidizing lipid have been implicated as the chief 
cause of damage. It is therefore of some 
importance to consider lipid oxidation, radicals 
and their involvement in biological systems in 
detail. Although there is ample evidence that 
lipid oxidation is a chain reaction involving free 
radical intermediates, limitations in instru- 
mental sensitivity make it most unlikely that 
radicals derived from lipid can be readily 
characterized in native biological material or in 
any system high in moisture content (1). 

Free radicals are a chief cause of the 
observed damage, i.e., destruction of amino 
acids of proteins or enzymes, as well as poly- 
merization or depolymerization of nucleotides. 
However, aldehydes or other nonradical lipid 
oxidation products may also be capable of 
causing damage to such biopolymers. The pur- 
pose of this investigation was to ascertain which 
mechanism, radical or nonradical, dominates in 
systems containing protein in close association 
with oxidizing lipid. 

EXPERIMENTAL PROCEDURES 

Electron Paramagnetic Resonance of 
Dry Biological Systems 

To detect and study radicals and radical life- 
time, solid state systems were used because, in 

these, line widths are not too broad and the 
lipid-derived radical steady state concentration 
is high enough to make detection by electron 
paramagnetic resonance (EPR) an easy matter. 
In contrast to the study of radicals in solution, 
however, EPR of many solids is complicated by 
the fact that the observed EPR spectrum will 
consist of a superposition of absorbancies 
arising from all orientations of immobilized 
radicals. The worst situation would be one in 
which anisotropies in both the g-value and 
hyperfine splitting would spread the EPR 
absorption line over hundreds of gauss. If this 
were to happen, the line would probably be so 
badly broadened that observation would be 
almost impossible. Fortunately, with most 
biological samples, organs, tissue, etc., such 
extreme broadening is not encountered. In fact, 
the absorptions are, for the most part, fairly 
narrow, on the order of 3-11 gauss. 

Lipids, Proteins and Test Mixtures 

The fatty acid mixture used in all studies 
consisted of approximately 75% (by weight) of 
C22:6 and approximately 25% C20:5. Rockfish 
myofibrilliar protein, freeze dried and extracted 
with isopropyl alcohol and hexane, and then 
dried in vacuum, was supplied by the NMFS 
Technological Laboratory in Seattle. Bovine 
s e rum albumin (BSA; lyophillized) was 
obtained from the Sigma Chemical Corpora- 
tion. 

Lipid-protein test mixtures were prepared 
merely by stirring together lipid and dry pro- 
tein (1:2 w/w) for 1-2 rain. Except for the 
buffering capacity of protein itself, no attempt 
was made to control the pH of the lipid-protein 
mixtures. Samples were allowed to oxidize 
under oxygen at 37 C and sampling was begun 
2 hr after mixing. All samples for EPR study 
were analyzed at room temperature as 
described previously (9). Amino acid analyses 
were performed on hydrolysates (conventional 
16 hr hydrolysis in HC1 in sealed tubes) by the 
National Center for Fish Protein Concentrate, 
College Park, Maryland, using an amino acid 
analyzer. 

Chloroform-methanol (2:1 v]v) extracts of 
solid reaction products were scanned for 
fluorescence using an Aminco-Bowman spectro- 
photofluorimeter equipped with a solid state 
blank substract photometer. 
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FIG. 1. Radical content, Schiff base fluorescence and product color vs. time of lipid oxidation in 
bovine serum albumin - C22:6. F, fluorescence; O, radical content; . . . .  , oxygen uptake. 
Measurable oxidation, as monitored by oxygen uptake, ceased rather abruptly at about 8 hr under an 
excess of oxygen. Ratio of lipid-protein, 1:2 w/w. 

Bu ty la t ed  hydroxyanisole (BHA) and 
butylated hydroxytoluene (BHT) (Eastman 
Chemicals), in separate tests, were included in 
some lipid-protein mixtures in order to obtain 
information concerning the effects of these two 
popular antioxidants. They were added to pro- 
tein along with lipid at a level amounting to 
twice the amount of lipid (on a mole basis). 

RESULTS A N D  DISCUSSION 

In a previous study (9) it was shown that, in 
addition to a dominant central EPR signal in 
the g=2 region (a central resonance not directly 
a s s o c i a t e d  with lipid oxidation), there 
appeared, in those protein samples containing 
oxidizing or oxidized lipid, one and sometimes 
two additional peaks downfield from the 
central resonance. The nature of these lipid sig- 
nals has been discussed. Since radicals could be 
immobilized, yet slowly decay (unpublished 
work by the author has recently shown that the 
rate of decay is dependent on the amount of 
lipid present and on the type of protein), the 
hypothesis that radicals would give way to 
f l u o r e s c e n c e  as malonaldehyde reaction 
products accumulate was tested. Indeed, the 
data of Figure 1 for lipid-BSA, show a rapid 

accumulation of radicals during the time that 
lipid actively absorbs oxygen. For the first day 
or two, chloroform-methanol extracts (no 
added antioxidant), were devoid of spectral 
characteristics indicative of malonaldehyde- 
amino acid interaction (formation of N,N'- 
disubstituted 1-amino-3-iminopropene fluores- 
cence: ~maXexcitation=390 mbt, ~kfluorescenc e 
= 470-480 mp). Figure 2 shows the relation 
between length of oxidation and specific 
fluorescence. Also, as shown in Figure 1, 
characteristic iminopropene fluorescence is 
detected in the very same time period that 
there is a marked decrease in observable radical 
content. When iminopropene fluorescence did 
appear, fluorescence intensity did not change 
significantly but remained more or less constant 
throughout the remainder of the examination 
(7-10 days). Myofibrilliar protein in place of 
BSA gave similar results. The greatest difference 
was in the somewhat shortened time required 
to produce measurable fluorescence. 

In an attempt to facilitate analyses, fluores- 
cence of solid reaction mixtures themselves was 
investigated. However, it has been our 
experience, and that of others, that solid 
samples, however appealing they may be for 
direct fluorescence measurement, are not satis- 
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FIG. 2. Effect of added antioxidant on retardation 
of Schiff base formation. Numbers at tops of columns 
are fluorescent wave length maxima for chloroform- 
methanol extracts excited at 390 m~. BSA, bovine 
serum albumin; BHA, butylated hydroxyanisole; BHT, 
butylated hydroxytoluene. 

factory. Thus all fluorescence data was 
obtained using chloroform-methanol extracts. 
(Tappel, for instance, points out that this sol- 
vent appears to be the appropriate mixture for 
selective removal of malonaldehyde-amino 
reaction products.) 

When BHT or BHA were present (Fig. 2), 
the onset of fluorescence was delayed and it 
was not until the seventh day that imino- 
propenes could be detected. Although fluores- 
cence did occur eventually, the fluorescence 
intensity was less than that for samples devoid 
of antioxidants. Although not shown in the 
figures, BHT or BHA, though effective in 
reducing onset of fluorescence, did not com- 
pletely suppress the EPR lipid signal. BHT- 
t rea ted  material gave a weak recorded 
resonance after a few hours of oxidation and 
the signal was still detectable at 12 hr. Only a 
trace of EPR signal was ever detected in BHA- 
treated samples, an observation that correlates 
with a somewhat less intense fluorescence 
noted for BHA data in Figure 2. The eventual 
formation of fluorescence in antioxidant- 
treated material can only mean that a low but 
undetectable steady state concentration of 
radicals is presented. 

Amino acid analyses are significant for they 
correlate well with time course observations of 
trapped radicals and fluorescence. With BSA for 
instance, a 14 hr period represents the approxi- 
mate midpoint in time at which radical content 
is maximum. On the other hand, a 72 hr period 
represents a time at which radicals have 

decayed appreciably but fluorescence is maxi- 
mum. Although all amino acids suffered 
damage, its extent was not as great as that 
observed in previous studies of protein-lipid- 
aqueous buffer systems. Losses ranged from 
20% to 40% for the 14 hr period. Methionine, 
cystine, tyrosine, alanine and lysine suffered 
30%, 40%, 34%, 27% and 22% losses, 
respectively. However, in the next 58 hr, the 
losses for these same amino acids were only 
15%, 18%, 15%, 15% and 10%, respectively. 

Compared to samples consisting of lipid-pro- 
tein-aqueous emulsions, an overall lowering in 
the losses of amino acids is probably due in part 
to lipid polymerization with subsequent loss, as 
reactant, of the thin lipid layers deposited on 
proteins. However, this hypothesis cannot be 
entirely correct because fluorescence occurs at 
a time considerably displaced from the 
cessation of uptake of oxygen. 

The data indicate that major losses in amino 
acids occur rather early in the oxidation. Some 
of the loss at a later period may not be due to 
aldehydes but may still be the result of a small 
but detectable radical content. Although Chio 
and Tappel (6,7) have only recently given a 
thorough account of malonaldehyde-protein/ 
enzyme interaction, their data do not provide 
information on the significance of aldehydes in 
the chain of events which transpire as lipid oxi- 
dation progresses first to the free radical state 
and then to malonaldehyde and other nonradi- 
cal reactants. The results of the present study, 
therefore, further strengthen the hypothesis 
first introduced by Roubal and Tappal (1,3) 
that radical attack and not aldehyde attack on 
protein is predominately responsible for 
damage to proteins. 

Although the present study indicates that 
food grade antioxidants appear to act as 
inhibitors of lipid signals, that is, trapped radi- 
cals, additional research will be required to 
clarify the role and mode of action of antioxi- 
dants in foods exhibiting EPR signals. 
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SHORT COMMUNICATION 

Cholesterol Interference in Analysis 
of Fatty Acid Methyl Esters 

ABSTRACT 

In  the course of isolating and 
analyzing the fatty acid methyl esters 
(FAME) from steelhead trout  (Salmo 
gairdneri) eggs and sac fry, a component  
was found on gas liquid chromatography 
to have a retention time longer than any 
characteristic polyunsaturated fat ty  acid 
previously encountered in trout.  Subse- 
quent purification and analysis demon- 
strated this component to be cholesterol. 
Thus, cholesterol and related compounds 
can interfere in the analysis of FAME 
when the methyl esters are prepared by 
transesterification. 

A common method in use for prepara- 
tion of fat ty  acid methyl  e s t e r s  (FAME) 
from lipid samples is that of transesterification 
using anhydrous HC1 in methanol-ether (1:1), 
followed by extraction with a nonpolar solvent 
such as hexane. This method is rapid and com- 
plete, and is used extensively (1-4). While using 
this procedure in our laboratory in the prepara- 
tion of FAME from steelhead eggs and sac fry, 
a component  was encountered which possessed 

a long retention time (8.6 with respect to 
methyl stearate) and had not been encountered 
previously in this lab in sufficient quanti ty for 
identification (the present samples contained 
2-5% of total  FAME). Neither had a similar 
component  been reported in the fat ty acids of 
Salmo gairdneri (5,6). 

Although several investigators have reported 
24 carbon fat ty acids in the fat of marine and 
fresh water fish (7-9), the most commonly 
reported acid being 24:1, it became apparent 
that the component isolated here was not an 
ordinary fatty acid. Upon hydrogenation the 
retention time becaue shorter, but did not cor- 
respond to either 24:0 or 23:0. Separation 
from the other components  of the FAME 
sample was easily accomplished by thin layer 
chromatography (TLC) on Silica Gel G, using 
dichloromethane as solvent. Rate of flow, 
Rf for the unknown was .3, similar to that of 
hydroxy-fa t ty  acids, whereas the remainder of 
the FAME moved with the solvent front. In this 
manner, sufficient quanti ty was obtained for 
further analysis. 

The IR spectrum (Beckman Microspec, 
double beam, in CC14) gave major absorptions 
at 2.8, 3.4, 6.8, 7.2, and 9.5/a. Conspicuously 
absent was an ester absorption at 5.8 /1. Mass 

T A B L E  I 

I o n  Peak  I n t e n s i t y ,  as Per  C e n t  o f  3 8 6  (Molecule-Ion) 

m/e  FAME Component  a Cholesterol Standard a Friedland et  al. Cholesterol 

387  36 4 0  - -  
3 8 6  100 100 100 
3 8 4  13 0 8  0 8  
3 7 2  22  19 --- 
371  61 72  50  
3 6 9  27 2 8  --- 
3 6 8  68  7 9  106  
3 5 4  27 34  --- 
3 5 3  7 0  8 4  82  
3 0 2  2 0  27  --- 
301  7 0  98  55 
2 7 6  32 4 0  --- 
2 7 5  109  132 1 0 8  
2 7 4  32  32 --- 
2 7 3  52 58 33  
2 5 5  61 77 60  
2 4 7  38  4 0  42  

a F A M E  c o m p o n e n t  a n d  c h o l e s t e r o l  s t a n d a r d ,  p a r t i a l  mass  s p e c t r a .  
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spectral analysis (Varian Mat CH7 mass spectro- 
meter ,  70 eV, 100/~a, 100C, direct in ject ion)  
indicated a molecule- ion peak at m/e  386, with 
a distr ibut ion of m/e  signals very similar to that  
repor ted  for cholesterol  (10) and corresponding 
very closely to that  of  a sample of  cholesterol  
run on the same ins t rument  (Table I). 

The chromatographic  behavior of  the 
unknown and of  cholesterol  were ident ical  on 
TLC and gas liquid chromatography  (GLC). 
TLC on Silica Gel G, developed with 40% ether 
in hexane,  produced ident ical  Rf values for bo th  
compounds .  Upon  spraying with  Liebermann- 
Burchard reagent and heat ing at 100 C for 10 
rain bo th  standard and unknown  exhibi ted a 
characterist ic deep rose color.  GLC on a 6'  x 
1 /8"  OD a luminum column of  15% die thylene 
glycol succinate on AW Chromosorb  P, 80o100 
mesh at 190 C, 19 psi and 30 ml /min ,  util izing 
solid sample inject ion (11), resulted in ident ical  
re ten t ion  t imes for the unknown  and the cho- 
les te ro l  standard. Under  these operat ing 
condi t ions  5/~g were readily detected.  

It  is assumed that  the inclusion of  steroids as 
contaminants  in a fa t ty  acid me thy l  ester 
preparat ion does not  usually interfere  with 
their analysis by GLC (12). This assumption is 
based on their  long re ten t ion  t imes and thermo-  
labile nature.  A large dead space be tween  the 
inject ion site and column inlet p romotes  
decompos i t ion ,  part icularly when the sample is 
injected in solution (13). The fact that  we have 
obta ined interference f rom cholesterol  could be 
due in part to the use of  a solid sample injector  
which provides " o n  c o l u m n "  inject ion and 
minimizes the problem due to dead space. In 
addit ion,  those condit ions which give shorter  
re ten t ion  t imes and bet ter  peak def ini t ion of  
the long chain polyunsatura ted  fa t ty  acids 
would  also make it more l ikely that  cholesterol  

would  give a well defined peak and be mistaken 
for a fa t ty  acid. This in terference can be elimi- 
nated by applying the FAME sample to a silicic 
acid column and eluting with  3% ether  in 
hexane,  or by a saponif icat ion step. 

LYLE HAYES 
R O B E R T  R. LOWRY 
IAN J. T INSLEY 
Depar tment  of  Agricultural  Chemist ry  
Oregon State Universi ty 
Corvallis, Oregon 97331 
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Composition of Wax Esters, Triglycerides and Diacyl Glyceryl 
Ethers in the Jaw and Blubber Fats of the Amazon River 
Dol ph in (Inio geoffrensis) 
R.G. ACKMAN and C.A. EATON, Halifax Laboratory, 
Fisheries Research Board of Canada, Halifax, Nova Scotia, 
and CARTER LITCHFIELD, Department of Biochemistry, Nelson Biological 
Laboratories, Rutgers University, New Brunswick, New Jersey 08903 

ABSTRACT 

The lower jaw fat of the Amazon 
River dolphin Inia geoffrensis contains 
52.8% wax ester, 44.7% triglyceride and 
2.5% diacyl glyceryl ether, while its 
dorsal blubber fat is > 98% triglyceride. 
Examination of the intact lipids, the 
derived fatty acids and the derived fatty 
alcohols by gas chromatography reveals 
that the blubber triglycerides show 
characteristics of freshwater fish fats, but 
the jaw fat lipids have several distinctive 
features. Jaw fat wax esters, triglycerides 
and diacyl glyceryl ethers are all rich in 
C10, C12 and C14 fatty acids and contain 
no polyunsaturated acids. The fatty alco- 
hols in the wax esters are over 90% satu- 
rated. The major carbon numbers in the 
jaw fat triglycerides (C38-C46) are con- 
siderably lower than those of the blubber 
triglycerides (C48-Cs4). The possible 
adaptation of the jaw lipids for use in the 
underwater echolocation process of this 
dolphin is discussed. 

INTRODUCTION 

The order Cetacea is divided into two sub- 
orders on the basis of dentition. The suborder 
Mysticeti (baleen whales) possesses jaws with 
fibrous baleen plates which are used to filter 
small animals from the water for food. The sub- 
order Odontoceti (toothed whales, dolphins 
and porpoises) have normal teeth and capture 
their food with a biting action. Except for the 
commercially important sperm whale, the 
Odontoceti were virtually ignored in scientific 
studies for many years. Recently, however, 
many of the smaller species have become 
aquarium attractions and are used as 
exceptionally intelligent experimental animals 
for the study of respiration and other physio- 
logical processes, including audiocommunica- 
tion and echolocation (1-8). 

The most primitive group of animals within 
the Odontoceti are the family Platanistidae 
comprising four genera of dolphins living 

mostly in freshwater rather than marine habi- 
tats. L geoffrensis Blainville (9), the sole Inia 
species and a typical member of the Platanisti- 
dae, is found in the upper Amazon and Orinoco 
Rivers far from the open sea. An echolocation 
system appropriate to the muddy river waters 
in which it lives might assist selective hunting 
and feeding (3). Caldwell, et al. (7) have 
described sound production and associated 
behavior in captive Inia which suggest that the 
animal is capable of echolocation. As part of a 
study of the properties and involvement of 
lipids in Cetacean sound organs, and in marine 
mammals generally, we have investigated the 
lipid compositions of the dorsal blubber and of 
the lower jaw fat (a possible ultrasonic sound 
receptor) in I. geoffrensis. No previous studies 
of Inia lipids have been reported in the litera- 
ture. 

MATERIALS AND METHODS 

Materials 

The materials studied were removed from a 
1.403 m long adult female I. geoffrensis by 
W.P. Perrin, U.S. Bureau of Commercial 
Fisheries, La Jolla, California. The animal was 
captured in 1969 in the San Fernando de Apure 
River in Venezuela and died during air transfer 
to Sea World in San Diego, California. 

The sample of blubber, from the area 
immediately in front of the dorsal fin, had skin 
attached and was about 20 mm thick. It was 
sectioned into inner and outer layers of equal 
thickness. The fat from the lower jaw had no 
skin or apparent blubber attached. The fats 
were recovered from these samples by 
extracting in a Waring blendor with hexane, 
drying over sodium sulfate ~nd stripping off all 
solvent under high vacuum (~100/1). The 
recovered oil samples had the foliowing Wijs 
iodine values: inner blubber, 87.5; outer 
blubber; 93.3;jaw fat, 33.5. 

The blubber oil in bulk was solid at 24 C, 
softened at 25 C, liquified from 26 to 27 C and 
cleared finally at 30 C. On cooling it became 
hazy at 29 C but was still liquid down to 25 C. 
The jaw oil had more sharply defined thermal 
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FIG. 1. Gas chromatogram of intact lipids from 
lnia geoffrensis lower jaw fat. Peaks are labeled 
according to carbon number. Operating conditions: 
560 x 2.5 mm i.d. column packed with 3% JXR on 
100/120 mesh Gas-Chrom Q, 100 ml/min He, column 
temperature programmed from 160 C-360 C at 
4 C/min, injection port 350 C, F & M 400 gas chro- 
matoglaph. 

characteristics. It softened at 28 C, was viscid at 
29 C and cleared completely at 31 C. On 
cooling it was clear down to 26 C, viscid at 
about 25 C and became a solid mass at 24 C. 
Both liquid oils were water white. 

Analysis of Intact Lipids 

Each sample was hydrogenated by the 
method of Farquhar et al. (10) using freshly 
distilled dioxane in lieu of ethanol. The hydro- 
genated lipids were then subjected to prepara- 
tive thin layer chromatography (TLC) on 
1.0 mm t h i c k  l a y e r s  o f  silicic acid 
(Adsorbosil-l, Applied Science Laboratories) 
developed with petroleum ether-diethyl ether- 
acetic acid (87:12:1). The blubber lipid was 
almost entirely triglyceride, but the jaw lipid 
was fractionated into three spots having the Rf 
values of wax ester, diacyl glyceryl ether and 
triglyceride. Each band was individually scraped 
from the plate, placed in a small chromato- 
graphy column, and the lipid recovered by 
elution with diethyl ether. Two additional 
preparative TLC separations of the jaw fat were 
also carried out, one in which the wax ester and 
diacyl glyceryl ether bands were combined and 
recovered as a single sample, and another in 
which the wax ester and triglyceride bands were 
recovered together. 

The intact lipids from each TLC fraction 
were analyzed by gas liquid chromatography 
(GLC) in the manner described by Litchfield et 
al. (11) for triglycerides. Samples were run on 
an F&M 400 gas chromatograph fitted with a 
flame ionization detector (FID) and a 560x2.5  
mm i.d. stainless steel column packed with 3% 
JXR silicone on 100/120 mesh Gas-Chrom Q. 
The column was linearly programmed from 160 
to 360 C at 4 C/min with an injection port 
temperature of 340-350 C and 100 ml/min He 
carrier gas. Comparison of each sample with 

TABLE I 

Lipid Class Composition of 
Inia geoffrensis Lower Jaw 

and Dorsal Blubber Fats 

Lower Dorsal 
jaw, wt % blubber, wt % 

5 2 . 8  
4 4 7  

2.5 --- 

authentic wax ester, triglyceride and diacyl 
g lyce ry l  ether standards confirmed the 
identities assigned from TLC results. Chromato- 
grams were quantitated in the usual manner 
(I 1) based on calibration mixtures of 99+% 
p u r e  wax esters (Analabs), triglycerides 
(Applied Science Laboratories) or diacyl 
glyceryl ethers (Analabs). Peak areas were 
measured with a planimeter. Comparison of the 
average carbon number of the intact molecules 
with the average chain lengths of the derived 
fatty acids and fatty alcohols (11)gave values 
differing by less than 2%, confirming the 
general accuracy of the carbon number distri- 
butions reported. Since the wax esters were 
completely eluted from the GLC column before 
the overlapping triglyceride and diacyl glyceryl 
ether peaks (Fig. 1), it was possible to use GLC 
of the intact lipids to determine the amount of  
each lipid class present. Gas chromatograms of 
the wax ester plus triglyceride and of the wax 
ester plus diacyl glyceryl ether TLC fractions 
were analyzed separately. Since the wax esters 
were common to both chromatograms, the rela- 
tive amounts of wax ester, triglyceride and 
diacyl glyceryl ether could be readily calculated 
from the combined results. 

Analysis of FatW Acids and Fatty Alcohols 

A portion of each blubber oil was saponi- 
fled, and the nonsaponifiables were removed by 
a standard AOCS procedure (12). The inside 
blubber oil contained 0.6 wt % and the outside 
blubber oil 0.4% nonsaponifiable material. The 
recovered fatty acids were converted to methyl 
esters with boron trifluoride-methanol reagent. 

The wax esters isolated from the jaw lipids 
by TLC were saponified, the fatty alcohols 
were extracted with diethyl ether and the alco- 
hols were converted to acetates by reaction 
with acetic anhydride. The jaw triglycerides 
were converted to methyl esters with boron tri- 
fluoride-methanol reagent. The diacyl glyceryl 
ethers from the jaw fat were saponified and the 
recovered nonsaponifiable portion was con- 
verted to trimethylsilyl (TMS) ethers for GLC. 
The fatty acids from the diacyl glyceryl ethers 
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were also recovered and converted into methyl 
esters. Parts of all methyl ester and alcohol ace- 
tate samples were hydrogenated for additional 
GLC study. 

GLC analyses of all methyl ester, alcohol 
acetate and TMS ether samples were carried out 
on a Perkin-Elmer 226 gas chromatograph 
fitted with a FID and 46 m x 0.25 mmi.d .  
open-tubular (capillary) columns. The injection 
port was operated at 250 C. Primary analyses 
were accomplished on columns coated with 
butanediolsuccinate polyester operated at 
170 C and 50 psig He. These results were sup- 
plemented in certain cases by appropriate 
analyses on Apiezon L coated open-tubular 
columns at 190 C and 80 psig. The glyceryl 
ether TMS derivatives were also examined on a 
1.8 m x 3.2 mm o.d. stainless steel column 
packed with 3% SE-30 on Chromosorb W and 
operated at 210 C and 30 psig in a Varian- 
Aerograph Hi-Fy gas chromatograph. Quantita- 
tion of methyl esters and alcohol acetates was 
based on corrected FID peak areas from Disc 
integrator results (13) and verified by examina- 
tion of hydrogenated samples (14). Following 
quantitation, results were converted from 
weight per cent to mole per cent fatty acid. For 
the glyceryl ether TMS derivatives, area per 
cent was equated with weight per cent. 
Presentation of data to two decimal points is 
solely to show certain small components and 
the quantitative errors are probably of the 
order of +5% for major components, +10% for 
minor components and proportionally higher 
for trace components. 

RESULTS AND DISCUSSION 

Lower Jaw Fat 

The lower jaw fat of L geoffrensis contains 
approximately equal portions of wax ester and 
triglyceride, together with a small amount of 
diacyl glyceryl ether (Table I). The possible 
relationship of this lipid class composition to 
the physiology of echolocation is discussed 
below. 

Wax Esters. The wax ester alcohol moiety is 
based predominantly (64.2 mole %) on cetyl 
alcohol (hexadecanol, 16:0a) [The usual short- 
hand notation of (chain length): (number of 
double bonds) co (position relative to terminal 
methyl group) is used for fatty acids, and also 
for fatty alcohols with the addition of the 
suffix "a".] As shown in Table II, the rest of 
the alcohol components are qualitatively more 
or less those anticipated with the exception of 
9.4 mole % iso 16:0a. A very recent review of 
wax esters in marine organisms includes GLC 
data which does not suggest the likelihood of as 

high a proportion of iso 16:0a in other marine 
invertebrates or vertebrates, including some 
marine mammals (15). The low level of mono- 
ethylenic fatty alcohols is perhaps unexpected. 
In the blubber of the Atlantic bottlenose whale 
(Hyperoodon ampullatus Forster) and the 
blubber of the sperm whale (Physeter earodon 
Linnaeus), 18:1 a may be about half of the wax 
alcohols and 6-10% 16:1a has also been 
recorded (16,17). The C18 monoethylenic fatty 
alcohols (18:1a6o9 and 18:lace7) are assumed 
to be cis and their double bond positions were 
identified by comparison with fatty alcohols 
prepared from whole herring oil, studied pre- 
viously (18). The ratio is that commonly found 
in marine oils and lipids (19). The cor- 
responding C 16 alcohols are low in the tenta- 
tively identified 6o7 isomer relative to the 
adjacent isomers. 

The fatty acid moiety of the wax esters 
(Table II) differs from most of the other wax 
esters of marine origin mentioned above in the 
high proportions of acids with chain length 
<C14. However, 5-8 wt % 10:0 and 20-21 wt % 
12:0 have been found in sperm whale head oil 
waxes (20-22) and are mentioned for the pos- 
sibly associated sperm spinal cord waxes 
(23). In any event, they are less evident in 
sperm body oil (1% for 12:0) than in head oil. 
The ratio of iso 16:0 to 16:0 is nearly the same 
in the fatty acids of the three lipids of the Inia 
jaw fat, suggesting a common fatty acid pool 
sharply differentiated from the blubber fats 
where iso 16:0 is only 1/100th of 16:0. The 
ratios of iso 16:0 and 16:0 in the wax ester 
alcohols and acids are so close that they also 
suggest a common endogenous origin or free 
i n t e r c o n v e r s i o n  as discussed elsewhere 
(15,24,25). The similar ratios of 18:0 to 18:1 
and 18:0a to 18: la  also support this view (Fig 
2 and 3). 

D u r i n g  th i s  inves t iga t ion ,  particular 
attention was paid to the exotic minor fatty 
acids currently under study by two of the 
authors. Trans-6-hexadecenoic acid (26) was 
absent. Among the isoprenoid fatty acids (27), 
phytanic acid was 0.05% or less, and pristanic 
and 4,8,12-trimethyltridecanoic acids were 
barely detectable. The wax ester fatty alcohols 
from the jaw fat contained absolutely no 
dihydrophytol. This virtual absence of the iso- 
prenoid fatty acids in all the Inia lipids 
examined (Table II) is in strong contrast to the 
0.4-1.6% of some marine mammal fats (27), or 
to the 0.2-0.7% of temperate zone freshwater 
fish fats (28). No explanation of this is 
apparent to us. 

The combination of mainly Clo-C16 fatty 
acids with C14-C18 fatty alcohols results in 
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INIA JAW F& T 
WAX ESTER 

FATTY ALCOHOL ACETATE ESTERS 

o ~ o 
_~ - ~ o  -~ 

1 5 X ~  

T I M E  [ M in~)  

m 

o . . _  

I io  M i n  lEO Min 

FIG. 2. Gas chromatogram of acetate esters of 
fatty alcohols from lnia lower jaw wax esters. 
Operating conditions: 46 m x 0.25 mm i.d. open- 
tubular column coated with butanediolsuccinate poly- 
ester, 170 C, 50 psig He, Perkin-Elmer Model 226 gas 
chromatograph. Attenuation 5x throughout. 

most of the wax esters having carbon numbers 
between 26 and 32 (Fig. 1, Table III). No 
e 19-c23 species (i.e., isovaleroyl wax esters) 
were found, although they were specifically 
looked for. The average wax ester molecular 
weight is lower than the C30-C38 range found 
in most marine wax esters (15,16,29,30). If one 
calculates a random distribution of the fatty 
alcohols and fatty acids found in lnia lower jaw 
wax esters (Table III), the distribution of car- 
bon numbers is very similar to that found 
experimentally. This indicates a definite lack of 
specificity in the Inia enzyme system per- 
forming this esterification, a phenomenon that 
has been noted in some(15,29,30) but not all 
(30) other wax esters in marine organisms. The 
front shoulders on the wax ester GLC peaks 
(Fig. 1) are no doubt caused by the branched 
chain acids and alcohols found in these com- 
pounds (Table II), since branched chain esters 
are known to elute slightly before cor- 

o _=_= 

o 

O3 
~j  - 

a: 5 = 

, e ~ i o x  I 2ox I i x ~  l l oMin .  

T I M E  ( M i n . )  

FIG. 3. Gas c h r o m a t o ~ a m  o f  m e t h y l  esters o f  
fatty acids from Inia lower jaw wax esters. Operating 
conditions same as Fig. 2. Attenuations (x) marked at 
bottom. 
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FIG. 4. Gas chromatogram of intact triglycerides 
from lnia geoffrensis outer dorsal blubber. Peaks are 
labeled according to carbon number. Operating 
conditions are the same as in Figure 1. 

responding straight chain esters on silicone 
columns (31,32). 

Triglycerides. The fatty acids found in the 
lower jaw triglycerides qualitatively resemble 
those of the lower jaw wax esters, i.e., mostly 
C10-C16 chain lengths, and a complete absence 
of polyunsaturated species. Quantitatively, 
however, the triglyceride acids have a slightly 
higher average molecular weight. Myristic is the 
major acid in the triglycerides, while lauric acid 
predominates in the wax esters. 

Gas chromatograms of the intact lower jaw 
triglycerides (Fig. 1, Table III) show that most 
of the molecules fall in the C38 through C46 
range. This is a much lower range of carbon 
numbers than the C48-C60 triglycerides mix- 
tures found in most aquatic organisms 
(11,31,32), including the triglycerides from Inia 
b l u b b e r .  A s y m m e t r i c  peaks are again 
encountered because of the presence of sub- 
stantial amounts of even chain length iso acids, 
which slightly decrease triglyceride retention 
times (31,32). 

Diacyl Glyceryl Ethers. The saturated 
glyceryl ethers of Inia lower jaw fat (Table II) 
resemble the wax ester fatty alcohols to a 
surprising degree, but with the omission of the 
iso forms. This suggests an ostensible origin of 
the glyceryl ether chain for this particular 
system (33), but this is an area not without 
controversy or several alternate possibilities 
(34,35). The monoethylenic and saturated TMS 
derivatives did not separate on polyester 
columns (36), and the evidence for the mono- 
ethylenic structures rests largely on analyses of 
two different nonpolar lipid phases, where 
complete GLC coincidence of suspected and 
reference selachyl (18: 1) TMS derivatives was 
obtained. Impurities in this reference material 
correspond to 14:1 and 16:1 structures and 
also coincided with Inia lipid peaks. When 
retention data was plotted, the odd-numbered 
monoethylenic components lay on the same 
line as the even-numbered, and all were con- 
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T A B L E  I I I  

C a r b o n  N u m b e r  D i s t r i b u t i o n  (Mole %) o f  Wax Esters ,  
T r ig lyce r ides  and  Diacy l  Glyce ry l  E t h e r s  F r o m  

Inia geoffrensis L o w e r  J a w  and  Dorsa l  B lubber  Fa ts  

L o w e r  j a w  

Wax es ters  
C a r b o n  
n u m b e r  F o u n d  Calc. a Tr ig lyce r ides  

Dorsa l  b lubbe r  

I n n e r  O u t e r  
Diacy l  

g lycery l  e the r s  T r ig lyce r ides  

24 Trace  0.5 --- 
25 Trace  0 .4  --- 
26 5.7 8.0 --- 
27 2.1 2 .9  --- 
28 30.5 31 .9  --- 
29 4 .6  4.2 --- 
30 35.8  33.1 --- 
31 2.6 3.7 --- 
32 14.7 11.9 --- 
33 0.5 0.8 --- 
34 3.2 2.3 0.6 
35 Trace  0.1 --- 
36 0.3 0.2 3.5 
37 . . . . . .  0.5 
38 . . . . . .  10.6 
39 . . . . . .  0.9 
40  . . . . . .  20 .3  
41 . . . . . .  1.1 
42 . . . . . .  24.5 
43 . . . . . .  1.1 
44 . . . . . .  20 .4  
45 . . . . . .  0.8 
46 . . . . . .  10.4 
47 . . . . . .  0.5 
48  . . . . . .  3.7 
49  . . . . . .  0.3 
50 . . . . . .  0.6 
51 . . . . . . . . .  
52 . . . . . .  0.2 
53 . . . . . . . . .  
54 . . . . . . . . .  
55 . . . . . . . . .  
56 . . . . . . . . .  
57 . . . . . . . . .  
58 . . . . . . . . .  
60 . . . . . . . . .  

1.3 . . . . . .  
0.3 . . . . . .  
9.7 0.2 0.2 
3.5 . . . . . .  

22 .0  0.6 0.8 
4 .0  Trace  0.1 

25 .8  2.0 2.6 
3.3 0.5 0.6 

17.7 6.0 7.2 
1.3 0 .9  1.2 
8.6 15.9 17.0 
--- 1.2 1.7 
2.5 26.5 26 .4  
--- 1.4 2.0 
--- 23.9  23 .6  
--- 1.0 0.8 
--- 12.4 10.9 
--- 0.7 0.5 
--- 4.5 3.4 
--- 0.2 0.1 
--- 1.8 0.8 
--- 0.3 0.1 

aCalcu la ted  a s s u m i n g  a r a n d o m  es t e r i f i ca t ion  o f  f a t t y  

vetted to the expected saturated form on 
hydrogenation. Lack of sample precluded 
further studies. It is evident that the proposed 
minor monoethylenic and saturated glyceryl 
ethers occur in about the same order of magni- 
tude (2-10% mole %) except for chimyl (16:0). 
Some minor (ca. 1%) glyceryl ethers such as 
17:1 have been reported in an elasmobranch 
marine oil (37), but we are aware of only one 
case where an unusual odd-numbered glyceryl 
ether is reported in large proportions (up to 
17.4 wt %) in a marine (elasmobranch) lipid 
(38). However there is no reason to expect that 
the Inia jaw fat glyceryl ether will conform to 
either poikilotherm or terrestrial mammal pat- 
terns. 

The fatty acids from these diacyl ethers are 

acids w i t h  f a t t y  a lcohols .  

v e r y  s i m i l a r  i n  g r o s s  c o m p o s i t i o n  a n d  i n  d e t a i l  

t o  t h o s e  o f  t h e  t r i g l y c e r i d e s  e x c e p t  f o r  s o m e  

i n c r e a s e  i n  t h e  C 18 a n d  m o n o e t h y l e n i c  a c i d s .  

G L C  o f  t h e  i n t a c t  d i a c y l  g l y c e r y l  e t h e r s  

r e v e a l e d  a C 4 0 - C 4 8  c a r b o n  n u m b e r  d i s t r i b u t i o n  

v e r y  s i m i l a r  t o  t h a t  o f  t h e  l o w e r  j a w  t r i g l y -  

c e r i d e s  ( T a b l e  I I I ) .  T h i s  r a n g e  o f  m o l e c u l a r  

w e i g h t s  i s  c o n s i d e r a b l y  l o w e r  t h a n  t h e  m a i n l y  

C 4 8 - C 5 8  d i a c y l  g l y c e r y l  e t h e r  m i x t u r e  r e p o r t e d  

f o r  t u m o r  l i p i d s  ( 3 9 ) .  

Dorsal Blubber Fat 

The difference in iodine value (IV) between 
the inner (IV=87.5) and outer (IV=93.3) 
blubber layers is quite small compared to the 
reverse gradient observed for North Atlantic 
f i n w h a l e s  ( 4 0 ) ,  w h e r e  t h e  i n n e r  l a y e r  h a d  a 
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value of 114.8 and the outer 89.9. Cor- 
respondingly, the differences in fat ty  acid com- 
position are slight (Table II). 

lnia blubber fat bears a close resemblance to 
the blubber fat of the Ganges River dolphin 
Platanista gangetica Lebeck, the only other 
member of the Platanistidae whose lipids have 
been investigated (42). Levels of saturated C 12, 
C14 , C16 and C18 and unsaturated Cl4  , C16 , 
C18 and C2o acids are very similar in both 
species, but Platanista shows 2-3 mole % more 
unsaturated C22. However, since the Platanista 
analysis was performed by the Pb-Li salt pre- 
cipitation-distillation procedure, a detailed 
comparison of individual acids is not  possible. 

The details in respect to the saturated C 1 2 

and Cl3 acids, the common n-15:0 and n-17:0 
acids and the C 14-C18 iso and anteiso acids in 
Inia blubber fat are quite ordinary for marine 
oils, such as cod liver oil (14), or for freshwater 
fish oils (28). The monoethylenic isomer distri- 
butions possibly show some emphasis on 
16:1609 and 18:16o9 relative to 607 isomers. 
For  marine oils there is also the somewhat 
unusual plurality of obvious 12:l  and 14:1 
isomers. Active desaturation of a number of 
saturated acids in the 9,10 posit ion and subse- 
quent free chain length interconversions might 
account for these. The triglycerides of sperm 
blubber oil contain appreciable C2o and C22 
acids in the form of 20:1 at 15 wt %and  22:1 
at 12% (20), which are notably absent in the 
Inia blubber. The very low proport ions of poly- 
unsaturated C2o and C22 fat ty acids has a 
parallel in sperm blubber oil (41 ). 

The differences from marine blubber fats 
(17,40,cf.14) are however, quite interesting in 
that 18:26o6 (but not 18:36o6) and the 
successor acids 20:36o6 and 20:46o6 are quite 
prominent;  whereas, although 18:36o3 is 
obviously of some importance in the C 1 8 poly- 
unsaturates, successor acids such as 18:4603 and 
those of higher chain lengths are negligible. This 
emphasis on C16 (and C18 ) chain length, and 
on 6o6 fatty acids relative to 6o3, accords with 
the freshwater environment as discussed else- 
where for freshwater fish (42,43). The virtual 
absence of C2o and C22 polyunsaturated fat ty 
acids is unusual in aquatic animal triglycerides. 
Curiously, among fish which contain wax 
esters, the livers of coelacanth (Latimeria 
chalumnae) and castor oil fish (Ruvettus 
pretiosus) also have virtually no polyunsatu- 
rated fatty acids in the triglycerides (29,44), 
but lantern fish triglycerides (from whole fish 
or muscle) contain the moderate proport ions 
expected in fish oils (45). 

The GLC pattern for intact triglycerides 
from the blubber fat (Fig. 4, Table III) shows 

m a i n l y  C4 6 through Cs4 components,  
reflecting the predominance of C16 and C18 
acids and the very low levels of C20 and C22 
acids. This C46-C54 range of blubber trigly- 
cerides is considerably higher than the mainly 
C38-C46 triglycerides found in lnia lower jaw 
fat (Fig. 1). 

Although the blubber of L geoffrensis has 
some affiliations with freshwater fish lipid fatty 
acid composit ion,  from most points of view 
lnia blubber is a unique triglyceride, even for 
marine mammals. This is probably because of 
the mode of life, based on the constant avail- 
ability of food, and because the absence of pro- 
longed migrations, characteristic of the lives of 
marine cetaceans (1), does not require a large 
fat reserve. The environmental temperature is 
probably relatively warm and constant com- 
pared to corresponding conditions for marine 
animals. An active cetacean produces consider- 
able heat, and we have found that  as little as a 
few millimeters of blubber is observed in some 
smaller Odontocet i  (Ackman et al., unpub- 
lished). This and other factors, such as vascular 
heat exchange systems (1,46), require less desk 
work and more field investigation and experi- 
ment on the species in question (46). 

Implications for Odontocete Echolocation 

The present results on Inia lower jaw fat can 
be correlated with the lipids found in the melon 
and jaw fats of other toothed whales. In all 
cases investigated so far, the Odontocete fat ty 
tissues implicated in the echolocation function 
contain mostly triglycerides [Delphinapterus 
leucas (L i t ch f i e ld  et al., unpublished), 
Phocaenoides dalli (47,48), Phocoena phocoena 
(49)] or a mixture of mainly wax esters and 
t r ig lycer ides  [L geoffrensis, Globicephala 
melaena (50), Tursiops truncatus (5 I) ,  Physeter 
catodon (20-22), Orcinus orca (52)] .  In each 
case in which a comparison was made, the fat ty 
acids found in the melon and jaw fats have a 
significantly lower average chain length than 
those found in the blubber of the same animal. 
In Inia and Physeter, this means higher levels of 
Cl o-C14 fatty acids, while in the other genera 
there is a large amount of isovaleric acid in the 
wax esters and triglycerides. In either case, it 
seems likely that the lower molecular weight 
lipid molecules and the presence of wax esters 
confer advantageous physical properties to the 
fat ty tissues which may be involved in ultra- 
so nic sound transmission and reception. 
Whether this is due to unique acoustical 
properties or to the ability of  the lipid to 
remain liquid at environmental temperatures 
remains to be seen. Studies now in progress on 
the melon, jaw and blubber fats of other Odon- 
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t o c e t e  s p e c i e s  m a y  c la r i fy  t h e  p h y s i o l o g i c a l  ro le  
o f  t h e  u n u s u a l  h e a d  l ip ids  f o u n d  in  t h e s e  ani -  
m a l s .  

T h e  p o s s i b l e  f u n c t i o n  o f  2 . 5% d i a c y l  
g l y c e r y l  e t h e r s  in  Inia j a w  fa t  r e m a i n s  o b s c u r e  
as it  d o e s  in  m o s t  t i s s u e s  w h e r e  t h i s  l ip id  is 
f o u n d  (34 ) .  I t  s e e m s  u n l i k e l y ,  h o w e v e r ,  t h a t  
t h e y  are  p r e s e n t  in  s u f f i c i e n t  q u a n t i t y  t o  h a v e  
a n y  m a j o r  e f f e c t  o n  t h e  a c o u s t i c a l  p r o p e r t i e s  o f  
t h e  f a t t y  t i s s u e .  
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Isotope Effects in the Desaturation of Stearic to Oleic Acid 
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ABSTRACT 

Comparisons have been made of the 
rates of desaturation of stearic to oleic 
acid using a series of differently labeled 
forms of the substrate and two different 
methods of assay. The reaction has been 
measured either by analyzing the amount 
of labeled oleic acid produced, or by 
analyzing the amount of tritium released 
into water from [9,10-3Hz]-labeled sub- 
strates. The rate of desaturation of 
[1-14C] stearic acid has been compared 
with that of [threo-9,10-3H 2] and 
[erythro-9,10-3H2 ] stearic acids in which 
about 99% of the label was at the 9 and 
10 positions and in which most of the 
labeled molecular species contained two 
tritium atoms. A further series of 
[erythro-9,10-3H2] stearates was used in 
which there was a greater proportion of 
tritium at positions other than 9 and 10 
or a greater proportion of species con- 
taining only one tritium atom, or both. In 
the tritium release assay the enzyme 
discriminated against the tritium sub- 
strates, the discrimination being greater 
wi th  erythro-ditritio-compounds than 
with monotritio or threo-ditritio-com- 
pounds. The isotope effect was also 
observed when [3H] stearoyl-CoA thiol 
esters were the substrates, and when the 
source of the enzyme was the green alga 
Chlorella vulgaris. Despite the isotope 
effect, the release of tritiated water can 
be used as an assay of desaturase activity. 
If the absolute value of enzymic activity 
is required, however, the location and 
stereochemistry of the tritium atoms 
should be known or the method stand- 
ardized against [ 1-14C] stearic acid. 

INTRODUCTION 

Until recently, estimation of the extent of 
enzymic desaturation of long chain fatty acids 
involved a time-consuming sequence of proce- 
dures, e.g., saponification, extraction, methyl- 
ation, chromatographic separation and radio- 
assay (1,2). A quick, reliable and reproducible 
method was required particularly in studies 

lpermanent address: CSIRO Division of Food 
Preservation, Ryde, New South Wales, Australia. 

involving the solubilization and purification of 
desaturases (3-5). In 1969, Talamo and Bloch 
(6) published a procedure which apparently 
fitted all these criteria. This method depends on 
the fact that tritium at the 9 and 10 positions 
of stearic acid is released as tritiated water 
during enzymic desaturation. The protein and 
associated lipid are precipitated with trichloro- 
acetic acid and measurement of tritium in the 
clear aqueous solution after filtration provides a 
measure of the amount of unsaturated acid 
formed. 

Two published studies on the mechanism of 
desaturation had already pointed out that an 
isotope effect occurred, resulting in a slower 
rate of removal of tritium (7) or deuterium (8) 
than hydrogen from the 9 and 10 positions. 
Before attempting to use the tritium release 
assay as a routine procedure, therefore, it was 
considered necessary to ascertain the magnitude 
of the isotope effect and to what extent it 
might limit the use of the assay. 

Preliminary experiments, in which mixtures 
of [1-14C] stearic acid and [9,10-3H2(n )] 
stearic acid were used as substrates, indicated 
that the amount of desaturation as measured by 
release of tritium into water was much less than 
that measured by conversion of [ 1-14C] stearic 
acid into oleic acid. This paper describes a series 
of experiments carried out to investigate this 
isotope effect and to determine the validity of 
the assay method under a wide range of con- 
ditions. 

MATERIALS AND METHODS 

Assay Procedure 

Measurement of desaturase activity by con- 
version of labeled stearic acid into oleic acid, 
separation of saturated and monounsaturated 
methyl esters by argentation thin layer chro- 
matography (TLC) and their radioassay by 
scintillation spectrometry have already been 
described (1). 

Measurement of desaturase activity by 
release of tritium from [9,10-3H2] stearic acid 
into water was carried out by the method of 
Talamo and Bloch (6), except that the material 
precipitated by TCA from the incubation 
mixture was centrifuged instead of being 
filtered through a Millipore filter. Preliminary 
experiments indicated that the enzymic desatu- 
ration reaction was linear for at least 30 rain and 
this time was used in all standard incubations. All 
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assays were done at least in duplicate and 
usually in triplicate. Substrates were added as 
albumin complexes. The acid was first dispersed 
by sonication in 0.2 M phosphate buffer, pH 
7.4, and bovine serum albumin added to a con- 
centration of 48 mg/ml. The specific activity of 
[ 1-14C1 stearate was 48.6/aCi//amole and of all 
tritiated substrates, 500 /aCi//amole. In a total 
volume of 0.5 ml, the incubation mixture con- 
tained the following: fatty acid in varying con- 
centrations; phosphate buffer, 0.2 M; coenzyme 
A, 134 /aM; ATP, 16 raM; NADH, 934 /aM; 
NADPH, 400 /aM; MgC12, 3.3 mM; protein, 
about 15 rag. 

After addition of 1.2 ml trichloroacetic acid 
and centrifugation of the precipitate, 1 ml of 
the supernatant was removed for radioassay in 
15 ml toluene containing 13% Bio-Solv (Beck- 
mann Instruments Inc., Fullerton, Calif.) and 
2% Butyl-PBD (Koch-Light Limited, Coin- 
brook, England). For lipid samples, 2% Butyl- 
PBD in toluene was used. Radioactivity was 
measured with a Philips Automatic Liquid 
Scintillation Analyzer. 

Preparation of Cell Fractions 

White shaver hens, 12-18 months old, were 
fed a high protein, high carbohydrate diet 
which had the following fatty acid compo- 
sition: 14:0, 1%; 16:0, 15%; 16:1, 1%; 18:0, 
2%; 18:1, 23%; 18:2, 55%; 18:3, 1%; others, 
2%. All experiments with hen liver employed a 
15,000 x g x 30 min supernatant fraction (2). 
Protein was measured by a biuret method (9). 
Cell free homogenates of Chlorella vulgaris were 
prepared as previously described (10). 

Substrates 

All radiochemicals were purchased from the 
Radiochemical Centre, Amersham, England. 
Table I illustrates the variety of tritiated sub- 
strates used. All except A (Amersham TRA 13, 
Batch 9, made by tritiation with a nonspecific 
catalyst) were made by essentially the same 
two-step process: (a) reduction of octadec- 
9-ynoic acid (stearolic) with tritium gas in the 
presence of a specific partially poisoned 
catalyst to give [9,10-3H2] oleic acid; (b) 
further reduction to give [9,10-3H z] stearic 
acid. Substrate B is the commercial product, 
Amersham TRA 13 (Batch 10). The first 
reduction was done with carrier free tritium 
gas, thus yielding a product in which virtually 
all the labeled molecular species are erythro- 
ditritio. Substrate C was made for us com- 
mercially, the initial reduction having been 
done with a 50% mixture of hydrogen and 
tritium so that, on a statistical basis, it should 
consist of monotritio species and erythro- 
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ditritio species in the ratio, 2:1. Substrate D 
([erythro-9,10-3H2] stearic acid) was made in 
our laboratory by reduction of Amersham 
[9,10-3H2] oleic acid (TRA 140, Batch 5) with 
hydrazine hydrate in acetonitrile (11), and sub- 
strate E ([threo-9,10-3H 2] stearic acid) was 
made by first isomerizing [9,10 -3H 21 oleic acid 
with oxides of nitrogen (12) followed by hydra- 
zine reduction of the [9,103H 2] elaidic acid 
isolated by argentation TLC. Substrates C, D 
and E were purified by argentation TLC prior 
to use. The percentage of tritium at the 9 and 
10 positions was measured by G.K. Koch, Uni- 
lever Research Laboratorium, Vlaardingen, The 
Netherlands (13). 

Calculation of Results 

The calculation of the extent of desaturation 
as measured by release of tritium into water is 
complicated by two factors: (a) In each sub- 
strate there is a certain proportion of tritium 
which is not in the 9 and 10 positions (Table I). 
This figure has been calculated from oxidation 
experiments (above). (b) A second correction 
has to be made and arises out of the stereo- 
chemistry of desaturation. Only the pair of 
hydrogen (or tritium) atoms with the D- 
absolute configuration are removed during the 
enzymic reaction (7,8) and therefore, as the 
substrates comprise exactly equal amounts of D 
and L forms, only half of the 9,10-tritium can 
possibly be removed during desaturation. 

The following formulae were used to calcu- 
late the results: 
Number of nmoles of substrate = S 

dpm in substrate 
=2.2 x 106 x specific activity x 

% trit ium in 9 ,10-pos i t ions  

100 [11 

Number of nmoles of product = P 

_ dpm in product - dpm in zero-time control 
2.2 x 10 6 x specific activity [2] 

Per cent trit ium from 9,10-position released 

into water 
P 

=--x 100 
S [31 

Per cent desaturat ion by trit ium release assay 
P =--x 100 x 2 
S [41 

In these formulae, the specific activity 
equals 0.5 /aC/nmole. Zero-time control values 
were: Substrate A, 0.60%; B, 0.50%; C, 0.10%; 
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FIG. 1. The kinetics of oleate formation from [ 1-14C] stearic acid and of tritiated water formation 
from [threo-9,103H2] and [erythro-9,103H2] stearic acids. The values for tritiated water are 
corrected for the percentage of tritium not at the 9 and 10 positions (Table I) and for the 
stereospecificity of the desaturase reaction. The method of calculation of these results is illustrated in 
Methods (Formula 4). 
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D,E, 0.15% of the radioactivity of the sub- 
strate. The factor 2 in Formula [4] allows for 
the fact that only hydrogen (or tritium) atoms 
having the D-absolute configuration will be 
removed during desaturation. Threo substrates 
(Table I) consist entirely of species containing 
one D-tritium and one L-tritium atom and, 
therefore, the maximum number of tritium 
atoms which can possibly be released into water 
is one half of the total number of tritium atoms 
in the molecules. Erythro substrates (Table I) 
consist of an equal mixture of species having 
either two D-tritium or two L-tritium atoms. 
Tritiated water can only be produced from 
species containing a D-tritium atom, i.e., half 
the total number of tritiated molecules, 
whereas the other 50% of molecules release 
hydrogen into water, which cannot be detected. 
Therefore the absolute desaturation of each 
substrate will be twice that measured by maxi- 
mum theoretical tritium release. 

R E S U L T S  

Kinet ic Studies 

One of the methods for studying the kinetics 
of an enzyme reaction involves increasing the 

substrate concentration to saturate the enzyme 
and thus estimate the maximum rate of the 
enzymic reaction (Vmax). In the present case~ 
there are two possible substrates for the 
enzyme, the one with hydrogen atoms at the 9 
and 10 positions and the other with tritium 
atoms at these positions. To study the kinetics 
of desaturation of the latter, it is necessary to 
use substrates of high specific activity and 
very high levels of radioactivity. To minimize 
the hazards and cost involved, the normal 
desaturase preparation was diluted l O-fold. 
Even so, it was not possible to fully saturate the 
enzyme. 

Figure 1 shows a comparison of the rate of 
formation of [1-14C] oleic acid from [1-14C] 
steafic acid, with the rates of formation of 
tritiated water from [erythro-9,10-aH2] and 
[threo-9,10-aH2] stearic acids (substrates D 
and E respectively) as the substrate concentra- 
tions are increased. The statistical method of 
Wilkinson (14) was used to calculate Vma x and 
apparent K m values for each substrate (Table 
II). The expression "apparent Kin" is used 
because more than one enzyme is involved in 
the desaturation of fatty acids, and because the 
exact concentration of substrate is unknown, 
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TABLE I! TABLE III 

Kinetic Data a for the Desaturation of Three 
Different Forms of Stearic Acid 

gmax 
nmoles/ 

30 min/0.6 mg Apparent K m 
Stearic acid protein x I04M 

[1-14C1 7.5 5.7 
Threo-di-T(E) 4.6 4.9 
Erythro-di-T(D) 2.3 4.3 

aCorrected for (a) the presence of tritium which is 
in positions other than 9,10 (Table I) and (b) for the 
stereochemistry of desaturation (see text.) The 
method of Wilkinson (14) was used to calculate Vma x 
and K m. 

due to  the  possible  f o r m a t i o n  of  micelles and  
the  u n c e r t a i n t y  regarding the  a m o u n t  of  endo-  
genous  subs t ra te .  The  magn i tudes  o f  the  
a p p a r e n t  K m values are in the  same order  as the  
m a x i m u m  velocit ies,  n a m e l y  14C>th reo .9 ,10_  
3H2>DD-erythro-9,10-3H2, i nd ica t ing  t h a t  t w o  
t r i t i um a toms  at  the  9 and  10 pos i t ions  are 
r emoved  more  s lowly t h a n  one  t r i t i u m  a t o m  
and  one  hyd rogen  a tom,  wh ich  in t u rn  are 
r emoved  more  s lowly t h a n  two  h y d r o g e n  
a toms.  However ,  t he  a p p a r e n t  K m values indi-  
cate t ha t  the  s t r eng ths  o f  b ind ing  of  the  sub- 
s trates to  the  e n z y m e  are in the  fo l lowing 
order .  DD-erythro-9,10-3H2>threo-9 , 1 0 - 3 H 2 >  
14C 

The  a m o u n t  of  t r i t i um  in the  p r o d u c t ,  oleic 
acid,  depends  o n  the  n a t u r e  of  the  subs t r a t e  
and  the  e x t e n t  of  desa tu ra t ion .  F o r  example ,  
the  a m o u n t  of  t r i t i um  released i n to  wa te r  f rom 
the  [threo-9,10-3H2] subs t ra t e  (E) should  be 
exac t ly  equal  to  the  a m o u n t  of  t r i t i u m  in the  
oleic acid fo rmed ,  if  100% of the  labeled 
species were di t r i t io ,  the  t r i t i um  a t o m s  were 
t ru ly  in the  threo conf igu ra t ion ,  and  100% of 
the  t r i t i um a toms  were at  the  9 and  10 
pos i t ions .  This  mus t  be so, w h e t h e r  or no t  an  
i so tope  effect  exists. Table  III  conf i rms  t h a t  the  
a m o u n t s  of r ad ioac t iv i ty  in wa te r  and  oleic acid 
are similar.  In  con t ras t ,  t he  oleic acid f o r m e d  
f rom the  [erythro-9,10-3H2] subs t ra t e  (D) con- 
t a ined  a m u c h  larger  p r o p o r t i o n  of  t r i t i um  t h a n  
is released i n t o  water .  This  mater ia l  consis ts  
essential ly of  an  equa l  m i x t u r e  of  two  sub- 
strates.  The  first ,  in  w h i c h  the  D-9 and  D-10 
pos i t ions  are occupied  b y  h y d r o g e n  a toms ,  will 
be  desa tu ra t ed  at  the  n o r m a l  ra te  assuming  t h a t  
the re  is no  s ignif icant  s econda ry  k ine t i c  i so tope  
effect .  No t r i t i a t ed  wate r  will be  p r o d u c e d  and  
the  oleic acid f o r m e d  will con t a i n  all t he  
t r i t i um of  the  subs t ra te .  The  second,  in wh ich  
the  D-9 and  D-10 pos i t ions  are b o t h  occup ied  
b y  t r i t i um a toms ,  will be desa tu ra t ed  m o r e  

Comparison of the Amount of 
Tritium Found in Water and Oleic Acid 

After Enzymic Desaturation 
of Different Substrates 

Per cent tritium in: 

Stearic acid H2Oa Oleic acid 

E. Threo-di-T 13.2 17.9 
C. Mono-9T or I-T 14.3 28.3 
D. Erythro-di-T 6.3 24.6 
B. Erythro-di-T 8.6 25. l 
A. Erythro-di-T 8.4 26.3 

aCorrected for the presence of tritium which is in 
positions other than 9 and 10 (Table I). The method 
of calculation of these results is shown in Methods 
(Formula 3). [I-14C] stearic acid desaturation was 
40%. 

slowly due to  the  p r ima ry  k ine t i c  i so tope  
effect .  Thus ,  oleic acid will con t a in  more  
t r i t i um than  the  wa te r  (Table  l iD.  When the  
t r i t i u m  at pos i t ions  o t h e r  t h a n  9 or  10 is t a k e n  
in to  accoun t ,  the  a m o u n t  of  t r i t i a t ed  wa te r  
f r o m  subs t ra tes  A and B, in which  the  9 ,10-  
t r i t i um a toms  are also largely in the  erythro 
conf igura t ion ,  is s imilar  to  t h a t  f r om subs t ra t e  
D. The  ca lcu la t ion  of  the  pe rcen tage  desa tura-  
t ion  as measured  by  [3HI oleic acid f o r m a t i o n  
is compl ica ted  by  the  re la t ively  h igh  p r o p o r t i o n  
o f  t r i t i um no t  at  t he  9 and  10 pos i t ions  in these  
subst ra tes .  Subs t r a t e  C is a m i x t u r e  of  erythro- 
di t r i t io  and  m o n o t r i t i o  fo rms  in the  ra t io ,  1:2. 
As the  m o n o t r i t i o  fo rm is i tself  a mix tu re ,  
(s ince the  t r i t i um can be loca ted  at  any  o f  four  
pos i t ions ,  Table  I), it is equ iva len t  to  the  threo 
conf igura t ion .  Thus ,  subs t ra t e  C shows b o t h  
effects  in t h a t  the  a m o u n t  of  t r i t i u m  in wa te r  is 
a lmos t  the  same as t ha t  der ived f r o m  the  threo 
subs t ra te ,  while  the  t r i t i um c o n t e n t  o f  the  oleic 
acid is more  similar to  t h a t  of  an  erythro sub- 
s trate.  

To summar ize  these  resul ts :  two  h y d r o g e n  
a t o m s  are re leased more  r ap id ly  t h a n  one  
h y d r o g e n  a t o m  and  one  t r i t i um a t o m ,  wh ich  in 
t u r n  are released more  rap id ly  t h a n  two  t r i t i um 
a t o m s  f rom the  D-9 and  D-10 pos i t ions  of  
s tearic  acid dur ing  desa tu ra t ion .  The  relat ive 
rates  o f  release are a p p r o x i m a t e l y :  
H H / H T / T T ,  3: 2:1.  

The  i so tope  ef fec t  also o p e r a t e d  w h e n  t he  
t r i t i a t ed  subs t ra tes  w e r e i n  the  f o r m  of  the  
s tea roy l -CoA th io l  esters,  and  also w h e n  the  
source  of  the  desa turase  was Chlorella vulgar&. 

Validity of the Assay 

The val id i ty  of  this  p r o c e d u r e  as an  assay for  
desa turase  depends  on  the  s t r ic t  p r o p o r t i o n a l i t y  
b e t w e e n  the  a m o u n t  of  t r i t i u m  released i n to  
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FIG. 2. The validity of the assay procedure over a wide range of conditions. The values for per cent 
conversion of [3H2] stearate into tritiated water are not corrected in any way in order to show than 
any substrate gives a linear relationship between tritium release and desaturation. 

water and the amount of oleic acid formed as 
measured by the conversion of [1-t4C] stearic 
acid into oleic acid. The data from a large 
number of experiments covering a wide range 
of conditions and three different tritiated sub- 
strates are plotted in Figure 2, as percentage 
conversion of stearate into oleate against per- 
centage of tritium from the substrate released 
into water, and demonstrate, in fact, that such 
a proportionality does exist. 

DISCUSSION 

The results presented in this paper can be 
discussed from two different viewpoints. First, 
there is the question of the validity of the 
assay. The procedure can only be a true 
measure of desaturation if the formation of 
tritiated water is strictly proportional to oleate 
formation over a wide range of different con- 
ditions, such as different enzyme preparations 
with widely differing activities, at different 

extents of reaction, and with different sub- 
strates. Figure 2 shows that this proportionality 
does exist over a wide range of different condi- 
tions. If the absolute value of  desaturase 
activity is required, each individual tritiated 
substrate must be calibrated against [14C] 
stearic acid. The isotope effect reduces the 
sensitivity of the assay but this can be mini- 
mized by using [threo-9,10-3H2] stearic acid 
(E) or the monotrit io substrate (C), having the 
substrate of high specific activity, and taking 
particular care to obtain low zero time control 
values. 

The other question concerns what these data 
can tell us about the mechanism of desatu- 
ration. Schroepfer and Bloch (7) made the four 
stereospecifically labeled 9- and 10-monotritio- 
stearic acids and showed that the 9- and 10-D 
tritium atoms were removed during desatu- 
ration, whereas the 9- and 10-L tritium atoms 
were not. They observed an isotope effect at 
the 9 position only and suggested that desatu- 
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r a t i on  p roceeded  by  a s tepwise  r em ova l  of  
h y d r o g e n ,  first  at t he  9 pos i t ion  as the  rate-  
l imi t ing  s tep,  t h e n  by  remova l  at  t he  10 
pos i t ion .  In  con t ras t ,  Morris  et  al. (8)  f o u n d  an  
i so tope  ef fec t  against  d e u t e r i u m  at  b o t h  
pos i t ions .  They  argued for  a m e c h a n i s m  in 
w h i c h  b o t h  h y d r o g e n s  were r e m o v e d  
s imul taneous ly .  With  the  p resen t  da ta ,  we still 
c a n n o t  d i s t inguish  b e t w e e n  a s tepwise  o r  a con-  
cer ted  mechan i sm.  However ,  t he  i so tope  ef fec t  
involved in the  removal  of  t he  two  t r i t i um  
a toms  at the  9 and  10 pos i t ions  was twice  t h a t  
for  the  r emova l  of  one  t r i t i um  at  e i the r  the  9 or  
10 pos i t ions  (Tab le  II) ,  i nd ica t ing  an  i so tope  
ef fec t  at b o t h  pos i t ions ,  t hus  conf i rming  the  
work  of  Morris  et  al. (8).  

The  appa ren t  K m values l is ted in Table  II 
ind ica te  t h a t  b ind ing  of  the  DD-erythro-ditritio 
subs t ra te  to  the  e n z y m e  is s t ronger  t h a n  t h a t  of  
the  threo-compound, which  in t u rn  is s t ronger  
t han  t ha t  of  [1-14C]  s tearate .  The  f i rmer  
b ind ing  of  t r i t i a t ed  subs t ra tes  could  resul t  in  an  
i nh ib i t i on  by  [9 ,10-3H2]  stearic  acid on  the  
desa tu ra t ion  of  [1-14C] s tear ic  acid. In  
add i t ion ,  the  h igher  the  p r o p o r t i o n  of  t r i t i a t ed  
species present ,  t he  s t ronger  t he  b ind ing  and  
the  s lower the  release o f  t r i t i um  in to  water .  
Cau t ion  mus t  be  exercised in i n t e r p r e t i ng  
r e s u l t s  of  any  double- labe l  e x p e r i m e n t s  
especial ly  w h e n  e i ther  o f  t h e  labeled a t o m s  i:s 
d i rec t ly  involved in the  r eac t ion  (15) .  
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Sterol Metabolism" XII. 26-Hydroxycholesterol in 
Commercial Cholesterol1 
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The University of Texas Medical Branch, Galveston, Texas 77550 

ABSTRACT 

Commercial  cholesterol of bovine 
brain and spinal cord origin has been care- 
fully examined for its 24- and 26- 
hydroxycholesterol content. By alternate 
adsorption chromatography and chro- 
m a t o g r a p h y  on  S e p h a d e x  LH-20 
26-hydroxycholesterol was isolated from 
this course in 15 #g/g amounts, whereas 
24-hydroxycholesterol was not observed. 

INTRODUCTION 

Our studies of trace level polar sterols in 
human tissue (1-3) suggest that specific trace 
sterols may accumulate in select tissues but not 
in others. Thus, human aortal tissue contains 
26-hydroxycholesterol as a major trace sterol 
(1,2,4,5), but human brain does not (3). 
Human brain contains the 24-hydroxycholes- 
terol cerebrosterol (3,6,7), but human aortal 
tissue is devoid of this sterol (1). The apparent 
differential accumulation of specific hydroxy- 
cholesterol derivatives in separate human tissues 
p r o m p t e d  us to reexamine the possible 
occurrence of the aortal sterol 26-hydroxy- 
choles tero l  in brain tissues where larger 
amounts of sterol were available for study. In 
the present report we demonstrate the presence 
of 26-hydroxycholesterol in bovine spinal cord 
and brain cholesterol to the extent of 15 pg/g. 

EXPERIMENTAL PROCEDURES 

Melting points were taken on a calibrated 
Kofler block under microscopic magnification. 
IR absorption spectra were recorded over the 
range 400-4000 cm-1 with a Perkin-Elmer 
Model 337 spectrophotometer equipped with a 
beam condenser. Samples were incorporated 
into 1.5 mm diameter potassium bromide disks 
prepared with a micro die. 

All solvents employed in chromatography 
were redistilled shortly before use. Adsorption 
chromatography was conducted on columns 
using silica gel (Baker Analyzed, reagent grade). 
P repa ra t ive  chromatography on Sephadex 
LH-10 (Pha rmac ia  Fine Chemicals Inc., 

lpaper XI of this series: J.E. van Lier and L.L. 
Smith, Steroids 15:485-503 (1970). 

U p p s a l a )  was conducted with methylene 
chloride in the manner described previously in 
detail (8). 

Thin Layer Chromatography 

Thin  layer chromatography (TLC) was 
conducted on 20 x 20 cm chromatoplates of 
Silica Gel HF254 0.25 mm thick (E. Merck 
GmbH., Darmstadt), irrigated chiefly with 
benzene-ethyl acetate (3:2) using techniques 
previously described (9). TLC mobility data are 
given in terms of cholesterol as a unit mobility. 
Preparative TLC was conducted on 20 x 20 and 
20 x 40 cm chromatoplates 1 and 2 mm thick 
of Silica Gel PF2s 4 irrigated with benzene- 
ethyl acetate (3:2). Sample application was by 
means of the Rodder Streaker (Rodder Instru- 
ment Co., Los Altos, Calif.). Steroids were 
routinely detected by their UV light absorption 
properties on the phosphor-coated chromato- 
plates and with 50% aqueous sulfuric acid as a 
spray. On heating, the sprayed chromatoplates 
displayed characteristic colors for the several 
sterols. 

Gas Chromatography 

Gas c h r o m a t o g r a p h i c  ana lyses  were 
conducted on 3% SE-30 and 3% QF-1 columns 
using Hewlett-Packard F and M Model 400 and 
402 gas chromatograms, as described previously 
in detail (10). Gas chromatographic mobility 
data are expressed as relative retention times 
(tR) with cholesterol as unit time. 

Cholesterol Samples 

A 1 kg batch of commercial cholesterol 
(Wilson Laboratories, Division of Wilson Phar- 
maceutical Corp., Chicago) of established age of 
five years after manufacture was recrystallized 
repeatedly from methanol to give crops of 
crystalline cholesterol free from autoxidation 
artifacts and companion sterols by TLC and gas 
chromatography (9,10). Each crop was re- 
crystallized from methanol and the methanol 
mother liquor added to the initial mother 
liquor. Concentration of the mother liquor 
under vacuum afforded additional crops of 
crystalline cholesterol free of artifacts. This 
process was continued until pure cholesterol 
could no longer be recovered. About 75% of 
the initial sample of cholesterol was recovered 
by this means. 
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Fractionation Procedures 

The methanol mother liquors were concen- 
trated under vacuum to yield a mobile oil con- 
taining a complex mixture of sterols. The 
mixed sterols were chromatographed on a 2.5 x 
50 cm column of silica gel prepared in benzene. 
Elution with 4 liters of benzene gave fractions 
containing cholesterol and cholesta-3,5-dien-7- 
one, together with other apolar autoxidation 
products. Elution with 2 liters of benzene-ethyl 
acetate (4:1) gave three fractions which were 
characterized: Fraction 1, mainly cholesterol 
with autoxidation products more mobile than 
25-hydroxycholesterol; Fraction 2, a sterol diol 
fraction containing 25-hydroxycholesterol and 
26-hydroxycholesterol; Fraction 3, sterols more 
polar than 25-hydroxycholesterol, including 
5a-cholestane-3~,5,6fl-triol and material which 
did not migrate in the usual TLC systems used 
for analysis. 

Fraction 1 contained some 25-hydroxycho- 
lesterol and was accordingly recrystallized from 
methanol to remove cholesterol, and the 
mother liquor was rechromatographed on silica 
gel with the same solvent systems initially used. 
The sterol diol Fraction 2 therefrom was 
pooled with the initial sterol diol Fraction 2 
and the pooled sterol diols were chromato- 
graphed on a 2.5 x 50 cm column of Sephadex 
LH-20 developed with methylene chloride (20 
ml  f r a c t i o n s  c o l l e c t e d  au tomat i ca l ly ) .  
25-Hydroxycholesterol was eluted in tubes 
25-50 (peak tube 35), and 26-hydroxycho- 
lesterol was eluted in tubes 45-60 (peak tube 
55). Tubes 25-45 were evaporated under 
vacuum and crystallized from ethyl acetate, 
yielding 1.6 g of 25-hydroxycholesterol, mp 
172-176 C, not depressed on admixture with 
a u t h e n t i c  25-hydroxycholesterol, variously 
r e p o r t e d  w i t h  mp 1 8 1 . 0 - 1 8 2 . 0 C  (1), 
181.5-182.5 C (11), 177-179 C (12), 179-180 C 
( 1 3 ) ,  175 -177  C (14) ,  178-180C (15), 
179-183 C (16), 177-178.5 C (17). In all cases 
the  25-hydroxycholes tero l  recovered was 
rigorously identified by IR absorption spectra, 
TLC and gas chromatography, and was shown 
to be free from other sterol diols by these 
means. 

Fractions 45-60 were combined and chro- 
matographed on three 2 mm thick chromato- 
plates of Silica Gel PF254 using benzene-ethyl 
acetate (3:2). The zone containing both 25- and 
26-hydroxycholes tero l ,  unresolved in this 
system, was scrapped from the plates and 
packed into a small glass column which was 
eluted with methanol-chloroform (1:2). The 
mixed sterol diols were rechromatographed on 
a 1 x 60 cm column of Sephadex LH-20 using 
methylene  chloride. 25-Hydroxycholesterol, 

eluted ahead of the 26-hydroxycholesterol 
band, did not significantly overlap the sought 
26-hydroxycholesterol fraction under these 
conditions. Recovery of the 26ohydroxycholes- 
terol and rechromatography on Sephadex 
LH-20, followed by TLC and recrystallization 
from hexane-diethyl ether afforded 15 mg of 
pu re  2 6 - h y d r o x y c h o l e s t e r o l ,  free from 
25-hydroxycholesterol or other demonstrable 
component,  mp 169-171 C, not depressed on 
admixture with authentic (25R)-26-hydroxy- 
c h o l e s t e r o l .  (2 5 R)- 2 6-Hydroxycholesterol 
derived from kryptogenin is reported with mp 
177-178 C (18,19); (25RS)-26-hydroxycholes- 
terol of synthesis origin is reported with mp 
168-173 C (20). Identity of the sample with the 
reference samples was further established by 
comparison of IR spectra (b KBr 3300, 1620, m a x  
1050 cm-1), by TLC (R C 0.49, magenta color 
with 50% sulfuric acid), and gas chromato- 
graphy (t R 3.24 on 3% QF-1, 2.26 on 3% 
SE-30) .  For comparison, chromatographic 
properties of 25-hydroxycholesterol are: R C 
0.57, purple-blue color; t R 2.38 on 3% QF-1, 
1.64 on 3% SE-30. 

Confirmation of these results was obtained 
with a second complex sterol diol fraction 
derived by us in other work from an extensively 
autoxidized batch of cholesterol (21). The 
sterol diol fraction was resolved by alternate 
chromatography on silica gel and Sephadex 
LH-20 by the same means as described above, 
y i e l d i n g  25- and  26-hydroxycholesterol, 
identified by comparison with the reference 
samples. The level of 26-hydroxycholesterol 
was the same for both cholesterol samples; 
however, the 25-hydroxycholesterol level was 
much higher in the extensively autoxidized 
batch (15 g/kg). 

DISCUSSION 

In these studies we have established that 
26-hydroxycholesterol is present in commercial 
cholesterol samples of bovine brain and spinal 
cord origin at the 15 gg/g level. In distinction 
we did not uncover evidence at any point for 
the presence of the 24-hydroxycholesterol 
cerebrosterol associated with human and equine 
b ra in .  However, the autoxidation artifact 
25-hydroxycholesterol, known to be formed 
readily from cholesterol in the solid state 
(9,14,22), was present at 1 0 0 - t o  1000-fold 
levels (1.6-15 mg/g) over that of 26-hydroxy- 
cholesterol. In our prior studies on human 
aortal tissue the 26-hydroxycholesterol levels 
exceeded those of 25-hydroxycholesterol (1), 
and we conclude that the elevated 25-hydroxy- 
cholesterol levels in the commercial cholesterol 
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samples  represen t s  a u t o x i d a t i o n  by  air over  
variable  per iods  of  t ime.  

In  o t h e r  s tudies  we have i so la ted  cho les te ro l  
2 5 - h y d r o p e r o x i d e  f rom choles te ro l  sub jec ted  to  
a u t o x i d a t i o n  in air (21) ,  and  we have more  
r ecen t ly  d e m o n s t r a t e d  t he  t h e r m a l  d e c o m p o -  
s i t ion of  cho les te ro l  2 5 - h y d r o p e r o x i d e  to  give, 
a m o n g  o t h e r  s teroids,  2 5 - h y d r o x y c h o l e s t e r o l  
(23) .  The  s ta tus  of  2 5 - h y d r o x y c h o l e s t e r o l  as an  
ar t i fac t  of  air ox ida t i on  of  cho les te ro l  is n o w  
fully es tabl ished.  

The  cases of  the  2 4 - h y d r o x y c h o l e s t e r o l  of  
h u m a n  and  equ ine  bra in  and  the  26 -hydroxy-  
cho les te ro l  of  the  h u m a n  aor ta  suggest t h a t  
ne i t he r  be  of  a r t i fac t  na tu re ,  b u t  t h a t  b o t h  be 
der ived f r o m  a m e t a b o l i c  origin.  The  b ra in  
s terol  appears  to  be  a s t e reochemica l ly  pure  
2 4 - h y d r o x y c h o l e s t e r o l  (7)  to  wh ich  a 24flF 
(24S) -conf igu ra t ion  has b e e n  assigned (24) .  
Accord ing ly ,  an enzym i c  origin is ind ica ted .  

Conf igu ra t ion  ass ignments  have n o t  b e e n  
made  for  the  2 6 - h y d r o x y c h o l e s t e r o l  samples  
der ived f rom h u m a n  aor ta l  t issue or f r o m  
bov ine  bra in  and  spinal  cord.  The  bov ine  
2 6 - h y d r o x y c h o l e s t e r o l  sample  me l t ed  sharp ly  
at  169-171 C in d i s t inc t ion  to  the  h u m a n  aor ta l  
sample w h i c h  me l t ed  at  1 7 2 . 5 - 1 7 4 . 0 C  (1).  
B o t h  samples  mel t  be low the  (25R)-26-  
h y d r o x y c h o l e s t e r o l  (m p  1 7 7 - 1 7 8 C )  derived 
f rom k r y p t o g e n i n  (18)  and  more  near ly  cor- 
r e s p o n d  i n  m e l t i n g  b e h a v i o r  t o  t h e  
( 2 5 R S ) - 2 6 - h y d r o x y c h o l e s t e r o l  ( m p  168-173 C) 
p r e p a r e d  b y  s y n t h e s i s  ( 2 0 ) .  However ,  
( 2 5 S ) - 2 6 - h y d r o x y c h o l e s t e r o l  has  no t  been  
descr ibed,  and  mel t ing  behav io r  c a n n o t  be  con-  
f iden t ly  for  a ss ignment  of  con f igu ra t ion  in i ts 
absence.  A l t h o u g h  conf igura t iona l  pu r i t y  can- 
no t  be ut i l ized in this  ins t ance  in s uppo r t  of  a 
p robab l e  e n z y m e  origin for  t issue 26 - hyd r oxy -  
choles tero l ,  we regard  t he  s terol  as be ing  
e n z y m a t i c a l l y  derived and  have p resen ted  
a rgumen t s  on  the  m a t t e r  previously  (1 ,3) .  

26 -Hydroxycho le s t e ro l  levels in  t he  h u m a n  
aor t a  averaged 1.9 mg/g  choles te ro l  (range 
0.24-4.7 mg/g)  (1) ,  and  ou r  la te r  m e a s u r e m e n t s  
gave average in t ima l  levels of  1.52 mg/g (range 
0 .094-7 .6  mg/g)  and  average media l  levels of  
7.5 mg/g  (range 0 .15-83.5  mg/g)  (2) .  These  
levels thus  display a 100- to  500-fo ld  increase  
over  t h a t  in bov ine  bra in  (15 #g/g) .  In our  
previous  e x a m i n a t i o n  of  h u m a n  bra in  we esti- 
m a t e d  t ha t  2 6 - h y d r o x y c h o l e s t e r o l  was n o t  
p resen t  at levels above  0.1-I  pg /who le  h u m a n  
bra in  (1). 

Species d i f ferences  also o b t a i n  in the  distri-  
b u t i o n  of  2 4 - h y d r o x y c h o l e s t e r o l  f o u n d  in 
h u m a n  (3 ,6 ,7 ,25)  and  equ ine  (7 ,14 ,26)  bra in ,  
bu t  no t  in bov ine  or porc ine  bra in  (6 ,7 ,26) .  F o r  
compar i son  the  abso lu te  levels of  24 -hydroxy-  

cho les te ro l  are r e p o r t e d  as 16 / /g /g  f resh h u m a n  
bra in  (6) ,  11 //g/g f resh  equ ine  b ra in  (25 ,26) ,  
and  0.4-0.8 mg/g  to ta l  equ ine  bra in  sterols  
(14 ,25) ,  a figure sl ightly lower  t h a n  the  level of  
2 6 - h y d r o x y c h o l e s t e r o l  in the  h u m a n  aor ta  bu t  
of  the  same order  of  magn i tude .  
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Dietary Regulation of Phosphatidic Acid Synthesis From 
Dihydroxyacetone Phosphate and Fatty Acid by 
Rat Liver Microsomes 1 
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ABSTRACT 

P h o s p h a t i d i c  acid synthesis from 
d i h y d r o x y a c e t o n e  p h o s p h a t e  and  
1-14C-palmitate was studied in liver 
microsomes of rats maintained on a stock 
diet (5% fat), fasted for three days after 
being fed the stock diet, or given a high 
fat diet (15% fat) or a fat free diet for a 
week after being fed the stock diet. The 
amounts of phosphatidic acid synthesized 
per minute per milligram of microsomal 
protein in rats ingesting a stock diet or a 
fat free diet were at least twice the levels 
observed in rats either fasting or main- 
tained on a high fat diet. Following 
fasting, realimentation with either a fat 
free or high fat diet returned the micro- 
somal capacity for phosphatidic acid 
synthesis to approximately the same 
leve l ,  w h i c h  was higher than that 
observed in rats maintained on a stock 
diet. Analogous results were observed 
when glyceraldehyde 3-phosphate was 
used as the glyceride-glycerol precursor, 
probably because microsomes convert 
glyceraldehyde 3-phosphate to dihydroxy- 
acetone phosphate. These studies demon- 
strate that phosphatidic acid synthesis 
from dihydroxyacetone phosphate by par- 
ticulate enzymes is influenced by diet. 

INTRODUCTION 

In recent years, numerous investigations 
have demonstrated the regulation of lipogenesis 
by dietary manipulations. These have involved 
mainly the several systems concerned with the 
biosynthesis of fatty acids. In spite of our 
detailed knowledge of the pathway for the 
synthesis of fatty acids, many of the com- 
plexities inherent in its metabolic control still 
remain to be elucidated (1). However, the 
activities of several of the soluble enzymes asso- 
ciated with fatty acid synthesis such as gluco- 
kinase (2), glucose 6-phosphate dehydrogenase 
(3,4), citrate cleavage enzyme (5,6), acetyl-CoA 

1presented at the ISF-AOCS Meeting, September 
1970. 

carboxylase (7,8) and fat'ty acid synthetase 
(3,9,10) have been shown to be reduced in 
mammalian liver when an animal is fasted. Sub- 
sequent feeding restores the activities of these 
enzymes to normal levels. In some cases where 
the animal is refed a fat free diet, these levels 
even exceed the normal (3,11). Recent studies 
using purified enzyme preparations have shown 
an adaptive synthesis of fatty acid synthetase 
(12) and independent factors regulating the 
rates of synthesis and degradation of acetyl- 
CoA carboxylase (13). 

Our knowledge of the dietary adaptation of 
the  particulate enzymic activities for the 
incorporation of fatty acids into glycerides is 
sparse. The results of our experiments demon- 
strate that the microsomal conversion of di- 
hydroxyacetone phosphate (DHAP) to phos- 
phatidic acid is subject to dietary regulation. 

MATERIALS AND METHODS 
The dimethyl ketal of dihydroxyacetone 

phosphate and the dimethyl acetal of DL-gly- 
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FIG. 1. Effect of varying cofactor and substrate 
concentrations on phosphatidic acid synthesis from 
DHAP (e) or DL-GAP (u) by washed rat liver micro- 
somes. The standard incubation mixture, with 
methods of isolation and quantitation, have been pre- 
viously described (16). Thirty min incubations were 
performed using 1-2 mg microsomal protein. The con- 
centrations of ATP, CoASH, NADH, palmitate or 
triose phosphates were varied, keeping the remaining 
constituents constant, as indicated in the graphs. Dif- 
ferent microsomal preparations were used for each ex- 
periment. 
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FIG. 2. See legend for Figure 1. 

ceraldehyde 3-phosphate were purchased from 
Sigma Chemical Co. The free carbonyl com- 
pounds were regenerated by hydrolysis with 
Dowex 50-X4,H + and converted to their potas- 
sium salts using KHCO3. 1-14C-Palmitate from 
Volk Radiochemical Co. was used after purifi- 
cation (~99%) by thin layer chromatography. 
P h o s p h a t i d i c  acid used as standard was 
obtained from Pierce Chemical Co. 

Male rats (Cheek-Jones) weighing 150-200 g 
were maintained on a stock ration (Purina Rat 
Chow, 5% fat), or a fat free diet (Nutritional 
Biochemicals), or a 15% fat diet (fat free diet 
plus safflower oil) for a week. Rat livers were 
removed immediately after killing the animals, 
and washed in ice cold 0.25 M sucrose. All sub- 
sequent operations were carried out at 0-5 C. 
Liver homogenates were prepared in 2 vol of 
0.25 M sucrose using a loose fitting Potter 
Elvehjem homogenizer. The homogenate was 
centrifuged at 1,000 x g for 15 min and the 
pellet of whole cells, nuclei and cell debris was 
discarded. The 1,000 x g supernatant was cen- 
trifuged at 15,000 x g for 15 min to remove the 
mitochondria and lysosomes. The supernatant 
was siphoned carefully so as not to disturb the 
pellet, leaving 2-3 ml supernatant above it. The 
supernatant was then centrifuged at 104,000 x 
g for an hour. The microsomal pellet was sus- 
pended in 0.25 M sucrose in a volume cor- 
responding to that of the original homogenate 
and centrifuged at 104,000 x g for 1 hr. Washed 
microsomes were suspended in a volume of 
0.25 M sucrose corresponding to one half the 
volume of the original homogenate. 

Incubations were carried out as described in 
the tables and terminated by adding 5 ml chlo- 
roform-methanol (2:1 v/v). After acidification 
with 0.2 ml 2N HC1, glycerides and phosphogly- 
cerides were isolated and quantitated by proce- 
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FIG. 3. See legend for Figure 1. 

dures described by Johnston et al. (14). Protein 
determinations were carried out as described by 
Lowry et al. (15). 

RESULTS AND DISCUSSION 

Optimal Conditions for Phosphatidic Acid 
Synthesis From Triose Phosphates 

Previous studies have shown that washed rat 
liver microsomes convert DHAP or glyceralde- 
hyde 3-phosphate (GAP) to phosphatidic acid 
in the presence of fatty acid, ATP, CoASH and 
NADH (16). Several preliminary investigations 
were carried out to establish the optimum con- 

100. 
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FIG. 4. Effect of microsomal protein and time of 
incubation on the synthesis of phosphatidic acid from 
triose phosphates (DHAP e; DL-GAP m). Conditions 
for incubation with methods of isolation and quantita- 
tion, are those previously described (16). Incubations 
were performed for 30 min varying the microsomal 
protein or keeping the microsomal protein constant at 
1.2 mg with varying time intervals. Different micro- 
somal preparations were used for each experiment. 
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TABLE I 

Phosphatidic Acid Synthesis From 
Triose Phosphate by Hepatic 

Microsomes of Rats Under 
Different Dietary Conditions, 

Ad Lib a 

Glyceride-glycerol 
precursor b, mean + st dev 

Dietary status DHAP DL-GAP 

Fasting 0.72 -I- 0.22 0.54 + 0.25 
15% Fat diet 0.86 +0.18 0.42 ---0.21 
Stock diet 1.39 -I-0.21 1.11 ---0.26 
Fat free diet 2.15 +0.58 1.91 +0.36 

aA group of rats was fasted for three days with free 
access to water. Another group which had been fed a 
stock diet was maintained for a week on a 15% fat 
diet. Yet another group fed a stock diet was main- 
tained for a week on a fat free diet. There were six rats 
in each group. The reaction mixture contained 
potassium phosphate buffer (pH 7.4, 133 raM), ATP 
(1.3 raM), CoASH (0.06 mM), NADH (1.3 mM), GSH 
(3.3 mM), KF (4 mM), MgCI 2 (3.3 mM), DHAP (2.5 
raM) or DL-GAP (5 mM), potassium-l-14C-palmitate 
(0.3 mM), crystalline bovine plasma albumin (3 rag) 
and washed rat liver microsomes (1-1.2 rag) in a total 
volume of 1.5 ml. The reaction was terminated by the 
addition of 5 ml chloroform-methanol (2:1 v/v) after 
30 min at 37 C in a Dubnoff shaker. Lipids were iso- 
lated and quantitated as described earlier (14). The 
nmoles of phosphatidic acid synthesized include this 
lipid observed at the end of the incubation period as 
well as that converted to di- and triglyceride. 

bNmoles of phosphatidic acid synthesized per 
minute per milligram. 

cen t r a t i ons  of  cofac tors  and  subs t ra tes  for  eval- 
ua t ion  of the  mic rosomal  act ivi t ies  for  the  
synthes is  of  p h o s p h a t i d i c  acid f r o m  tr iose 
phospha tes .  The  resul ts  of  these  s tudies  are 
summar ized  in Figures  1 - 4 .  Phos pha t i d i c  
acid synthes is  is d e p e n d e n t  on  the  presence  of  
ATP,  CoASH,  NADH and t r iose  p h o s p h a t e s  
since the  exc lus ion  f rom the  i n c u b a t i o n  mix-  
ture  of any  one  of  these  resul ted  in meager  
synthesis .  O p t i m u m  synthes is  of  phos pha t i d i c  
acid was ob t a ined  wi th  ATP (1.3 mM),  CoASH 
(0 .06  raM), NADH (1.3 mM) and pa lmi ta t e  (0.3 
m M ) .  W i t h  similar c o n c e n t r a t i o n s ,  DHAP 
yie lded s ignif icant ly  h igher  a m o u n t s  of  phos-  
pha t id ic  acid t h a n  DL-GAP p re sumab ly  because  
on ly  D-GAP is ut i l ized for  this  process.  How- 
ever, even w h e n  DL-GAP was used in twice  the  
molar  c o n c e n t r a t i o n ,  it p roduced  less phospha -  
t idic  acid t h a n  DHAP.  This  m ay  be because  
DHAP is the  d i rec t  acyl accep to r  and  GAP mus t  
be conve r t ed  to  DHAP by  the  m i c r o s o m a l  
t r iose p h o s p h a t e  i somerase  pr ior  to  glyceride 
synthes is  (16) .  Phospha t i d i c  acid synthes is  was 
p r o p o r t i o n a l  to  the  c o n c e n t r a t i o n  of  micro-  
somal  p ro te in  over a wide range.  I t  increased  in 
a fair ly l inear  m a n n e r  dur ing  a 60 min  incu-  

b a t i o n  per iod.  With  large a m o u n t s  of  micro-  
soma1 p ro t e in ,  the  presence  of  a l bumin  in the  
r eac t ion  mix tu r e  did no t  exh ib i t  any  ef fec t  on  
phospha t i d i c  acid synthesis .  In  i ts absence ,  
p re sumab ly  due to  the  de s t ruc t i on  of  the  
enzymic  act iv i ty  by  the  de te rgen t  ac t ion  of  
po ta s s ium pa lmi ta te ,  meager  and  varied syn- 
thesis  was observed  w i th  a small  a m o u n t  of  
mic rosoma l  p ro te in .  However ,  its p resence  in 
the  r eac t ion  mix tu r e  w i th  r educed  a m o u n t s  of  
m i c r o s o m a l  p r o t e i n  y ie lded rep roduc ib le  
synthesis .  

Effect of Dietary Status on the Conversion 
of Triose Phosphates to Phosphatidic Acid 
by Hepatic Microsomes 

The  a m o u n t  of  phospha t i d i c  acid syn the -  
sized f rom tr iose p h o s p h a t e s  per  m i n u t e  per  
mil l igram of  mic rosoma l  p ro te in  of  livers of ra ts  
fas ted for  three  days, fed a 15% fat  or  a fat  free 
diet  for  one  week,  or a s tock  diet ,  are given in 
Table  I. The  a m o u n t  of  phospha t i d i c  acid 
p roduced  was least  w i th  mic rosomes  f rom 
fas ted  rats  and  those  fed a 15% fat  diet .  A b o u t  
twice  t ha t  a m o u n t  of the  l ipid was p roduced  
w h e n  mic rosomes  f rom livers of  ra ts  fed a s tock  
diet  were used. Even h igher  a m o u n t s  of  phos-  
pha t id ic  acid per  m i n u t e  per  mil l igram of  
mic rosoma l  p ro t e in  were p r o d u c e d  w h e n  livers 
of  rats  fed a fa t  free diet  were employed .  Theo-  
re t ical ly ,  a lower  ra te  of  convers ion  of  f a t t y  
acid to acyl-CoA derivat ives by  hepa t i c  micro-  
somes of  fasted rats  or those  fed a 15% fat  diet  
could accoun t  for r educed  phospha t i d i c  acid 
synthesis .  However ,  th is  is no t  the  case since 
w h e n  glycerol  3 -phospha t e  (GP) was used as the  
acyl acceptor ,  similar a m o u n t s  of  p h o s p h a t i d i c  
acid were syn thes ized  per  m i n u t e  per  mil l igram 
of  mic rosomal  p ro t e in  of  livers of  fasted,  15% 
fat  fed,  and s tock diet  fed ra ts  ( u n p u b l i s h e d  
data) .  

E n h a n c e d  hepa t i c  acyl-CoA syn the ta se  (17)  
and  elevated levels of  long chain  acyl-CoA 
derivat ives in liver ( 1 8 , 1 9 ) h a v e  been  observed 
as a resul t  of  fasting. Thus  the  low level o fphos -  
pha t id ic  acid synthes is  in livers of  fas t ing ani- 
mals c a n n o t  be due  to the  l imi t a t ion  in 
a m o u n t s  of  e i ther  acyl-CoA derivat ives  or the  
enzyme  wh ich  p roduces  t hem.  Hence,  the  
decreased enzymic  act ivi ty  for  the  convers ion  
of  t r iose  p h o s p h a t e s  to  phospha f id i c  acid r a the r  
t h a n  t ha t  for  the  ac t iva t ion  of  f a t t y  acid mus t  
be respons ib le  for  the  observed  d i m i n u t i o n  in 
the  synthes is  of  this  l ipid by  the  liver micro-  
somes of  these  animals .  

Previous  inves t igat ions  have s h o w n  t h a t  the  
DNA c o n t e n t  of  liver is no t  a l te red  by  fas t ing 
an an imal  (20-22) .  This  cons t an t  DNA c o n t e n t  
of  cells would  indica te  t ha t  the  n u m b e r  of  cells 
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TABLE II 

Phosphatidic Acid Synthesis From Triose Phosphate by 
Hepatic Microsomes Following Refeeding After Fasting a 

91 

Glyceride-glycerol precursor b, 
mean 4" st dev 

Dietary status Number of animals DHAP DL-GAP 

Fasting 6 0.72 + 0.22 0,54 - 0.25 
Fat free diet 5 2.65 +0.56 2.05 4"0.75 
15% Fat diet 6 2.51 4"0.38 1.76 +0.40 

aRats were fasted for three days with free access to water. Two groups of fasted rats 
were fed either a fat free diet or a 15% fat diet for three days before killing to determine the 
hepatic microsomal capacity for producing phosphatidic acid from triose phosphates. The 
reaction mixture contained potassium phosphate buffer (pH 7.4, 133 mM), ATP (1.3 mM), 
CoASH (0.06 raM), NADH (1.3 mM), GSH (3.3 mM), KF (4 mM), MgC12 (3.3 mM), DHAP 
(2.5 mM) or DL-GAP (5 mM), potassium-l-14C-palmitate (0.3 mM), crystalline bovine 
plasma albumin (3 mg) and washed rat liver microsomes (1-1.2 mg) in a total volume of 1.5 
ml. The reaction was terminated by the addition of 5 ml chloroform-methanol (2:1 v/v) 
after 30 min at 37 C in a Dubnoff shaker. Lipids were isolated and quantitated as described 
earlier (14). The nmoles of phosphatidic acid synthesized include this lipid observed at the 
end of the incubation period as well as that converted to di- and triglyceride. 

bNmoles of phosphatidic acid synthesized per minute, per milligram of microsomal 
protein. 

in the  fiver is also no t  a f fec ted .  However ,  a 
40-50% decrease in the  weight  of  liver was 
observed in ra ts  a f te r  fast ing th ree  days as com- 
pared  to  those  fed a s tock  ra t ion .  F u r t h e r m o r e ,  
a similar decrease  in t he  mic rosomal  p ro t e in  
was also observed.  This would  be  expec t ed  
since the  hal f  life of m i c r o s o m a l  p ro t e in  has  
been  r epo r t ed  to be a b o u t  th ree  days (23 ,24) .  
Since the  a m o u n t  of  phosp l ia t id ic  acid syn the -  
sized f rom tr iose p h o s p h a t e s  per  mil l igram of  
mic rosoma l  p ro t e in  is also r educed  by  hal f  in 
fas t ing rats  as compared  to those  on  a s tock  
diet ,  it is appa ren t  t h a t  the  liver cell in the  fed 
an imal  is at least  four  t imes  as active as t h a t  in 
the  fasting. In add i t ion ,  these  resul ts  would  sug- 
gest t ha t  the  ra te  of  deg rada t ion  of  the  rate-  
l imi t ing  e n z y m e  for p h o s p h a t i d i c  acid synthes is  
f rom tr iose p h o s p h a t e  dur ing  the  course  of  
fas t ing may  be  at least twice  t h a t  of  the  to ta l  
mic rosomal  pro te ins .  

Subsequen t  to  fast ing,  r e a l i m e n t a t i o n  w i th  
e i ther  a fat  free diet  or a 15% fat  die t  for  th ree  
days  exh ib i t ed  similar effects .  These  resul ts  are 
given in Table  II. Phos pha t i d i c  acid syn thes ized  
per  m i n u t e  per  mil l igram of  mic rosoma l  p ro t e in  
increased at least  three- fo ld .  Since the  weight  of  
t h e  liver and  to t a l  m ic rosoma l  p r o t e i n  is 
increased af te r  refeeding,  the  liver cells are 
syn thes iz ing  these  p ro te ins  at  a rapid  rate .  
A p p a r e n t l y  15% fat in the  diet  does no t  af fec t  
the  ra te  of  synthes is  of  the  enzym es  involved  in 
phospha t i d i c  acid synthes is  f rom t r iose  phos-  
pha tes  and  f a t t y  acid. Since a r e d u c t i o n  of  
capaci ty  of  the  mic rosomes  to fas t ing level was 
observed  af ter  a week  on  this  diet  (Table  I) the  
fat  may  in some m a n n e r  enhance  the  ra te  of  

deg rada t ion  of  the  ra te- l imi t ing  e n z y m e  in this  
process.  

Several steps are involved in the  b iosyn thes i s  
of  phospha t i d i c  acid f r o m  DHAP and f a t t y  
acids. These  consis t  of  the  ac t iva t ion  of  f a t ty  
acid,  acy la t ion  of DHAP,  r e d u c t i o n  of  acyl- 
DHAP and  acy la t ion  of  l y sophospha t id i c  acid 
(25-27) .  The  act iv i ty  of  one  or all of  the  
enzymes  involved in the  sequence  may  be  
respons ib le  for  the  d ie tary  response  to  l ipid 
synthes is  by  microsomes .  An  eva lua t ion  of  the  
indiv idual  enzyme  act ivi t ies  would  be  requ i red  
to  p i n p o i n t  the  regu la tory  step in the  sequence.  
However ,  some possibi l i t ies  exist  wh ich  offer  a 
he lpfu l  guide for  fu tu re  invest igat ions .  Previous  
e x p e r i m e n t s  w i th  ra t  liver (16)  or h a m s t e r  
in tes t ina l  mucosa  (28)  have s h o w n  t h a t  unless  
acyI-DHAP reduc tase  is f unc t iona l ,  as w h e n  
r e d u c e d  p y r i d i n e  nuc leo t ide  is available,  
acy la t ion  of DHAP occurs  to  on ly  a small  
ex ten t .  This  would  suggest t h a t  acyl -DHAP 
reduc tase  may  be  of  r egu la to ry  i m p o r t a n c e  in 
the  synthes is  of  phospha t i d i c  acid f rom tr iose 
phospha tes .  This  is the  on ly  e n z y m e  t h a t  is no t  
needed  for  p h o s p h a t i d i c  acid synthes is  by  the  
G P  pa thway .  The  o the r  enzymes ,  name ly  
glycerol  3 -phospha te  acyl t ransferase  and  lyso- 
p h o s p h a t i d a t e  acyl t ransferase  may  be shared by  
e i ther  the  GP or DHAP pa thways .  These  acyl- 
t ransferases  may  no t  be subjec t  to  d ie ta ry  
regu la t ion  since similar  a m o u n t s  of  phospha -  
t idic  acid per  m i n u t e  per  mil l igram of  micro-  
somal  p ro te in  f rom livers of  fast ing rats  and  
those  fed a s tock  diet were o b t a i n e d  w h e n  GP 
was used as the  glyceride-glycerol  p recursor  
( u n p u b l i s h e d  data) .  
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A determination of the acyl-DHAP reductase 
ac t iv i ty  of microsomes has been difficult 
because of several factors. As shown earlier 
with guinea pig liver microsomes (26), rat liver 
microsomes also do not reduce the added acyl- 
DHAP to  lysophosphat id ic  acid (16). In 
addition, acyl-DHAP is cleaved to acyl-DHA, 
DHAP and fat ty acid by microsomal hydrolases 
(16). It is likely that the acyl-DHAP reductase 
utilizes the membrane-bound biosynthesized 
compound as substrate rather than that added 
as an aqueous suspension, as has been observed 
with the several other enzymes involved in lipid 
metabolism (14,29,30). 

N u m e r o u s  i n v e s t i g a t o r s  have reported 
dietary modulation in the systems of fat ty acid 
synthesis in the soluble fraction of liver cells. 
The data presented in this paper suggest the 
possibility of similar changes in the hepatic 
microsomal capacity to convert fat ty acid and 
triose phosphates to phosphatidic acid. It can 
be c o n c l u d e d  tha t  concomitant  adaptive 
changes in both the soluble and particulate 
fractions of the cell for the synthesis of fat ty 
acid and its conversion to glyceride are involved 
in the dietary regulation of lipogenesis. 
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Glycerides of Limnanthes dougL~sii Seed Oil 
BRUCE E. PHILLIPS, 1 C.R. SMITH,JR. and W.H. TALLENT,  
Northern Regional Research Laboratory,2 Peoria, Illinois 61604 

ABSTRACT 

Brockerhof f - type  procedures were 
used to determine the amounts of each 
acyl group at each glyceride position of 
Limnanthes douglasii seed oil. During the 
course of the analyses, small quantities of 
three acids isomeric with those previously 
found in the oil were identified by their 
ozonolysis products and their gas-liquid 
chromatographic (GLC) behavior. The 
newly discovered constituents of the oil 
were 3-octadecenoic acid (0.1%), 5-octa- 
decenoic acid (0.9%) and 11-eicosenoic 
acid (3%). The saturated acids and those 
with co-9-unsaturation are esterified most 
often to fl-glyceride positions in Lim- 
nanthes seed, while the acids with A5-un- 
saturation occur generally at the outer 
glyceride positions. Although the A5-un- 
saturated acids as a group exhibited no 
obvious preference for one outer position 
over the other, individual acids were 
unequally distributed between the I- and 
3-sn-glycerol positions. The probabilities 
of occurrence of the various triglycerides 
were calculated from the stereospecific 
analysis data by assuming a l-random,2- 
random,3-random distribution of the acyl 
groups. The calculations are in agreement 
with the composition of the whole oil, as 
determined by GLC. 

I NTRODUCTION 

More than 90% of the acyl groups in Lim- 
nanthes douglasii seed oil are represented by 
four entities, namely, eis-5-eicosenoate, eis-5- 
docosenoate, cis-13-docosenoate and eis-5,cis- 
13-docosadienoate (1-3). The remainder of the 
oil is composed of the common acyl groups, 
such as palmitate, stearate, oleate, linoleate, 
linolenate and small amounts of several other 
acyl moieties. Three minor acids, which are iso- 
meric with the previously described acids, have 
now been identified by gas liquid chromato- 
graphy (GLC) and by their ozonolysis products. 

Although a host of oils have been hydro- 
lyzed with pancreatic lipase to determine the 
acids esterified to their a- and /3-glyceride 

1 Postdoctoral Research Associate 1968-1970. 
2No. Utiliz. Res. Dev. Div., ARS, USDA. 

positions, only a few triglycerides of natural 
origin have been subjected to a complete stereo- 
specific analysis (4-13). The more common acyl 
groups in these oils are distributed among all 
three glyceride positions with oleate and lin- 
oleate esterified most frequently to/3-glyceride 
positions. In some of the oils, which have 
unusual acyl groups, the exceptional acylate has 
been at only one glyceride position. The 
estolide groups of Sapium sebriferum (10), the 
acetates of Euonymus verrueosus (11) and of 
Impatiens edgeworthii (12), and the butyrate 
and hexanoate of two mammalian milk fats (8) 
are esterified exclusively to the 3-sn-glycerol 
hydroxyl (14). On the other hand, the tri- 
hydroxyoctadecenoates of Chamaepeuee afra 
(15) are attached exclusively to /3-glyceride 
positions. 

A program has been underway at the 
Northern Laboratory for several years to 
identify new and potentially useful fatty acids in 
seed oils (16). One of the seed oils investigated, 
which contains potentially useful and unusual 
acyl groups, is that of L. douglasii (1-3,17,18). 
The nonstereospecific intraglyceride distri- 
bution of a number of these new acids has been 
reported (19-22). With the advent of suitable 
procedures for stereospecific analyses, the 
research reported in this paper seemed a logical 
extension of the earlier work. Brockerhoff's 
(23,24) procedures, as modified by Christie and 
Moore (4), were used to acquire stereospecific 
data for the giycerides of L. douglasii seed oil. 
That is, the triglycerides were reacted with 
ethyl magnesium bromide to generate digly- 
cefides, which were converted to phosphatidyl 
phenols. The latter were treated with the phos- 
pholipases of cobra venom. Only acyl groups 
bonded to the 2-position of the 1,2-diacyl-3- 
phenylphosphoryl-sn-glycerols (25) or to the 
1 -pos i t ion  of the 1,3-diacyl-2-phenylphos- 
phoryl-sn-glycerols (26) are cleaved by phos- 
pholipase A (E.C. 3.1.1.4) of the venom. 

EXPERIMENTAL PROCEDURES 

General 

Freshly ground L. douglasii seed was steeped 
twice in petroleum ether (bp 40-60 C) for 24 
hr. Evaporation of the solvent with a stream of 
nitrogen on a warm water bath left a green oil 
in amounts approximating 30% of the seed 
(18). Column chromatography of the crude oil 
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TABLE I 

Analysis of Limnanthes douglasii Seed Oil 

Adjustment Glyceride Calculated 
CN of glycerides GLC response factors a composition b composition c 

52 0.7 0.9 0.3 2 X 10 -3 
54 1.9 1.00 1.0 3 X 10 -2 
56 4.0 1.06 2.3 0.6 
58 8.8 1.12 5.1 3.9 
60 34.5 1.44 25.1 25.8 
62 38.7 2.32 44.0 43.3 
64 10.8 3.99 20.5 22.1 
66 0.5 6.57 1.5 3.3 

aFrom a mixture containing known amounts of tristearin, triarachidin and tribehenin, 
adjustment factors for carbon numbers (CN) 60 and 66 were experimentally determined 
relative to CN 54 (1.00).The other factors were interpolated from a best fit curve drawn 
through these three data points. 

bThe peak areas were multiplied by the appropriate factors and the resulting "adjusted 
instrument response" used to compute the mole per cent of the glycerides by CN. 

CThe CN composition calculated for L. douglasii seed oil from a l-random,2-random,3- 
random (13) combination of the fatty acids found esterified to each of the glyceride 
hydroxyls. 

on  CAB-Absorbos i l  w i th  mix tu re s  of  hexane-  
e thy l  e the r  ( 1 0 0 : 0  to 9 0 : 1 0 ,  v/v)  r em oved  mos t  
of  the  color  f r o m  the  oil. 

Methy l  esters were p repa red  by  re f lux ing  the  
original  oil, or the  f a t t y  acids or  par t ia l  glycer- 
ides f rom the  various e n z y m a t i c  p rocedures ,  in 
200  vol of  1 N m e t h a n o l i c  sulfuric  acid for  90  
to  150 rain.  The  resu l t ing  esters  were recovered  
by  d i lu t ing  the  a lcohol ic  so lu t ions  w i th  salt 
wa te r  and  t h e n  ex t r ac t ing  the  aqueous  phase  
several t imes  w i th  dist i l led hexane .  The  ester  
so lu t ion  was dried over  L inde  molecu la r  sieves, 
3A, before  evapora t ing  the  solvent  wi th  n i t ro -  
gen. 

Analytical GLC Procedures 

Stainless steel  co lumns ,  1 m m  (i .d.)  X 3 m or  
a 1 m m  (i.d.) X 6 m, packed  w i th  1 0 0 / 1 2 0  
mesh  C h r o m o s o r b  W-AWDMCS coa ted  w i th  
L A C - 2 R - 4 4 6  ( 3 % )  and  t h e r m o s t a t e d  at  
1 8 0 - 1 9 0 C  in a Hewle t t -Packard  5750  chro-  
m a t o g r a p h  w i th  a f lame ion i za t i on  de t ec to r ,  
served for  ester  analyses.  C o n f i r m a t o r y  analyses  
were by  GLC on  a 1 m m  (i.d.) X 3 m stainless 
steel co lumn  packed  wi th  100 / !  20 mesh  Chro-  
m o s o r b  W-AWDMCS coa ted  w i th  A p i ezon  L 
(5%) at 200  C. A 1 m m  (i .d.)  X 60 cm c o l u m n  
of  OV-1 (3%) o n  1 0 0 / 1 2 0  mesh  Gas -Chrom Q, 
p r o g r a m m e d  f rom 200 to  390  C at 4 C /min ,  
was used for  ana lyz ing  in t ac t  glycerides.  The  
c o l u m n  wh ich  e x t e n d e d  i n to  the  in j ec t ion  po r t  
made  it possible  to  in jec t  the  samples  d i rec t ly  
on  the  co lumn.  The  in jec t ion  po r t  t e m p e r a t u r e ,  
while  310  to 330  C at  the  beg inn ing  of  a gly- 
ceride analysis,  increased to  370  to 380  C near  
the  end  of  the  t e m p e r a t u r e  p rog ramming .  

Peak areas were measu red  w i th  an  Info-  

t ron ics  in t eg ra to r  and  were assumed to  be 
p r o p o r t i o n a l  to  the  masses of  the  respect ive  
c o m p o u n d s ,  excep t  for  the  glycer ide peaks,  
wh ich  were ad jus ted  as fol lows:  The  i n s t r u m e n t  
response  to  a m ix tu r e  of  t r i s tear in ,  t r i a rach id in  
and  t r i b e h e n i n  ( 1 . 0 4 : 1 . 0 0 : 1 . 0 3 )  was measu red  
and  a d j u s t m e n t  fac tors  were calcula ted for  the  
C-60 and  C-66 glycerides  relat ive to t r is tear in.  
A bes t  fi t  curve was d rawn  t h r o u g h  the  t h r ee  
da ta  po in t s  f rom a graph  of  glyceride ca rbon  
n u m b e r s  (CN) vs the  respect ive  a d j u s t m e n t  
factors .  The a d j u s t m e n t  fac to rs  for  the  o t h e r  
glycerides were i n t e r p o l a t e d  f r o m  this  curve. 
These  values (Table  I, c o l u m n  3) are inter-  
med ia t e  b e t w e e n  those  r e p o r t e d  by  o t h e r  
workers  (27 ,28) .  The  ad jus ted  glycer ide c o m p o -  
s i t ion of  the  oil was c o m p u t e d  by  mul t ip ly ing  
the  peak  areas by  the  app rop r i a t e  a d j u s t m e n t  
fac tors  to  ob ta in  ad jus ted  mass rat ios ,  w h i c h  
s ubsequen t l y  were used to c o m p u t e  the  mole  
percen tages  of  the  var ious  glycerides.  

Preparative G LC Procedures 

Af te r  ob ta in ing  an ana ly t ica l  c h r o m a t o g r a m  
of  the  var ious m e t h y l  es ter  mix tu res ,  t hey  were 
f r a c t i ona t ed  b y  prepara t ive  GLC w i t h  a 4 m m  
(i.d.) X 3 m c o l u m n  packed  w i th  1 0 0 / 1 2 0  mesh  
Gas C h r o m  Q, w i th  a 3% coat ing  o f  OV-1,  i n to  
C-18, C-20 and  C-22 esters.  Because of  the  low 
levels of  c o l u m n  subs t ra te ,  no  more  t h a n  5 mg 
of  ester  m ix tu r e  could  be resolved per  pass. The  
f rac t ions  were col lec ted  b y  channe l ing  t he  
c o l u m n  e f f luen t  t h r o u g h  a glass tube ,  wh ich  
was loosely packed  w i th  Adsorbosi l .  The  esters  
were e lu ted  f rom the  silica w i t h  c h l o r o f o r m  and  
e x a m i n e d  on  the  ana ly t ica l  co lumns  to  
ascer ta in  the i r  pur i ty .  I f  esters of  the  des ignated  
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CN accounted for less than 95% of the 
respective fraction, it was rechromatographed 
on the preparative column. 

Thin Layer Chromatographic Procedures 

Thin layer chromatographic (TLC) analyses 
were carried out on 0.25 mm layers of Silica 
Gel G with the following as solvents: Solvent A, 
petroleum ether-ethyl ether (1:1); Solvent B, 
chloroform-methanol-ammonia (80:20:2);  and 
Solvent C, petroleum ether-ethyl ether-acetic 
acid (50:50:1). The spots on the developed 
chromatograms were made visible by staining 
with iodine, or by charring with a sulfuric acid- 
chromic oxide reagent at 125 C, or both. 
Preparative chromatograms utilized 0.25, 1.00 
or 2.00 mm layers of silica gel, depending on 
the amount of material to be separated. The 
components were located by viewing under an 
UV lamp, after the layers of silica were sprayed 
with dichlorofluorescein. The partial glycerides 
and fatty acids were washed from the support 
with ethyl ether, and the phospholipids were 
eluted with chloroform-methanol ( 1 : 1). 

Preparation of Diacylglycerols 
The aJ3- and a,od-diacylglycerols required for 

the stereospecific analyses were prepared from 
the triglycerides by means of their reaction 
w i t h  ethyl magnesium bromide following 
Christie and Moore's (4) modification of Brock- 
erhoff's (24) procedures. The diacylglycerols 
were separated from the other reaction 
products by preparative TLC with Solvent A. 

Preparation of Phosphatidyl Phenols 
The diacylgiycerols (5 to 150 mg) were dis- 

solved in 15 to 20 vol of pyridine, which had 
been distilled from barium oxide, and were 
mixed with 6 to 10 equivalents of vacuum-dis- 
tilled phenyl dichlorophosphate. The air in the 
reaction vessel was replaced with dry nitrogen. 
After the mixture was kept at room tempera- 
ture for 16 to 20 hr, the unreacted phosphoroyl 
chloride was destroyed by adding aqueous 
pyridine while cooling. The reaction mixture 
was partitioned in a chloroform-methanol-water 
(9:8:7) system; the chloroform layer was sepa- 
rated; and the aqueous phase was reextracted 
with another portion of chloroform. Triethyl 
amine (1 ml) was added to the combined chlo- 
roform extracts, and the mixture was concen- 
trated on a rotary evaporator. The synthetic 
phospholipids were purified by preparative TLC 
on 0.25 mm layers of Silica Gel H with Solvent 
B. 

Phospholipase A Hydrolyses 

Approximately 20 mg of Ophiophagus 
hannah vanom (Ross Allen Reptile Institute, 

Silver Springs, Florida) was dissolved in 3 to 4 
ml of 0.5 M Tris buffer for each 50 mg of phos- 
phatides to be hydrolyzed. The buffer solution, 
pH=7.5, was 2.0 X 10 .3 M in calcium chloride. 
The venom solution was extracted with several 
portions of ethyl ether, 2 to 4 ml each, before 
being used for phosphatide hydrolysis. When 
the venom solutions were not extracted, the 
final products were contaminated with acids 
foreign to the Limnanthes oil. 

The phosphatidyl phenols were dissolved in 
ethyl ether (50 mg/10 ml of solution) and were 
vigorously mixed with the washed venom 
solution by means of a magnetic spin bar in a 
small vial. Samples of the ether phase were 
removed from time to time and chromato- 
graphed in Solvent B to determine the extent of 
hydrolysis. Usually no further changes in the 
reaction mixture were evident after 6 hr. The 
lipid materials were recovered by diluting the 
mixture with salt water and extracting the 
aqueous phase with several portions of ether. 
The fatty acids were separated from the lyso- 
phosphatides and unreacted phosphatides by 
chromatography on 0.25 mm layers of silica 
with Solvent C. The phosphatides, which 
remained near the origin, were recovered from 
the silica and rechromatographed on another 
layer of silica in Solvent B to separate the two 
types. The fatty acids were eluted from the 
silica and converted to methyl esters. 

Pancreatic Lipase Hydrolyses 
Pancreatic lipase (E.C. 3.1.1.3) catalyzed 

hydrolyses of the seed oil were patterned after 
the procedure given by Luddy et al. (29), 
except that the mixture was agitated with an 
ultrasonic probe (30) rather than an amalga- 
mator. After a reaction time of 5 rain, the mix- 
ture was diluted with salt water and was 
extracted several times with ether. The com- 
bined ether extracts were dried over Linde 
sieves, 3A. The dried solution was concentrated 
with a stream of nitrogen, and the free acids 
were esterified with an excess of ethereal diazo- 
methane. The monoglycerides were then sepa- 
rated from the other lipid products by TLC 
with Solvent A. Methyl esters were prepared 
from the monoglycerides as described earlier. 

Ozonolysis 
The ester mixtures were ozonized and the 

products analyzed by procedures and equip- 
ment similar to those described by Keiman et 
al. (31), except for the addition of an excess of 
ozone to ensure complete ozonolysis of all the 
double bonds in the mixtures and the use of 
hexane rather than methylene chloride as sol- 
vent for the ozonolysis (32). The ester frac- 
tions, usually less than 2 mg, were dissolved in 
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2 ml of purified hexane (Burdick and Jackson 
Laboratories,  Inc., distilled in glass quality) and 
cooled to dry ice temperatures while under a 
moderate vacuum to prevent condensation of 
moisture in the reaction vessel. After release of 
the vacuum, the ozone-oxygen mixture was 
passed through the solution for 30 to 45 sec. 
Excess ozone was removed by vigorously 
shaking the solution while it was being 
evacuated once more and then warmed to room 
temperature.  After the hexane was evaporated 
with nitrogen, the ozonides were dissolved in a 
small amount of methylene chloride, a good 
solvent for the excess of tr iphenylphosphine 
used to reduce the ozonides. The resulting 
solutions were analyzed as described (31). 

RESULTS 

Ester Analysis 

In addit ion to components  reported pre- 
viously (1-3), the 20:1 A l l  and two C-18 
esters that had not been detected before in 
esters derived from L. douglasii seed oil were 
identified by their GLC behavior on LAC-2R- 
446 columns and their ozonolysis products.  
One C-18 ester had an equivalent chain length 
(EEL) (33) of 18.55, and another an E e L  of 
18.21 (vs 18.31 for methyl oleate). Kleiman et 
al. (34) reported an E e L  of 18.6 for methyl 
trans-3-octadecenoate. The methyl cis-5-octa- 
decenoate derived from Carlina seed oil (35) 
has an EeL  which is less than that of methyl 
oleate by 0.10 (G.F. Spencer, private communi- 
cation). Gunstone et al. ( 3 6 ) f o u n d  a similar 
relationship of EeL ' s  for the three isomeric 
octadecenoates on a DEGS column. The EeL ' s  
of these two methyl  esters from Limnanthes 
suggest that they are methyl 3-octadecenoate 
and methyl 5-octadecenoate, respectively. The 
quantities of the various 18:1 esters were 
computed from their GLC peak areas and 
ozono lys i s  fragments (Table II). Cleavage 
products were identified by their EeL ' s  on 
both the Apiezon and R-446 columns (31). No 
at tempt  was made to determine the geometric 
configurations of the octadecenoates.  

Only partial separation was achieved of the 
esters of the two C-20 monoenes and likewise 
of those of the two C-22 monoenes on the 6 m 
R-446 column. The quantitative data given in 
column 2 of Table II for these four acids is 
based on estimates made by analysis of the 
incompletely resolved GLC peaks with an 
analog computer  (37). For  both  the 20:1 pair 
and the 22:1 pair, the results are in good agree- 
ment with relative amounts calculated from 
ozonolysis products (Table II, column 3). Con- 
sequently, the values from ozonolysis results 

were considered sufficient for the individual 
members of these pairs in other fractions for 
which data are reported in the Table. 

Stereospecific Analyses 

L. douglasii oil is only slowly hydrolyzed to 
monoglycerides (25%) and diglycerides (16%) 
by pancreatic lipase under conditions that com- 
pletely hydrolyze soybean oil to monogly- 
cerides and free fat ty  acids. However, the 
hydrolysis of the seed oil with 10 times the 
amount of pancreatic lipase suspension recom- 
mended by Luddy et al. (29) for 5 min resulted 
in complete disappearance of  triglycerides, 
according to TLC of the reaction mixture. The 
resulting monoglycerides were transmethylated 
with acidic methanol and were analyzed by 
GLC (Table II, "C-2(10)").  

The reaction of the seed oil with ethyl mag- 
nesium bromide resulted in a 19% yield of 
diglycerides (4). After separating the digly- 
cerides from the other reaction products by 
preparative TLC, they were phosphorylated 
with phenyl dichlorophosphate and separated 
in to  an c~,od-diacyl-~-phenylphosphoryl gly- 
cerols (ol,a'-DAP) and a~-diacyl-~ '-phenylphos- 
phorylglycerols (aJ~-DAP) in a 1:2 ratio. The 
slower migrating c~-DAP fraction (Rf 0.64) 
was contaminated with small amounts of the 
~,od-DAP (Rf 0.72) and was rechromatographed 
to improve its purity.  

The reaction of the a,ot'-DAP with phospho- 
lipase A was essentially complete in 6 hr. The 
r e s u l t i n g  3-acyl-2-phenylphosphoryl-sn-gly-  
cerols were separated from the fat ty  acids by 
TLC and transmethylated.  The complete analy- 
ses of the esters derived from C-3 are sum- 
marized in Table II. 

According to TLC, the extent  of the phos- 
pholipase A-catalyzed hydrolysis of ot~-DAP 
increased up to 3.5 hr and remained constant 
thereafter.  The reaction mixture was separated 
into unreacted otJ3-DAP, lysophosphatides and 
fatty acids. The complete analysis of  the 
methyl esters of the fat ty acids are summarized 
in Table II, column "C-2(venom)." The esters 
derived from the 1-acyl-3-phenylphosphoryl- 
sn-glycerots are listed under "C- I "  of Table II. 
The unreacted ot~3-DAP, presumably 2,3-diacyl- 
1-phenylphosphoryl -sn-g lycero ls ,  were also 
transmethylated and examined by GLC (Table 
II, column "C-2+3"). 

DISCUSSION 

During the course of this stereospecific 
analysis ,  three acids isomeric with those 
reported a decade ago (1,2) were identified by 
their EeL ' s  and ozonolysis products. These 
a c i d s ,  3-octadecenoic,  5-octadecenoic and 
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TABLE III 

Most Probable Glycerides of L. douglasii Seed Oil 
by 1-Random,2-Random,3-Random Combination 

Position 1 Position 2 Position 3 Mole % 

20:1 A5 20:1 A5 20:1 AS 18.4 
20:1 A5 22:1 A13 20:1 A5 18.3 
20:1 A5 20:1 AS 22:1A13 4.7 
20:1A5 22:1 AI3 22:1 A13 4.6 
20:1 A5 22:2 A5,A13 20:1 A5 3.6 
20:1 AS 20:1 A5 22:2 A5,A13 3.2 
20:1 A5 22:1 A13 22:2 A5,A13 3.2 
22:2 A5,A13 20:l A5 20:1 A5 2.9 
22:2 A5,A13 22:1 A13 20:1 A5 2.9 
20:1 A5 22:1 A5 20:1 A5 1.8 
22:1 A13 20:1 A5 20:1 A5 1.4 
22:1 A13 22:1 A13 20:1 A5 1.4 
20:1 A5 18:1 A9 20:1A5 1.3 
20:1 A5 20:1 A5 22:1 A5 1.2 
20:1  A5  22 :1  A 1 3  22 :1  A5  1.2 
2 0 : 1  AS 2 0 : 1  A l l  2 0 : 1  A5 1.0 

l l - e i c o s e n o i c ,  t o g e t h e r  with the acids 
previously identified, suggest that at least two 
homologous series of acyl groups are synthe- 
sized by the maturing L i m n a n t h e s  seed; i.e., a 
group with 5,6-unsaturation and a group with 
~o-9-unsaturation.'Further, the major dienoic, if 
not other unidentified minor ones, is a member 
of both the 5,6-unsaturated and the co-9-unsat- 
urated series of acids. Such mixtures of acyl 
groups, i.e., synthesized by more than one 
desaturase system, occur in a significant 
number of seed fats that have been carefully 
analyzed (16). 

In the analysis of triglycerides composed of 
the common, long chain acyl groups, pancreatic 
lipase has found widespread use for deter- 
ruination of the fatty acids esterified to the 
/3-glyceride positions. However, if long reaction 
times are necessary for hydrolysis, this lipase 
has limited analytical value because the acyl 
groups may readily migrate from the J3-glyceride 
positions to the outer glyceride positions (38). 
Because pancreatic lipolysis of L i m n a n t h e s  seed 
oil is slow, diglycerides so obtained have limited 
usefulness for stereospecific analytical proce- 
dures (39). Fortunately the lipolysis reaction 
with a 10-fold increase in the amount of 
pancreatic lipase probably provided a represent- 
ative sample of 2-monoglycerides for this study 
because no unreacted triglycerides remained 
and the short reaction time prevented any 
extensive group migration. 

The slowness of the pancreatic lipase- 
catalyzed hydrolysis of L i m n a n t h e s  trigly- 
cerides is most likely due to the presence of the 
A5 double bonds rather than the long chain 
length of the acyl groups in the oil. This con- 
clusion is based on the following arguments: 
crambe oil, which has a high eis -13-docosenoate  

content, is hydrolyzed at a rate equal to or 
greater than that of soybean oil (40); Lim-  
nan thes oil does not crystallize above 1 C (16); 
because the oil was dispersed in the buffer 
before addition of the enzyme suspension, its 
slow hydrolysis rate apparently was not due to 
a failure to provide the required oil-water inter- 
face (41,42). Seed lipids with A3-unsaturated 
acyl groups (40) and whale oil, which contains 
long chain acyl groups with unsaturation near 
the carboxylate, i.e., 20:5 and 22:6 acids (43, 
and references cited therein), are only partially 
hydrolyzed by pancreatic lipase. Thus, the 
position of unsaturation in triglycerides has a 
more profound influence on the results of 
pancreatic lipolysis than either chain length or 
the lack of unsaturation, since the latter can be 
partially circumvented by the addition of an 
organic solvent (42). 

As in most other seed oils that have been 
examined stereospecifically, each of the major 
fatty acids of the L i m n a n t h e s  seed was found 
esterified to all three glyceride positions, 
although not in equal amounts. Examination of  
Table II shows that acids with w-9-unsatu- 
ration, including 13-docosenoic (erucic) acid, 
are bonded most frequently to the 2-position, 
while those acids with AS-unsaturation are 
esterified most often to the 1- and 3-glyceride 
positions. The high frequency of erucate at the 
/3-position is in contrast to its distribution in 
rapeseed and related oils (44,45). 

The only simple, and at the present time, 
feasible approach to the glyceride structure of 
an oil from a stereospecific analysis of  its fatty 
acid distribution is to assume a 1-random,2- 
random,3-random distribution (13) of the 
various acids. If such a combination is assumed, 
the acids of Table II may be combined into 
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m o r e  t h a n  5 1 0 0  d i f f e r e n t  g l y c e r i d e s .  W i t h  t h e  
a id  o f  t h e  c o m p u t e r  we  h a v e  f o u n d  t h a t  o n l y  
251  o f  t h e  p o s s i b l e  c o m b i n a t i o n s  are  p r o b a b l y  
a b o v e  t h e  0 . 0 1 %  level .  T h o s e  p r o b a b l e  a b o v e  
t h e  1% level  h a v e  b e e n  l i s t ed  in  T a b l e  III.  

T h e  t o t a l s  o f  p r o b a b l y  g l y c e r i d e s  g r o u p e d  b y  
C N  are  l i s t ed  in  t h e  las t  c o l u m n  o f  T a b l e  I a n d ,  
in gene ra l ,  ag ree  wel l  w i t h  t h e  e x p e r i m e n t a l l y  
d e t e r m i n e d  v a l u e s  g iven  in  c o l u m n  4 o f  t h e  
s a m e  t ab l e .  T h e  s i g n i f i c a n t l y  h i g h e r  a m o u n t s  
f o u n d  t h a t  c a l c u l a t e d  f o r  r e l a t i ve l y  l o w  C N  
s p e c i e s  s u g g e s t  a d e v i a t i o n  f r o m  t h e  s i m p l e  
1 - r a n d o m , 2 - r a n d o m , 3 - r a n d o m  p a t t e r n  in  t h a t  
t h e  s m a l l e r  a c i d s  a re  a p p a r e n t l y  c o m b i n e d  
p r e f e r e n t i a l l y  i n t o  g l y c e r i d e s  n o t  c o n t a i n i n g  
C - 2 0  a n d  C - 2 2  ac ids .  
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The Isolation and Specificity of Alfalfa Lipoxygenasel 
C.C. CHANG, W,J. ESSELMAN and C.O. CLAGETT, 
Biochemistry Department, Pennsylvania State University, 
University Park, Pennsylvania 16802 

ABSTRACT 

Partial purification of the lipoxygenase 
from alfalfa seed was accomplished by 
f r a c t i o n a t i o n  of the protein with 
(NH4) 2 SO4, phosphate, heavy metal salts 
and ultracentrifugation. About  24% of 
the original activity was recovered. The 
par t i a l ly -pur i f ied  alfalfa lipoxygenase 
enzyme was free of hydroperoxide-  
decomposing activity and was used to 
determine the positional specificity of  
linoleic acid oxidation by alfalfa l ipoxy- 
genase. Combined gas liquid chromato- 
graphy-mass spectrometry was used to 
analyze known mixtures of 10- and 
12-hydroxystearic acid derivatives and 
was satisfactory for the quantitative 
determination of the ratio of each com- 
ponent.  This combination was used to 
analyze mixtures containing position iso- 
mers of hydroxy fat ty acids without 
separation of each individual compound 
b y  o t h e r  methods.  Hydroperoxides 
produced from linoleic acid oxidation 
catalyzed by alfalfa lipoxygenase were 
c o n v e r t e d  b y  sod ium borohydride 
reduction,  catalytic hydrogenation and 
bis(trimethylsilyl)acetamide silylation to 
their corresponding tr imethylsi lyl  ether 
esters and the positional distribution was 
studied. The 9- and 13-1inoleate hydro- 
peroxides produced by alfalfa l ipoxy- 
genase were in equal concentrations 
(50:50) whereas the distribution for soy- 
bean lipoxygenase was 70% 13- and 30% 
9-hydroperoxides.  

INTRODUCTION 

Lipoxygenase (EC. 1.13.1.13) is an enzyme 
which acts specifically on polyunsaturated fat ty 
acids containing a cis, c is-methylene- interrupted 
diene moiety (linoleic acid, linolenic acid, etc.) 
to form the cis, trans conjugated diene hydro- 
peroxides. The enzyme is found primarily in 
plant seeds, particularly in legumes (1) and, to 
some extent,  in animal tissues (2). The first 

1paper No. 3780 of the journal series of the Penn- 
sylvania Experiment Station. 

crystal l ine lipoxygenase was prepared by 
Theorell et al. (3) from soybean seed. The 
properties of hpoxygenase were studied with 
this crystalline enzyme (4) as well as with 
enzymes from other sources (5-7). 

Hamberg and Samuelsson (8) reported that  
t h e  h y d r o p e r o x y o c t a d e c a d i e n o i c  acids 
produced from linoleic acid oxidation catalyzed 
by soybean lipoxygenase were 70% 13-hydro- 
peroxyoctadecadienoic acid and 30% 9-hydro- 
peroxyoctadecadienoic acid but  later reported a 
ratio of 92% 13- and 8% 9-hydroperoxy (9). 
Dolev et al. (10) reported the production of 
100% of the 13-isomer using crystalline soy- 
bean lipoxygenase. More recently Zimmerman 
and Vick (11 ) reported a large variability in the 
percentage of 9-isomer (6% to 30%) using flax- 
seed lipoxygenase. 

Enzymes capable of catalyzing the decompo- 
sition of hydroperoxides have been reported in 
the crude extract of many oil seeds such as 
soybean (12), alfalfa (13), flax seed (14,15) and 
corn (16). The coexistence of  lipoxygenase and 
the hydroperoxide-decomposing enzymes in the 
same extract caused some difficulty in the 
evaluation of lipoxygenase activity. The lat ter  
enzymes also posed potential  problems in the 
determination of the products of lipoxygenase 
reaction, I t  has been reported that the hydro- 
peroxide-destroying enzymes are heat labile 
(11-17). 

The variation in the isomer distribution 
mentioned above could arise through selective 
destruction of specific isomers by hydroper-  
oxide-decomposing enzyme or through analyti- 
cal error. We have developed an improved 
method of enzyme isolation and a reproducible 
method of  product  determination using com- 
bined gas liquid chromatography-mass spectro- 
metry (GLC-MS). In our analysis the hydroper-  
oxides produced by alfalfa lipoxygenase were 
analyzed by the GLC-MS method developed by 
Ryhage et al. (18). This consists of  taking mass 
spectra at time intervals during the elution of 
the compounds from the GLC column. 

MATERIALS AND METHODS 

Sources of Materials 

Alfalfa seeds of the Ranger variety were pur- 
chased from Agway Inc., State College, Pa. Pure 
linoleic acid (99%) and bis(trimethylsilyl) 
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TABLE II 

Specific Activities of Alfalfa Lipoxygenase 
During Three Stages of Purification 

Specific Activity 
(/~moles/min/rrlg) 

Fraction 1 2 3 

Crude 9.4 14.6 16.3 
1st (NH4)2SO4"ppt 20.6 21.1 13.8 
Phosphate-treated 38.7 21.7 25.0 
Supernatant after 

Pb(OH)Ac and BaAc 2 ppt 37.7 27.4 16.6 

2nd (NH4)2SO 4 ppt 206 208 162 
Supernatant, centrifuged 

2 hr at 5.94 x 104 x g 240 304 205 

acetamide were purchased from Supelco Inc., 
Bellefonte, Pa., and stored in the freezer 
(-20 C). Sodium borohydride was a product of 
the Metal Hydrides Inc., Beverly, Mass. Pure 
12ohydroxystearic acid (99%) was purchased 
from Applied Science Lab., State College, Pa., 
and stored in the freezer (-20 C). The 10- 
hydroxystearic acid was a gift from Dr. Walter 
Niehaus of this department. Crystalline soybean 
lipoxygenase was purchased from Worthington 
Biochemical Co., Freehole, N.Y., and stored in 
the freezer (-20 C). 

Enzyme Assay 

Lipoxygenase and hydroperoxide-decom- 
posing enzyme assays were performed on a 
Cary Model 14 spectrophotometer. Lipoxy- 
genase was assayed by measuring the increase of 
absorption of the conjugated diene hydroper- 
oxide at 234 nm (19). The substrate was pre- 
pared by combining 4 ml of H 2 O, 30/21 of pure 
linoleic acid, 0.99 ml of 0.1 N NaOH solution 
and 15 /21 of Tween 20. The mixture was 
shaken vigorously and diluted to 25 ml with 
water. The assay was conducted by following 
the increasing absorbance at 234 nm of a mix- 
ture of 0.7 ml of 0.1 M phosphate buffer, pH 
6.8, 0.1 ml of substrate and 0.1 ml of oxy- 
genated enzyme preparation in a 1 cm cuvette 
with a quartz spacer to give a 3 mm light path. 
The blank cuvette contained 0.8 ml of 0.1 M 
phosphate buffer, pH 6.8 and 0.1 ml of enzyme 
solution. The rate constants were calculated 
from the essentially linear portion of the 
absorbance curve. 

Hydroperoxide-decomposing enzymes were 
assayed by measuring the rate of disappearance 
of absorption at 234 rim. The substrate, linoleic 
hydroperoxide, was prepared by reacting 9.6 
mg of commercial soybean lipoxygenase with 
30/21 linoleic acid in 50 ml of water containing 
0.99 ml of 0.1 N NaOH solution and 15 /21 of 

Tween 20, for 30 min at room temperature. 
The assay mixture contained 0.1 ml of the 
hydroperoxide solution diluted with 0.7 ml 
phosphate buffer, pH 6.8, 0.1 ml of enzyme 
preparation and was followed spectrophoto- 
metrically at 234 nm. 234 nm absorption. 

Disc Gel Electrophoresis 

Analytical dis gel electrophoresis was per- 
formed on the enzyme solution as described by 
Davis (20). A Shanden powder supply and 
Canal Industrial Co. reagents were used. 

Different concentrations of enzymes were 
used on the acrylamide disc gel electrophoresis. 
Proteins were stained with 25 mg% Coomassie 
Brilliant Blue in 10% trichloroacetic acid 
(TCA). The starch-iodine staining method 
developed by Guss et al. (21) was used in the 
determination of active protein. After electro- 
phoresis, the gel was soaked in substrate for 20 
min, washed and then soaked in a potassium 
iodide (KI) solution. Starch was included in 
preparing the gel. The active proteins, after 
staining, appeared as a brown band. 

Diethylaminoethyl Cellulose Chromatography 

The ion exchange cellulose used in this study 
was Whatman DE-32 purchased from Scientifi- 
ca Division of Reeve Angel. The powdered dry 
cellulose derivative was swollen and precycled 
according to the methods described by the 
manufacturer (22). 

Product Preparation and Derivatization 

The enzyme solution was oxygenated by 
sparging with 02 for 1 min. Equal volumes (25 
ml) of oxygenated enzyme and substrate were 
mixed and diluted with three volumes (75 ml) 
of 0.1 M phosphate buffer, pH 6.8. The mix- 
ture was shaken for 1/2 hr, then acidified by 6 
N HC1 to pH 2-3. The products were recovered 
by extracting three times with 200 ml ethyl 
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ether. The hydroperoxides were isolated on a 
preparative thin layer chromatography (TLC) 
plate, developed in n-heptane-ethyl ether-acetic 
acid, 50:50:1 (v/v). 

The hydroperoxides, recovered from the 
silica gel by extraction with ethyl ether, were 
reduced by NaBH 4 and all double bonds were 
s a t u r a t e d  by catalytic hydrogenation as 
described by Hamberg and Samuelsson (9). The 
resulting hydroxystearic acids were dried in a 
stream of N 2 and silylated with bis(trimethyl- 
silyl)acetamide (23). 

Gas Liquid Chromatography - 
Mass Spectrometry 

The silylated ether-esters of hydroxystearic 
acids were identified on a Varian Aerograph, 
Model 1740, using 150 cm column of 1% OV-1 
on celite, at 195 C. The 1 0 - a n d  12-OTMS- 
TMS-stearates were used as standards. The 
derivatized fatty acids were analyzed on a 
LKB-9000 combined gas chromatograph-mass 
spectrometer equipped with a column of 1% 
SE-30 on celite. The proper GLC peaks were 
scanned on the mass spectrometer at intervals 
of 5 sec between m/e 275 and m/e 400. Fifteen 
to 20 scans were taken as the unresolved GLC 
peak came off the column. Intensities of peaks 
having m/e values 317 and 373 representing 
9-OTMS and 13-OTMS-TMS-stearate, res- 
pectively, were then plotted versus time. 

Since soybean lipoxygenase was reported as 
producing 30% 9- and 70% 13-1inoleic hydro- 
peroxide (8), the products of linoleic acid oxi- 
dation using commercial soybean lipoxygenase 
were also prepared and derivatized. The m/e 
values selected for silylated 9-and 13-hydroxy- 
stearic acids were 317 and 373 which result 
from cleavages as diagrammed below. 

317 O 

c n 3  (CH2)8'-~H-(CH2 )7- IC[-OTMS 

TMS209 

373 

CH 3 (CH2)4'-CH:(CH2 )11 -C-OTMS 

TMSO | 

173 

These m/e values are the major cleavages in the 
mass spectrum (23). The individual graphs were 
plotted and integrated by the weighed paper 
method (24). Subsequently, the ratio of each 
component in the mixture was calculated from 

these values. The same MS method was applied 
to the analysis of derivatized products of alfalfa 
lipoxygenase. 

RESULTS 

The method used i'n the partial purification 
of alfalfa lipoxygenase is diagrammed in Figure 
1. During the purification procedure all centri- 
fugation steps were performed at O C. The ace- 
tone powder was prepared at room tempera- 
ture. After extraction with acetone the residue 
material was dried under vacuum and could be 
stored at -20 C without loss of activity for a 
period of eight weeks. Extraction of the ace- 
tone powder was achieved by stirring in acetate 
buffer for 3 hr at 10 C. The specific activity 
was improved 20-fold as the final enzyme 
preparation was achieved. The result of a repre- 
sentative isolation is shown in Table I. Specific 
activities of the stages of purification of three 
enzyme purifications are listed in Table II. 

Diethylaminoethyl cellulose column chro- 
matography was attempted on the acetone 
powder extracts with poor yields of active 
lipoxygenase. The enzyme remained bound to 
the column even though the hydroperoxide- 
decomposing enzyme activity could be eluted 
with 0.2 M NaC1 solution. Lipoxygenase was 
not destroyed on the column since some 
lipoxygenase activity could be detected by 
passing an oxygenated linoleic acid solution 
through the column. The enzyme could not be 
eluted from the column by high salt concentra- 
tions at various pH's in the presence or absence 
of substrate. 

Samples of 150/Jg of soybean lipoxygenase 
and 200/ lg  of alfalfa lipoxygenase prepared as 
outlined in Figure 1, were analyzed by disc gel 
electrophoresis. The resulting gels (Fig. 2) were 
stained with starch-I 2 as developed by Guss et 
al. (21) and Coomassie Brilliant Blue. 

The products of lipoxygenase were analyzed 
by reduction and silylation of the hydroper- 
oxides, followed by GLC-MS. Standard quanti- 
tative mixtures of pure 10-hydroxystearic and 
pure 12-hydroxystearic acids were prepared and 
sflylated. The mixture containing 54% 10- 
OTMS-TMS-stearate and 46% 12-OTMS-TMS- 
stearic was scanned on the mass spectrometer. 
Intensities of m/e 331 and 359 were measured 
at 5 sec intervals and plotted versus time. The 
areas under m/e 331 and m/e 359 were 57% 
and 43% respectively, which compare favorably 
with the original quantities of 10- and 
12-hydroxystearic acids used. 

The distribution of products using soybean 
lipoxygenase determined by this method was 
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Alfalfa Seed 

I grind, I mm mesh 

Seed Powder (24g) 

I extract 3X, 20Oral acetone 

Alfalfa Seed Acetone Powder 

extract, 200 ml O.05M acetate 
buf fer  DH5.1 
centrifuge , 8 x 103x g, 50rain 

fl I 
Precipitate discarded Crude extract 

odd (NH4)2SO 4 to 50% saturation 
�9 4 . centrifuge, I x I0 x g , 50ram 

I 
Supernotont solution , discorded 

II 
Precipitate dissolved in IOml HtO 

centrifuge , 5 .94 x 104x g, 2hrs 

Precipitate discorded 

I 
Solution discorded 

I 
Solution 

add {NH4)zSO 4 to 50% saturation 
centrifuge x 04xg, 5rain 

Solution, discarded 

I 
Enzyme prepara t ion  

FIG. i. Flow diagram of the isolation procedure for alfalfa seed lipoxygenase. 

30% 9- and 70% 13-hydroperoxy linoleic acid. 
These findings are in agreement with the earlier 
values reported by Hamberg and Samuelsson 
(8). 

Hydroperoxides produced by catalytic oxi- 
dation of linoleic acid using alfalfa lipoxygenase 
were analyzed with the same methods as used 
in the soybean lipoxygenase. The results are 
shown in Figure 3. The areas under 317 and 
373 were 48% and 52% which are the distribu- 
tion of 9- and 13-hydroperoxides, respectively. 
Results obtained from separate enzyme isola- 
tions 2 and 3 (Table II) were 49% 9- and 51% 
13- and, 52% 9- and 48% 13-hydroperoxide, 
respectively. 

DISCUSSION 

Siddiqi and Tappel (5) reported no success 
in attempts to purify lipoxygenase from 
expressed alfalfa leaf sap. The methods used in 
this report were developed in an attempt to 
c o n c e n t r a t e  l i poxygenase  from acetone 
powders of alfalfa seeds free of hydroperoxide- 
decomposing enzymes. All of the steps outlined 
in Figure 1 have been used in various combina- 
tions by earlier workers (25) in isolations from 
other enzyme sources. 

The widely used heat treatment (4,11,12,25) 
to remove the hydroperoxide-decomposing 
enzymes was not used in this method since the 
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SOYBEAN ALFALFA 
1-1 

Protein KI Protein KI  
stoin storch stoin storch 

stoin stoin 

FIG. 2. Disc gel electrophoresis of 150 ~g of soy- 
bean and 200 ~g of alfalfa lipoxygenase. Protein was 
visualized with Coomassie Brilliant Blue and the active 
enzyme was visualized with a potassium iodide starch 
stain (see text). 

application of heat invariably led to the con- 
comitant destruction of alfalfa lipoxygenase at 
comparable rates. The combination of phos- 
phate precipitation and heavy metal ion treat- 
ment led to the complete removal of the hydro- 
peroxide-destroying enzymes with a recovery of 
24% of the initial lipoxygenase activity. The 
assays at intermediate stages of purification 
showed evidence of interfering nonprotein sub- 
stances which were eliminated by the second 
ammonium sulfate precipitation and the centri- 
fugation of the final enzyme solution. No infor- 
mation is available on the nature of this inter- 
ference. 

Since several activity bands appeared on disc 
gel electrophoresis of lipoxygenases isolated 
from wheat and soybean, Gusse t  al. (21) sug- 
gested the existance of isoenzymes. In the 
stained gels of alfalfa lipoxygenase all of the 
activity was found in one band while the 
product was equally distributed between the 9- 
and 1 3-1inoleate  hydroperoxide isomers. 
Electrophoresis of a soybean preparation 
showed an activity distribution similar to that 
reported by Guss et al. The data obtained with 
enzymes isolated from alfalfa do not support 
the concept of separate isoenzymes being 
responsible for the production of the 9- and 
13-isomers. 

Recently, Zimmerman (11) reported that 
the percentage of 9-hydroperoxy compound 
varied from 6% to 30% and suggested that the 
9-isomer occurs from autooxidation. Initially, 
experiments in our laboratory using one scan of 
the GLC peaks to determine the product distri- 
bution of alfalfa lipoxygenase led to the 
erroneous conclusion that only the 13-isomer 
was formed. However, using the technique out- 
lined in this paper, we found that the ratio of 
the 13-isomer to the 9-isomer was about 50:50. 
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FIG. 3. Plot of mass spectral intensities vs GLC 
retention time of the reduced and derivatized products 
of alfalfa lipoxygenase. See text for methods used in 
reduction and derivatization, o, m/e 317 (9-OTMS- 
TMS-stearate); x, m/e 373 (13-OTMS-TMS-stearate);-, 
GLC peak. 

These results were reproducible throughout 
three different enzyme isolations and product 
analyses. Our result showed that the 9- and 
13-isomers vary somewhat in volatility (Fig. 3), 
thus making the spectrum dependent on the 
exact moment of mass spectral scanning. Mul- 
tiple scanning of the GLC peak eliminates this 
problem. The 10- and 12-hydroxy isomers 
showed less evidence of separation on the GLC 
column. The reproducible results from three 
ind iv idual  enzyme preparations, and the 
absence of l l-hydroperoxide isomers in our 
analysis as well as in reports by other workers, 
countermand the possibility of autooxidation. 
The reported variations in distribution between 
the 9- and 13-hydroperoxy-isomers may be 
explained on the basis of differences in voli- 
tility influencing the direct probe and GLC-MS 
measurements made by previous workers. 
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Studies on the Hydrolysis and Utilization of Long Chain 
Acyl CoA Thioesters by Liver Microsomes 
PETER F. JEZYK and H A Y W O O D  N. HUGHES, 
Department of Biochemistry, Medical College of Virginia, Health Sciences 
Division, Virginia Commonwealth University, Richmond, Virginia 23219 

ABSTRACT 

Acyl  CoA thioester "hydrolase" 
activity exhibited by liver microsomal 
preparations using a spectrophotometric 
assay for released CoA has been shown to 
be a composite of several enzymatic 
reactions. Pig liver microsomes form a 
considerable amount of triacylglycerol 
from endogenous precursors, with essen- 
tially all acyl groups being incorporated 
into the 1,3 positions. Rat and rabbit 
liver microsomes form very little triacyl- 
glycerol under the same conditions. The 
true acyl CoA hydrolase activity of pig 
liver microsomes is relatively insensitive 
to diisopropylfluorophosphate (DFP), 
whereas this compound strongly inhibits 
the rat and rabbit enzymes. The hydro- 
lase remaining in the liver microsomes 
after DFP treatment is rapidly inactivated 
when incubated in the presence of sub- 
strate. 

I N T R O D U C T I O N  

Microsomal preparations contain most of the 
enzymes involved in glycerolipid metabolism 
and are often used with exogenous substrates to 
study various of these reactions. The acylation 
of lysophospholipids by such preparations has 
been studied rather extensively. Lands and Hart 
(1) described a continuous spectrophotometric 
method based on the release of free CoA from 
the acyl thioester which is often used to follow 
these reactions. This method has also been 
employed to study other acylation reactions 
involving CoA (2,3). One of the problems 
encountered in using this assay is the presence 
of an acyl CoA "hydrolase" activity in the 
microsomes. Lands and Hart found that the 
hydrolase in most microsomes could be reduced 
by diisopropylfluorophosphate (DFP) treat- 
ment, though this was not true in all cases. Our 
recent studies led us to examine the nature of 
this endogenous activity in more detail. In pig 
liver microsomes it has been found to be a 
combination of several reactions, the most pro- 
minent of which is formation of triacylglycerols 
(TG) by acylation of endogenous precursors, 
while that in rat liver microsomes is mostly true 

hydrolase (3.1.2.?:1ong chain acyl CoA hydro- 
lase). This report describes some of the 
properties of the enzymes catalyzing these 
reactions. 

M A T E R I A L S  A N D  METHODS 

The microsomes used in these studies were 
prepared from livers of female Sprague-Dawley 
strain rats maintained on a standard Lab Chow 
diet and from livers of freshly-slaughtered pigs 
from a local abattoir. Tissues were homo- 
genized in 0.25 M sucrose containing 0.001 M 
EDTA (9 ml/g of liver). The homogenates were 
c e n t r i f u g e d  and the pellets sedimentiflg 
between 225,000 and 3,150,000 g-min (calcu- 
lated for g-max) were resuspended in fresh 
sucrose-EDTA and immediately frozen at -20 C 
until used. Rat liver microsomes prepared in 
this way contained less than 4% of the total 
monoamine oxidase, about 15% of the acid 
phosphatase, 7% of the uricase, 72% of the 
glucose-6-phosphatase and 68% of the esterase 
activities in the total homogenates. 

Rates of acyltransfer from acyl-CoA to an 
acceptor or of hydrolysis of the thioester were 
measured by the reaction of the sulfhydryl 
group in the liberated CoA with 5,5'-dithiobis- 
(2-nitrobenzoate) (DTNB) (1,4). The resultant 
increase in absorbance at 413 nm was con- 
tinuously monitored in a Gilford Model 2000 
recording spectrophotometer. Alternatively, 
3H-palmitoyl CoA was used as the substrate, 
and the reaction stopped at the appropriate 
time by addition of 5 volumes of chloroform- 
methanol, 2:1 (5). The extracted lipids were 
separated by thin layer chromatography (TLC), 
each fraction scraped from the plates and the 
radioactivity determined in a Nuclear-Chicago 
liquid scintillation spectrometer (6). 

The standard assay mixture contained 30 to 
35 nmoles of acyl CoA, 1 mg of enzyme pro- 
tein and 1 mmole of DTNB in 1 ml of 0.1 M 
Tris-C1, pH 7.4. All assays were performed at 
30C.  

Acyl CoA thioesters were prepared as 
described by Reitz and Lands (7). 1-Acyl 
glycerylphosphorylcholine (acyl GPC) was 
prepared from egg lecithin by hydrolysis with 
snake venom (8). 
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TABLE I 

Incorporation of the Acyl Group of 3H-Palmitoyl CoA 
Into Lipid Fractions of Pig Liver Microsomes a 

5 Sec 1 Min 2 Min 4 Min 5 Min 7 Min 10 Min 

CE b 0.07 c 0.06 0.17 0.35 0.25 0.16 0.19 
TG 0.24 2.66 6.08 8.36 9.25 11.54 9.74 
FFA 0.25 0.80 1.74 2.44 3.32 3.70 4.46 
DG 0.30 2.08 2.53 1.53 1.53 1.82 1.46 
PL 0.20 0.52 0.93 0.94 0.53 0.73 0.67 

Total 1.06 6.12 11.45 13.62 14.88 17.95 16.52 

Total 16:0 
CoA used 8.0 11.5 14.1 14.7 15.8 17.0 

apig liver microsomes (1.04 mg of protein) were incubated with 33 nmoles of 3H-pal- 
mitoyl CoA (1050 cpm/nmole) as described in the Methods section. At the indicated times, 
chloroform-methanol was added to stop the reaction, the lipids isolated, separated by TLC, 
and the radioactivity in each fraction determined. The total 16:0 CoA utilized was 
determined in two similar samples using the spectropbotometric assay. 

bAbbreviations: CE, cholesterol esters; TG, triacylglycerols; FFA, free fatty acids; DG, 
diacylglycerol; PL, polar lipids. 

CNmoles incorporated. 

RESULTS 
While us ing the  DTNB assay to  s t u d y  the 

acy la t ion  of l y s o p h o s p h o l i p i d s  by m i c r o s o m a l  
p repara t ions ,  we co ns i s t en t l y  observed  a dif- 
ference in the  t ime  course  o f  acyl  CoA utiliza- 
t ion  or hydro lase ,  by e n z y m e s  f r o m  rat  and  pig 
livers prior  to add i t ion  of  e x o g e n o u s  subs t ra te .  
With b o t h  there  was an ini t ial  rapid ra te  o f  
release of  free CoA on  add i t ion  o f  the  es ter  
which  dec l ined  af ter  a few m i n u t e s  o f  incuba-  
t ion.  If add i t iona l  acyl  CoA was added  to the  
rat  liver p repara t ion ,  the  ra te  was r e s to red  to 
the  initial ve loci ty ,  while the  act iv i ty  c o n t i n u e d  
to decl ine wi th  the  pig liver e n z y m e ,  reach ing  a 
m u c h  slower,  s t eady  rate  (Fig. 1). This  did no t  
appear  to be a general ized loss o f  act ivi ty ,  as 
these  p repa ra t ions  m a i n t a i n e d  the  abi l i ty  to 
rapidly  acyla te  acyl  GPC over m u c h  longer  t ime  
per iods.  

I n c u b a t i o n  of  the  pig liver e n z y m e  wi th  
3H-pa lmi toy l  CoA for 10 min  and  i so la t ion  o f  
the  radioact ive  p r o d u c t s  d e m o n s t r a t e d  t ha t  
m u c h  of  the  act ivi ty  was assoc ia ted  wi th  the  
TG f rac t ion .  A f u r t h e r  s t u d y  of  the  t ime  course  
of  appea rance  o f  label in the  var ious  lipid frac-  
t ions  show e d  tha t  m u c h  o f  the  early ra te  o f  
appearance  of  free CoA  in the  Gil ford assay 
could  be a t t r i bu t e d  to  f o r m a t i o n  o f  TG,  while 
the  la ter  s t e a dy  ra te  was a p p a r e n t l y  due to  t rue  
hyd ro l a se  act ivi ty  (Table  I). While hyd ro lys i s  o f  
n e w l y - f o r m e d  radioact ive  TG by  the  micro-  
somal  lipase descr ibed by Muller  a nd  Alaupov ic  
(9) migh t  c o n t r i b u t e  to the  f o r m a t i o n  o f  t he  
radioact ive  free f a t t y  acids ( F F A ) ,  c o m p a r i s o n  
wi th  da ta  f r o m  the  s p e c t r o p h o t o m e t r i c  assay 
(Table I) ind ica tes  t ha t  this  could  on ly  a c c o u n t  
for  a small  po r t i on ,  if any ,  o f  the  3 H - F F A  
f o r m e d  dur ing  the  assay per iod.  Some diacyl-  

TABLE II 

Incorporation of the Acyl Group of 3H-Palmitoyl CoA 
Into Lipid Fractions of Rat and Rabbit Liver Microsomesa 

5 See 2 Min 5 Min 10 Min 

Rat b Rabbit c Rat Rabbit Rat Rabbit Rat Rabbit 

CE d 0.03 e 0.05 0.14 0.04 
TG 0.08 0.11 0.29 0.25 
FFA 0.57 0.50 3.38 1.22 
DG 0.23 0.38 0.28 0.37 
PL 0.55 0.34 0.97 0.68 

Total 1.46 1.38 5.06 2.56 

0.15 0.05 0.12 0.13 
0.20 0.26 0.45 0.44 
9.19 2.46 16.70 5.56 
0.37 0.71 0.45 1.29 
0.79 0.96 1.28 1.63 

10.70 4.44 19.00 9.05 

aSame procedure as in Table I. 
bRat liver microsomes, 1.18 mg of protein. 
CRabbit liver microsomes, 0.99 mg of protein. 
dAbbreviations: see Table I. 
eNmoles incorporated. 
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FIG. 1. Time course of metabolism of linoleoyl 
CoA by pig and rat liver microsomes. Pig (curves 1 and 
2) or rat (curve 3) liver enzyme was incubated with 
linoleoyl CoA as described in the Methods section. 
Additional acyl CoA or 150 nmoles of 1-acyl GPC was 
added where indicated. 

t~ 

.2 

glycerols (DG), polar lipids (PL) and a very 
small amount of cholesterol esters were also 
formed, but after 1 min their contribution to 
the total activity was negligible. In similar 
experiments with rat and rabbit liver micro- 
somes, most of the activity was recovered in 
FFA (Table II). 

The labeling data obtained with the pig liver 
microsomal preparation suggested that the TG 
produced probably result from acylation of pre- 
existing DG or DG produced by acylation of 
MG, rather than from DG newly-formed via 
phosphatidic acid. Pancreatic lipase hydrolysis 
(10) of a sample of these TG isolated by Florisil 
chromatography (11) indicated that essentially 
all of the labeled fatty acid incorporated was in 
the 1,3 positions. Pig liver microsomes (7.9 mg 
of protein) were incubated with 200 nmoles of 
3H-palmitoyl CoA (210,000 counts/min) for 10 
min at 30C.  The TG (117,800 counts/min) 
were purified from the extracted lipids by chro- 
matography on Florisil and an aliquot sub- 
mitted to pancreatic lipase hydrolysis for 10 
min. Products of this hydrolysis were separated 
by TLC and the radioactivity in each fraction 
determined. The distribution of radioactivity in 
products of lipase hydrolysis of triacylglycerols 
synthesized by pig liver microsomes was the 
following: Unhydrolyzed TG, 2601 counts/ 
min; FFA, 9034; DG, 427; and MG, 43. 
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FIG. 2. Effect of DFP treatment on the kinetics of 
labeling of triacylglycerols and free fatty acids from 
3H-palmitoyl CoA by pig and rat microsomes. A, pig 
enzyme pretreated at 0 C for 60 min before assay. C, 
rat enzyme treated in same manner. B, pig enzyme 
pretreated at 22 C for 60 min before assay. D, rat 
enzyme treated in same manner. �9 triacylglycerols;V, 
free fatty acids; Solid lines, control; dashed lines, pre- 
treated with 1 mM DFP. See Table I for incubation 
and assay conditions. 

DFP treatment has been reported to remove 
most of the hydrolase activity from rat liver 
microsomes (1). The procedure described by 
Lands and Hart calls for incubation of the 
microsomes with 1 mM DFP at room tempera- 
ture for 1 hr. Such treatment indeed caused a 
drastic reduction in hydrolase activity with the 
rat liver preparation, with essentially no change 
in the already very small incorporation of 3H 
16:0 into TG (Fig. 2D). However, with the pig 
enzyme both hydrolase activity and TG synthe- 
sis were much lower in both controls and 
DFP-treated preparations as compared to these 
activities in freshly-thawed microsomes (Fig. 
2B). When the same experiment was run with 
the DFP treatment performed in ice, results 
with the rat liver preparation were similar to 
those at 22 C (Fig. 2C). With the pig liver 
enzyme, there was little loss in TG synthesis, 
while the production of FFA in the controls 
was essentially the same as in freshly-thawed 
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FIG. 3. Effect of DFP treatment on acyl CoA 
metabolism by rat liver microsomes. Rat liver enzyme 
was preincubated at 22 C for 60 min alone and in the 
presence of 1 mM DFP, then assayed in the standard 
spectrophotometric assay with linolenoyl CoA. Addi- 
tional acyl CoA or 150 nmoles of 1-acyl GPC was 
added to both preparations where indicated. Solid 
line, no DFP, dashed fine, 1 mM DFP. 

microsomes and was reduced only slightly by 
DFP (Fig. 2A). 

The kinetic behavior of the rat liver micro- 
somal hydrolase remaining after DPF treatment 
was also altered, rather than the effect being a 
simple reduction in the rate (Fig. 3). After 
treatment, hydrolysis ceased after a few 
minutes of incubation and was not restored by 
addition of more acyl CoA, as was true with the 
untreated enzyme. On the other hand, the 
ability of these preparations to acylate acyl 
GPC was not impaired by the DFP treatment. 

When the pig liver enzyme was exposed to 
different acyl CoA esters at the same substrate 
concentrations normally used for the acyl 
CoA-acyl  GPC acyltransferase assay, the 
reaction progress curves were quite different, 
with palmitoyl CoA being the best substrate 
and arachidonoyl CoA the poorest (Fig. 4). 

The effect of substrate concentration on the 
initial reaction rates was then determined for 
several acyl CoA esters. These assays were per- 
formed in the presence of sonicated microsomal 
lipid, which, as Abou-Issa and Cleland (12) have 
shown, forms mixed micelles with acyl CoA to 
prevent substrate inhibition of rat fiver acyl 
CoA L-glycerol-3-phosphate acyltransferase. It 
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FIG. 4. Initial kinetics of production of free CoA 
from different acyl CoA derivatives by pig fiver micro- 
somes. The standard spectrophotometric assay was 
employed. The acyl CoA derivatives were present in 
initial concentrations of 27 to 30/aM. 

served a similar role here, at least with the 
saturated derivatives, which produced typical 
substrate saturation curves under these condi- 
tions but exhibited substrate inhibition in the 
absence of the lipid. Palmitoyl CoA yielded the 
greatest maximum velocity and stearoyl CoA 
the lowest (Fig. 5A). The Vmax for palmitoyl 
CoA determined from a Michaelis plot was 
approximately 20/~moles/min with an apparent 
Km of about 9 ~tM. On the other hand, unsatu- 
rated acyl CoA esters all produced curves indi- 
cating substrate inhibition at rather low concen- 
trations (Fig. 5B). 

DISCUSSION 

The hydrolase activity which is seen in the 
spectrophotometric assay for acyltransferases 
described by Lands and Hart (1) is not due to a 
single enzymatic activity. This is especially true 
with fresh pig liver microsomal preparations, 
where a considerable amount of TG is formed 
from endogenous precursors. When these prepa- 
rations are preincubated at room temperature 
for an hour, very little TG is formed. This may 
be a result of acylation of the endogenous pre- 
cursors with fatty acids already present in the 
microsomal preparation. It may also be 
partially due to loss of enzymatic activity, as 
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the hydrolase activity also decreases. However, 
acylation of 1 acyl GPC does not decrease 
during this time. Marinetti (13) has reported 
that enzymes involved in TG and DG synthesis 
are more unstable than those for phospholipid 
synthesis in rat liver homogenates treated with 
puromycin. This may also be true with the pig 
liver microsomes. 

DFP treatment of rat liver microsomes not 
only reduced the hydrolase activity, as reported 
by Lands and Hart (1), but also caused a com- 
plete loss of activity after several minutes of 
incubation with substrate. It is possible that the 
DFP does not completely block the hydrolase 
activity, but alters the configuration of the 
enzyme sufficiently to produce an increased 
susceptibility to denaturation by the detergent 
action of the acyl CoA. However this inactiva- 
tion occurs, it makes possible the study of 
acyltransferases with lysophospholipid sub- 
strates in the absence of any contaminating 
activities, utilizing a combination of DFP treat- 
ment and preincubation of the enzyme with 
acyl CoA. This is also true with the pig liver 
enzyme, though in this case the true hydrolase 
activity is minimal and preincubation with acyl 
CoA to remove endogenous substrates alone 
yields a very low consistent hydrolase activity, 
which can be easily corrected. 

The TG which are synthesized by the pig 
liver microsomal preparations have essentially 
all of the incorporated fatty acid in the 1 and 3 
positions. Akesson (14) has recently studied the 
synthesis of TG from exogenous DG dispersed 
in nonionic detergent by pig liver microsomes 
using an acyl CoA generating system and 
labeled fatty acids. In this system he also 
observed an incorporation of fatty acid into TG 
in the absence of added DG of the same order 
found in our studies. Exogenous 1,2- and 
2,3-DG were equally good substrates for the 
acylation, equal amounts of label appearing in 
the 1 and 3 positions with a rac-l,2-DG sub- 
strate. His data indicated the presence of 
enzymes in these microsomes which can hydro- 
lyze the ester bond at the 1 position of DG, and 
presumably of TG. Muller and Alaupovic (9) 
have demonstrated the presence of a micro- 
somal triacylglycerol lipase, but did not study 
its positional specificity. The endogenous DG in 
the pig liver microsomes could, therefore, be a 
mixture of the 1,2- and 2,3-isomers. The label 
appearing in the DG is probably due to 
acylation of 2-acylglycerols produced by these 
lipases. Sundler and Akesson (15) have found 
that pig liver microsomes specifically acylate 
exogenous 2-acylglycerol at position 1. Rac-1- 
acylglycerol is also acylated but at only a small 
fraction of the rate with the 2-isomer. 
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FIG. 5. Initial velocity of free CoA production by 
pig liver microsomes as a function of acyl CoA concen- 
tration. A, saturated acyl CoA derivatives; o, 12:0; A, 
14:0;A, 16:0; D, 18:0. B, unsaturated acyl CoA deriva- 
tives: �9 18:1; A, 18:2;V~ 18:3; ~, 20:4. All measure- 
ments were made using the standard spectrophoto- 
metric assay in the presence of sonicated total pig liver 
microsomal, lipid (20././g. Pi/cuvette). Each point repre- 
sents a single deterrmnatlon. 

The relative specificities observed for dif- 
ferent acyl CoA esters during the initial portion 
of the spectrophotometric assay obviously 
result from a combination of the properties of 
more than one enzyme, as the amount of DG 
formed in the first minute is almost as great as 
that of TG (Table I). That relatively smooth 
substrate saturation curves were obtained for 
such a complex system is not particularly sur- 
prising, as we have obtained similar results for 
the incorporation of glycerol into total lipids 
by rat liver slices (16). The substrate inhibition 
seen with the unsaturated acyl CoA esters, even 
in the presence of sonicated phospholipid, may 
reflect a preferential action on one of the 
enzymes present. Experiments to determine the 
resultant distribution of labeled acyl groups 
transferred from unsaturated acyl CoA esters at 
various substrate levels will be necessary to 
determine what is actually occurring under 
these experimental conditions. 

The presence of endogenous acceptors for 
TG synthesis has also been noted in microsomes 
from chicken adipose tissue (17) and chicken 
liver (18). However, we failed to find any sig- 
nificant amounts of such acceptors in rat or 
rabbit liver microsomes. It is interesting that 
both of these preparations also have high, DFP 
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sens i t i ve  a c y l  C o A  h y d r o l a s e  ac t iv i t i e s .  T h e  sig- 
n i f i c a n c e  o f  t h e s e  l a t t e r  f i n d i n g s  is n o t  
p r e s e n t l y  u n d e r s t o o d ,  b u t  t h e y  se rve  as  a 
r e m i n d e r  t h a t  s p e c i e s  o r  c lass  d i f f e r e n c e s  m u s t  
be  t a k e n  i n t o  a c c o u n t  in  a n y  m e t a b o l i c  s t u d y .  
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The Inhibitive Effects of Azasterols on Sterol Metabolism and 
Growth and Development in Insects With Special Reference to 
the Tobacco Hornworm 1 

J.A. SVOBODA and W.E. ROBBINS, Insect Physiology Laboratory, Entomology Research Division, 
U.S. Dept. of Agriculture, Beltsville, Maryland 20705 

ABSTRACT 

Several monoazasterols were found to 
be potent inhibitors of A24_ and 
A22,24-sterol reductase enzyme(s) in the 
t o b a c c o  hornworm, Manduca sexta 
(Johannson). Certain of these inhibitors 
also prevented normal larval development 
and pupation in the hornworm at dietary 
concentrations in the parts per million 
range. Comparative studies with several 
different insects indicated differences 
between the species with respect to the 
effects of the azasterols. The relationship 
of azasterol structure to the inhibitory 
effect(s) on sterol metabolism and larval 
development is discussed. 

INTRODUCTION 

Since the discovery that desmosterol 
(24-dehydrocholesterol) is an intermediate in 
the conversion of ~-sitosterol to cholesterol in 
the  tobacco hornworm, Manduca sexta 
(Johannson) (1) several vertebrate hypocholes- 
terolemic agents, including the two diazasterols, 
22,25- and 20,25-diazacholesterol (Fig. 1 I,II), 
have proved most useful in studying the utili- 
zation and metabolism of phytosterols in 
insects. Two inhibitors of cholesterol biosyn- 
thesis, 22,25-diazacholesterol and triparanol 
(MER-29), were used to first demonstrate that 
the conversion of/3-sitosterol to cholesterol can 
be inhibited and growth and development dis- 
rupted in the tobacco hornworm (2). This 
block occurs primarily through the inhibition 
of a A24-sterol reductase enzyme(s) and results 
in an accumulation of desmosterol and a reduc- 
tion of cholesterol formation. 

We have further demonstrated that desmos- 
terol is a common intermediate in the con- 
version of a number of different phytosterols to 
cholesterol in the hornworm by using 
20,25-diazacholesterol to block the z124-sterol 
reductase system (3). The usefulness of azas- 
terols again became apparent in our studies 
w h e n  a new  s t e ro l ,  22-trans-cholesta- 

1One of 12 papers to be published from the 
"Sterol Symposium" presented at the AOCS Meeting, 
New Orleans, April 1970. 

5,22,24-trien-3/3-ol, was isolated and identified 
as an intermediate in the conversion of stig- 
masterol to cholesterol in several insects (4). 
This sterol was found to accumulate when a 
diazasterot was fed in combination with stig- 
masterol. In addition, the identification of 
fucosterol as a metabolite of/3-sitosterol and a 
probable intermediate in its conversion to 
cholesterol in the hornworm was also aided by 
the use of 20,25-diazacholesterol (5). 

When certain azasterols are administered in 
the diet, hornworm larvae experience difficulty 
in molting, some form prepupae an instar early 
and many insects are unable to pupate. 
Comparative studies with diazasterols and other 
inhibitors of A24-sterol reductase enzymes, 
s u c h  a s  t r i p a r a n o l  a n d  
3/3-hydroxy-A5-norcholenic acid (3~-hydroxy- 
24-norchol-5-en-23-oic acid) (6), have indicated 
that the disruption of molting and development 
caused by the azasterols is brought about by 
effects other than solely a limitation in choles- 
terol formation. Over 20 azasterols have been 
tested for their effects on sterol metabolism 
and growth and development in the tobacco 
hornworm, and these studies have been corn- 

I, R=H ; R~ ~ N ~ /  IH "~ 

~,R=H ; R-~ " " N ' ~ N ~  
I 

IIT. R:H ; R'= "~N~N~ 

]3Z,R =H; R'_-I-LN~N ~ 

~Z', R=H ; R"= ~ ~ / N ~  

FIG. 1. Azasterol structures. 
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TABLE I 

Sterol Composition of Tobacco Hornworms 
Fed Various Concentrations of 20,25-Diazacholesterol 

in Combination With fl-Sitosterol 

Per cent of total sterols b 
Inh ib i tor  c o n c e n t r a t i o n  a 

(% wet wt.) Cholesterol Desmosterol 
Dealkylated 

sterols 

Contro l  84.5 ~2.0 86.5 
0.00165 40.0 44.2 84.2 
0.0033 26.8 41.4 68.2 
0.0065 16.3 51.7 68.0 
0.013 13.2 42.0 55.2 
0.026 5.6 21.8 27.4 

aAll diets contained fl-sitosterol at 0.026% wet weight. 
bRemainder of sterol was unchanged dietary sterol. 

plemented with similar tests on other insects 
which convert C28 and C29 plant sterols to 
cholesterol. From these studies a considerable 
insight into the relationship of structure to the 
activity of azasterols in insects has been 
obtained. This paper describes the results of 
these studies and also reports the species dif- 
ferences found with respect to the effects of 
the azasterols on sterol metabolism as well as 
on molting and development. 

EXPERIMENTAL PROCEDURES 

The bioassay used to test azasterols for 
inhibitory activity in the hornworm was the 
same as previously described (2). fl-Sitosterol, 
the sole added dietary sterol, unless otherwise 
noted, was coated on the dry components to 
achieve a concentration of 0.026% wet weight 
(0.2% dry weight) in the hornworm larval diet. 
All dietary sterols were ~ 99% pure by gas 
liquid chromatography (GLC) and thin layer 
chromatography (TLC) analyses. Larvae of the 
corn earworm, Heliothis zea (Boddie) and fall 
armyworm, Spodoptera frugiperda (J.E. Smith) 
were reared on the same diet. The sterol was 
coated on diets (7) for the German cockroach, 
Blattella germanica (L.) and American cock- 
roach, Periplaneta americana(L.) at a concen- 
tration of 0.2% dry weight. A modification of 
the cockroach diet was also used with the 
firebrat, Thermobia domestica (Packard). Initial 
tests with each azasterol were made with the 
compound at the same concentration as 
fl-sitosterol. To accurately assess the inhibitive 
effects of certain of the more potent azasterols, 
subsequent tests with lower or higher concen- 
trations were carried out as indicated by pre- 
liminary results. The azasterols were kindly 
provided by G.D. Searle and Co., Chicago, 
e x c e p t  for N-methyl-N-(3-dimethylamino)- 
propyl-17a-amino-androst-5-en-3/3-ol (III) and 

compound IV which were furnished by R.E. 
Counsell, University of Michigan, Ann Arbor. 
All azasterols except compounds III, IV, VI and 
VII were tested as the hydrochloride salts. 

In addition to the effects on growth and 
development, the sterols of insects reared on 
the test diets were examined to determine the 
effects of the azasterol on sterol metabolism. 
Hornworms, corn earworms and fall army- 
worms were frozen as prepupae or as retarded 
larvae. German and American cockroaches and 
firebrats were also frozen either as retarded 
nymphs or adults at appropriate periods of 
time. The sterols were isolated and analyzed by 
column chromatography, TLC and GLC as 
previously described (1). Unisil (100-200 mesh, 
Clarkson Chemical Co., Williamsport, Pa.) 
and Woelm neutral grade II alumina (Alumina 
Woelm, Alupharm Chemicals, New Orleans) 
were the adsorbents used for column chromato- 
graphic separations. Quantitation of sterols was 
carried out on a Barber-Colman Model 10 gas 
chromatograph using 0.75% SE-30 coated on 
Gas-Chrom P. 

RESULTS 

Data in Table I show a relationship between 
the dietary concentrations of 20,25-diaza- 
cholesterol and the composition of the sterols 
isolated from the hornworm. An examination 
of the relative quantity of the total dealkylated 
sterols (i.e., cholesterol plus desmosterol) 
indicates an overall decrease in dealkylation at 
the higher concentrations of the inhibitor 
probably due either to a feedback effect or an 
additional block in the pathway. This azasterol 
effects larval growth and development only at 
concentrations of 0.013% (wet weight) or 
greater. The 22,25-diazacholesterol was found 
to produce effects nearly identical to those 
caused by the 20,25-diazacholesterol. The 
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TABLE II 

Effect of Various Azasterols Fed in Combination 
With fl-sitosterol on the Sterol Composition 

and Larval Development of Tobacco Hornworms 

Per cent of total sterols b 
Inhibition of 

Compound a Cholesterol Desmosterol development c 

II 5.6 21.8 ++ 
III 7.9 51.1 + 
IV 18.2 56.2 0 
V 5.5 26.0 ++++ 
VI 1.4 44.5 ++++ 
VII 3.0 27.2 ++++ 

aAll diets contained the azasterol and fl-sitosterol each at 0.026% wet weight. 
bRemainder of sterol was unchanged dietary sterol. 
CSix insects per test, tests replicated two to six times. Inhibition rated as follows: 0 = no 

effect on development; + = less than one half of the insects develop to normal prepupae, 
larval growth retarded; ++ = less than one third of the insects develop to normal prepupae, 
some abnormal fourth instar prepupae formed; +++ = less than one sixth of the insects 
develop to normal prepupae, approximately one third of the insects form abnormal fourth 
instar prepupae; ++++ = no development beyond abnormal fourth instar prepupae, con- 
siderable mortality during the first three larval molts. 

sa tura ted analog of  22,25-diazacholes terol ,  
however ,  had a less inh ib i to ry  effect  on  larval 
deve lopment  even though  it b rought  about  a 
change in sterol compos i t ion  similar to  tha t  
found  wi th  the AS-analog. Several 20,25-diaza- 
sterols wi th  supernumera ry  carbons  at the  26 
and 27 posi t ions ,  or which  inc luded the  ni t ro-  
gen at the 25 posi t ion in a ring s t ructure  were 
also tes ted  in the  h o r n w o r m ;  some of  these  
c o m p o u n d s  inhib i ted  the desmos te ro l  reductase  
sys tem and severely reduced  the  a m o u n t  of  
cholesterol  available, but  had no  appreciable  
e f fec t  on larval deve lopment .  

The 17a-epimer  of  20,25-diazacholes terol  
(III) was som ew ha t  less p o t e n t  than  the  
17/3-epimer (II) as an inhibi tor  o f  deve lopment ,  
and was also less effective in blocking dealkyla- 
t ion  (Table II). The 17a-analog lacking the  
21-methyl  (IV) was a less effect ive inhib i tor  o f  
s terol  me tabo l i sm and had essentially no ef fec t  
on deve lopment .  Interest ingly,  20,24-diaza-25- 
norcholes te ro l  (V) wi th  one less carbon in the  
side chain inhib i ted  choles terol  f o rma t ion  and 
b locked  dealkylat ion to  about  the  same ex ten t  
as did the 20,25-diazacholes terol ,  but ,  based on 
tests at lower  concen t ra t ions ,  it was about  four  
t imes  more  active in b locking larval develop- 
ment .  The cyc lopen ty l  p rop ion ic  acid ester  (VI) 
o f  the 20,25-diazacholes terol  was approx-  
imately  th ree  t imes  as inh ib i to ry  to larval 
deve lopment  as the parent  c o m p o u n d ,  but  the  
amoun t  of  dealkyla ted  sterol  was greater  wi th  
VI, as evidenced by the  large accumula t ion  of  
desmostero l .  A cyc lopen ty l  e ther  derivative 
(VII) was over five t imes as inh ib i to ry  to  larval 
deve lopment  as the  parent  diazacholesterol .  

C o m p o u n d s  II, V, VI and VII were all inhibi- 
tory  to the German cockroach  when  fed in 
combina t ion  wi th  /3-sitosterol, and as in the  
h o r n w o r m ,  of  these four  azasterols,  c o m p o u n d  
VII was the  most  p o t en t  inh ib i to r  o f  develop- 
men t  (Table III). The relative amoun t s  of  
choles terol  f o u n d  in t rea ted  cockroaches  were 
much  higher than  those  found  in h o r n w o r m s  
even though  n y m p h a l  deve lopment  was severely 
d is rupted  in the cockroaches .  

A series of  monoazacho les te ro l s  was tes ted  
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FIG. 2. Growth rates of tobacco hornworm larvae 
reared on diet containing fl-sitosterol alone (control) 
~--------~, or in combination with 8 ppm of either 
23-azasterol o - - - -o ,  24-azasterol A- - - -A,  or 25- 
azasterol X . . . .  X. All diets contained fl-sitosterol at 
0.026% wet weight. 
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TABLE III 

Effect of Various Azasterols Fed in Combination With 
~-Sitosterol on the Sterol Composition and 

Nymphal Development of German Cockroaches 

Per cent of total sterols b 
Inhibition of  

Compound a Cholesterol Desmosterol development c 

Control 92.8 ~ .0 
II 47.3 33.2 + 
V 57.9 27.9 + 
VI 57.2 25.7 + 
VII 79.6 9.7 ++ 
23-Azacholesterol 47.0 17.9 ++ 
24-Azacholesterol 42.5 8.5 ++ 
25-Azacholesterot 47.1 8.6 ++ 

aAll diets contained the azasterol and ~-sitosterol each at 0.2% dry weight except com- 
pound VII which was tested at 0.05%. 

bRemainder of sterol was unchanged dietary sterol. 
CTwenty insects per test. Inhibition ratings based on nymphal weights as compared with 

controls, at end of 30 day test period: + = 30-80%weight reduction; ++ = ~80%reduction 
in weight. 

in the tobacco h o r n w o r m  and as seen in Table 
IV, the extent  of  inhibi t ion of  sterol metab-  
olism is dependent  on the posi t ion of  the ni tro-  
gen in the side chain. There is less total  
dealkylated sterol in the insects af ter  feeding 
the 23-,24-, and 25-monoazasterols  than with 
the diazasterols. Based on tests at lower  concen-  
trat ions,  all three of  these compounds  are more 
po ten t  inhibitors of  larval deve lopment  than 
any of  the previously discussed compounds ,  
and the 25-azacholesterol  is the most  active of  
the azasterols tested (Fig. 2). This c o m p o u n d  at 
a concent ra t ion  of  8 ppm in the diet severely 
disrupts larval development ,  no pupat ion occurs 
at 4 ppm, and a considerable decrease in the 
number  of  insects pupat ing occurs even at 2 
ppm. The 25-azacholesterol  at 16 ppm brought  
about  fo rmat ion  of  four th  instar prepupae in 
about  half  of  the h o r n w o r m  larvae. Larvae 
reared individually in 1 oz plastic cups, at the 
lat ter  concent ra t ion ,  were examined  daily and 
mol t ing records were kept  to defini tely ascer- 
tain that four th  instar prepupae were formed.  

The 23-,24- and 25-monoazasterols  also 
inhibi ted the deve lopment  of German cock- 
roach nymphs (Table III). As observed with  the 
hornworm,  the 25-azacholesterol  was also the 
most  po ten t  in the German cockroach.  In 
addit ion,  the relative percentage of  cholesterol  
in these cockroaches  is qui te  high as was found 
with  compounds  V, VI and VII. 

The sterol compos i t ion  of  hornworms  fed 
st igmasterol in combina t ion  with  the mono-  
azasterols emphasizes the impor tance  of  the 
posi t ion of  the ni t rogen in the side chain with  
respect to inhibi t ion of  ei ther the A24- or the 

-A22,24-sterol  reductase activity. F r o m  Table V 
it is apparent  that  22-trans-cholesta-5,22,24- 
trien-33-ol accumulates  to the greatest extent  
with the 20- and 22-monoazasterols .  

The effects of  20,25-diazacholesterol  have 
been examined in several species of  insects that  
convert  3-sitosterol to cholesterol .  Table VI 
summarizes some of these results, including the 
inhibi tory  effects  on sterol metabol ism and 
development  observed when/3-sitosterol and the 
diazacholestero! are fed in combina t ion ,  each at 
0.2% dry weight.  Of  the immature  insects 
tested,  the primit ive f irebrat  nymph  was least 
affected;  little desmosterol  accumula ted  and no 
effect  on development  was de tec ted  over a five 
mon th  period. The deve lopment  of  German 
cockroach nymphs  is slightly less inhibi ted than 
Amer ican  cockroach  nymphs  at this concen- 
t ra t ion,  and sterol metabol i sm in bo th  species is 
more severely affected than in the firebrat.  The 
American cockroach adults were placed on the 
test diet after mol t ing f rom the  last nympha l  
instar, the nymphs having been reared in the 
stock colony on a diet of dog food.  These 
adults were held nearly seven months  on the 
test diets, wi th  the females producing oothacae  
during this period. It  is apparent  f rom Table VI 
that  the cholesterol  pool  of  the female has been 
considerably deple ted  because of  the require- 
ment  for this sterol for oo theca  product ion .  
Sterol  turnover  also occurs in the males, and 
some desmosterol  has accumula ted  because of  
the reduct ion  in conversion of  3-sitosterol to 
cholesterol  brought  about  by the diazasterol.  
All three of  the phytophagous  lepidopterous  
insects were severely affected by the diaza- 
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TABLE IV 

Effect of Monoazasterols Fed in Combination With ~-Sitosterol on the 
Sterol Composition and Larval Development of Tobacco Hornworms 

117 

Per cent of total sterols b 

Compound a Cholesterol Desmosterol 
Inhibition of 
development c 

Control 84.5 1.5 
20-Azacholesterol 85.6 1.5 + 
22-Azacholesterol 40.8 8.7 + 
23-Azacholesterol 1.6 6.6 +++ 
24-Azacholesterol 1.7 5.7 ++++ 
25-Azaeholesterol 2.3 6.7 ++++ 

aAll diets contained the azasterol and ~-sitosterol each at 0.026% wet weight. 
bRemainder of sterol was unchanged dietary sterol. 
Clnhibition ratings as in Table II. 

choles te ro l  wi th  respect  to  the  dea lky la t ion  of 
/3-sitosterol and  its convers ion  to  choles te ro l  as 
well as d i s rup t ion  of  the  larval  mo l t i ng  cycle. 

DISCUSSION 

A n u m b e r  of  conc lus ions  can be d rawn  
conce rn ing  the  re la t ionsh ip  of  s t ruc tu re  to  the  
act ivi ty of  azasterols  w i t h  respec t  to  the i r  
ef fects  on s terol  m e t a b o l i s m  and  g r o w t h  and  
d e v e l o p m e n t  in the  h o r n w o r m .  There  are 
ac tual ly  th ree  in t e r r e l a t ed  ef fec ts  b r o u g h t  
a b o u t  by  these  azas terol  inh ib i to r s :  first, a 
severe i nh ib i t i on  of the  A24-s te ro l  r educ tase  
sys tem,  which  l imi ts  the  a m o u n t  of  cho les te ro l  
available to  the  insect  and  is a necessary pre- 
requis i te  for  the  effects  on  h o r n w o r m  larval 
g rowth  and  d e v e l o p m e n t ;  second ,  a dras t ic  
r educ t i on  in dea lky la t ion  occurs  w i th  any  
azasterol  t h a t  i~ a p o t e n t  i n h i b i t o r  of  the  ho rn -  
w o r m  mol t ing  cycle so t h a t  t he  ma jo r  s terol  
p resent  in the  insect  is u n c h a n g e d  d ie ta ry  
s terol ;  th i rd ,  a d i s rup t ion  of  n o r m a l  m o l t i ng  and  
d e v e l o p m e n t  may  occur  in this  insect  w h e n  
the re  is a severe l im i t a t i on  in choles te ro l  for- 

ma t ion .  However ,  previous  work  w i th  several 
inh ib i to r s  wh ich  do no t  in te r fe re  w i th  develop-  
m e n t  has  s h o w n  tha t  i nh ib i t i ng  cho les te ro l  for- 
m a t i o n  is no t  in i tself  suff ic ient  to  d i s rupt  the  
mol t ing  cycle of the  h o r n w o r m .  

Our  resul ts  po in t  to  a n u m b e r  of  s t ruc tu ra l  
fea tures  t ha t  may  affec t  t he  i n h i b i t o r y  act iv i ty  
of these  azasterols.  The  monoazas t e ro l s  are the  
mos t  i n h i b i t o r y  of  the  c o m p o u n d s  we have 
t es ted  and  the  25-azas terol  is t he  mos t  act ive of  
these .  The  te r t i a ry  n i t rogen  at the  25 pos i t ion  
thus  is more  i n h i b i t o r y  t h a n  a seconda ry  n i t ro-  
gen at e i ther  the  23 or 24 pos i t ion .  The  25- 
azacholes te ro l  is over  30 t imes  more  p o t e n t  
t h a n  e i the r  the  20,25-  or 22 ,25-d iazacho les te ro l  
in b lock ing  h o r n w o r m  deve lopmen t ,  ind ica t ing  
t ha t  the  add i t iona l  n i t rogen  appa ren t ly  is 
respons ib le  for  some ster ic  ef fec t  t h a t  decreases 
the  i n h i b i t o r y  ac t ion(s )  of  these  diazasterols .  
This  re la t ion  of  s t ruc tu re  to  ac t iv i ty  in the  
h o r n w o r m  general ly parallels t he  resul ts  f r o m  
s tudies  w i th  ra ts  on  the  relat ive ef fec t iveness  of  
monoazas t e ro l s  and  diazasterols  as hypocho le s -  
t e ro lemic  agents  (8).  

The  add i t i on  of  subs t i t uen t s  larger t h a n  

TABLE V 

Effect of Monoazasterols Fed in Combination With Stigmasterol 
on the Sterol Composition of Tobacco Hornworms 

Compound a Cholesterol 

Per cent of total sterols b 

Desmosterol A5,22,24-Cholest atrienol 

Control 82.6 ~-,2.0 ( 1 . 0  
20-Azacholesterol 41.0 ~ . 0  31.8 
22-Azacholesterol 11.8 ~-,2.0 35.0 
23-Azacholesterol 8.0 15.6 10.1 
24-Azacholesterol 6.9 8.5 6.3 
25 -Azacholesterol 6.2 l 1.4 3.1 

aAll diets contained the azasterol and stigmasterol each at 0.026% wet weight. 
bRemainder of sterol was unchanged dietary sterol. 
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TABLE VI 

Effect of 20,25-Diazacholesterol Fed in Combination 
With ~-Sitosterol on the Sterol Composition 

and Development of a Number of Insects 

Insect a 

Per cent of total sterols b 

Cholesterol Desmosterol 
Inhibition of 
development c 

Firebrat nymphs 69.8 
German cockroach nymphs 47.3 
American cockroach nymphs 30.9 
Female American cockroach adults 49.7 
Male American cockroach adults 83.0 
Fall armyworm larvae 2.8 
Tobacco hornworm larvae 5.6 
Corn earworm larvae 1.0 

11.4 0 
33.2 + 
16.5 + 

6.1 
4.0 

34.9 +++ 
21.8 ++ 
18.6 ++ 

aAll diets contained the azasterol and ~-sitosterol each at 0.2% dry weight. 
bRemainder of sterol was unchanged dietary sterol. Controls of all species fed fl-sito- 

sterol alone contained 83% to 90% cholesterol and ~--.2% desmosterol. 
CInhibition ratings are as follows: fall armyworm (10 insects per test), tobacco horn- 

worm (6 insects per test), and corn earworm (10 insects per test) same as in Table II; Ger- 
man and American cockroach nymphs same as in Table III except that in the American 
cockroach tests 35 insects were used per test and the nymphs were weighed at the end of 80 
day test period. 

m e t h y l  groups at  the  26 and  27 pos i t ions  of  the  
side chain  renders  the  azas terol  cons iderab ly  
less active,  par t icu lar ly  wi th  respec t  to  inh ib i -  
t ion  of  g r o w t h  and  deve l opm en t .  A n u m b e r  of  
such  c o m p o u n d s  t es ted  in the  h o r n w o r m  qui te  
effect ively b locked  the  A24- r educ t a se  sys tem,  
severely r educed  choles te ro l  f o r m a t i o n ,  bu t  had  
l i t t le  or no  ef fec t  on  larval g rowth .  However ,  
two  o the r  azasterols  w i t h  side chains  t h a t  also 
differ  cons iderab ly  f rom choles te ro l  were f o u n d  
t o  b e  a c t i v e .  B o t h  2 0 , 2 4 - d i a z a - 2 5 -  
no rcho le s t e ro l  (wi th  the  s h o r t e n e d  side cha in)  
and  the  17a-ep imer  of  20 ,25-d iazacho les te ro l  
(III)  were i nh ib i t o ry .  The  21-nor  der ivat ive ( IV) 
of  the  17a-ep imer  was cons ide rab ly  less effec- 
tive, ind ica t ing  t ha t  the  21 -me thy l  g roup  is 
essential  for  m a x i m u m  act ivi ty .  Ne i the r  a 
AS-bond  no r  a free 3/3-hydroxyl g roup  appears  
to  be essential  for  azas terol  ac t iv i ty ;  the  satu-  
ra ted  analog of  the  22 ,25-d iazacho les te ro l  is 
a p p r o x i m a t e l y  as active as the  A S - c o m p o u n d  
and  b o t h  an e the r  and  an es ter  der ivat ive of  the  
20 ,25-d iazacholes te ro l  were several t imes  more  
active t han  the  pa ren t  c o m p o u n d .  I t  will be  of  
in te res t  to  de t e rmine  i f  c o m p a r a b l e  increases  in 
ac t iv i ty  will be  f o u n d  wi th  the  co r r e spond ing  
esters and  e thers  of  ce r ta in  of  the  act ive m o n o -  
azasterols ,  such  as 25-azasterol .  

The  d i f ferences  observed  in the  effects  of  a 
d iazas terol  on  several species of  insects  (Table  
VI)  again warns  against  mak ing  b r o a d  generali-  
za t ions  on s terol  m e t a b o l i s m  and  u t i l i za t ion  in 
insects.  Of  the  tes t  insects ,  t he  f i rebra t  was the  
least  a f fec ted  by  this  i nh ib i t o r ,  b o t h  w i th  res- 
pect  to the  f o r m a t i o n  of  cho les te ro l  and  the  

d i s rup t ion  of  deve lopmen t .  Even  t h o u g h  the  
effects  on  the  d e v e l o p m e n t  of  t he  cock roach  
n y m p h s  were similar  to  those  f o u n d  wi th  horn -  
worms ,  the  relat ive pe rcen tage  of  choles te ro l  
f o u n d  in these  i n h i b i t e d  cockroaches  far  
exceeds  t ha t  f o u n d  in the  i n h i b i t e d  h o r n w o r m s .  
E i the r  the  h o r n w o r m  is b e t t e r  able to  f u n c t i o n  
and  grow on  a l imi ted  supply  of  choles te ro l  
t han  cockroaches  or  else o t h e r  i n h i b i t o r y  
mechan i sms  are involved.  B o t h  cockroaches  
also differ  s igni f icant ly  in t h a t  t hey  do  no t  
show the  overall  i n h i b i t i o n  o f  dea lky la t ion  
f o u n d  in the  h o r n w o r m .  Thus  the re  is also a 
c o n s i d e r a b l e  d i f fe rence  b e t w e e n  d i f fe ren t  
insects  in the  specif ic i ty  of  the  e n z y m e  sys- 
t em(s )  involved in the  dea lky l a t i on  and  conver-  
s ion of  phy to s t e ro l s  to  choles tero l .  As pre- 
viously m e n t i o n e d  (3) ,  these  d i f fe rences  in  
s terol  m e t a b o l i s m  in insects  may  well be due to  
adap t a t i ons  to  the  sterols  no rma l ly  available in 
the  na tu ra l  die t  of  the  insect .  

C o n t i n u i n g  research  wi th  the  azasterol  ana- 
logs and  the i r  derivat ives will p rovide  add i t iona l  
i n f o r m a t i o n  on  the  structure-activity re la t ion-  
ships of  these  inh ib i to r s  and  shou ld  also prove  
useful  in f u r t h e r  e luc ida t ing  the  p a t h w a y ( s )  of  
p h y t o s t e r o l  m e t a b o l i s m  and  u t i l i za t ion  in in- 
sects. The  azasterols  are also a p p a r e n t l y  d i rec t ly  
or ind i rec t ly  involved in m e t a b o l i c  p a t h w a y s  
o the r  t h a n  those  hav ing  to  do w i th  f o r m a t i o n  
of  cho les te ro l  f r o m  phy tos t e ro l s .  I t  wou ld  
appear  t ha t  a par t ,  if  no t  all, o f  the  sequence  of  
convers ion  of phy to s t e ro l s  to  cho les te ro l  in  the  
h o r n w o r m  occurs  in t he  t issues of  the  gut ,  since 
in vi t ro  s tudies  have s h o w n  t h a t  r e d u c t i o n  of  
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desmosterol ,  the  final step in this pa thway 
occurs almost  exclusively in the rnidgut tissues. 
However ,  in order  for an azasterol to disrupt 
o ther  pathways of  steroid metabol ism,  such as 
ecdysone format ion ,  it may be necessary for 
the azasterol to be t ranspor ted  to tissues o ther  
than the gut. Prel iminary studies wi th  radio- 
labeled azasterols indicate that  ex t remely  small 
quanti t ies  of  these inhibi tors  are incorpora ted  
into o ther  h o r n w o r m  tissues, and perhaps valu- 
able in format ion  concerning the various sites of  
steroid metabol ism may be obta ined  f rom 
analyses of  these tissues. Through  the use of  
these radiolabeled azasterols we hope  eventu-  
ally to gain a be t ter  unders tanding of  the act ion 
of  these c o m p o u n d s - w h e t h e r  these inhibi tors  
b lock other  impor tan t  metabol ic  pathways  for 
steroids in insects such as ecdysone  biosyn- 
thesis, or whether  the azasterols are metab-  

olized to other ,  biologically active compounds ,  
or bo th ,  
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The Distribution of Sterols in Algae1,2 
GLENN W. PATTERSON, Department of Botany, University of Maryland, College Park, Maryland 20740 

ABSTRACT 

Available analytical techniques are 
now sufficient for the separation and 
identification of sterols from complex 
mixtures in plants. Gas and thin layer 
chromatography and mass spectroscopy 
in particular, have been used to resolve 
some of the confusion concerning the 
sterol composition of algae. Red algae 
(Rhodophyta) contain primarily choles- 
terol, although several species contain 
large amounts of desmosterol, and one 
species contains primarily 22-dehydro- 
cholesterol. Only a few Rhodophyta con- 
tain traces of C-28 and C-29 sterols. 
Fucosterol is the dominant sterol of 
brown algae (Phaeophyta), apparently the 
major sterol of every species examined. 
Most Phaeophyta also contain traces of 

1One of 12 papers to be published from the 
"Sterol Symposium" presented at the A O C S  Meeting, 
New Orleans, April 1970. 

2Scientific Article No. A2606, Contribution No. 
4331 of the Maryland Agricultural Experiment 
Station. 

cholesterol and biosynthetic precursors of 
fucosterol. The sterols of green algae 
(Chlorophyta) are much more varied and 
complex than those of other groups of 
algae. Whereas the Phaeophyta and 
Rhodophyta contain one primary sterol, 
many of the Chlorophyta contain a com- 
plex mixture of sterols such as occurs in 
higher plants. The Chlorophyta contain 
such sterols as chondrillasterol, porifera- 
sterol, 28-isofucosterol, ergosterol, cho- 
lesterol and others. Sterol composition 
may be of value in the systematics of 
plants such as the Chlorophyta. Recently 
(for the first time) complex mixtures of 
sterols have been isolated in very small 
amounts in the blue-green algae (Cyano- 
phyta). Available data on the sterols of 
other groups of algae are insufficient for 
making useful comparisons. 

INTRODUCTION 

Since their recent isolation from bacteria 
(1,2) and blue-green algae (3,4), sterols have 

o 

HO 
~ ~ !  DEHY~TEROL 

FIG. 1. Sterols of red algae. FIG. 2. Sterols of brown algae. 
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STEROLS OF ALGAE 

TABLE I 

Sterols of Red Algae (Rhodophyta) 

121 

Order Species Major sterols a References 

Porphyridiales Porphridium cruen rum none 12 
Bangiales Porphyra purpurea desmo 13 
Gelidiales Acanthopeltis japonica chol 32 

Gelidium amansii chol 32 
G. japonicum chol 33 
G. subcostatum chol 33 
Pterocladia tenuis chol 33 

Cryptonemiales Dilsea earnosa chol 13 
Corallina officinalis chol 13 
Gloiopeltisfureata chol 34 
Tichocarpus crinirus chol 34 
Grateloupia elliptica chol 34 
Cyrtymenia sparsa chol 34 
Polyides caprinus chol 13 
P. rotundus chol 11 

Gigartinales Gracilaria verrucosa chol b 
Plocamium vulgare chol 13 
Furcellaria fastigiata chol 13 
Hypnea japonica 22-DC 14 
Ahnfeltia stellata chol 13 
Chondrus crispus chol 15,35 
C. giganteus chol 34 
C. ocellatus chol 34 
Gigartina stellata chol 13 
Iridophycus cornucopiae chol 34 
Rhodoglossum pulchrum chol 33 

Rhodymeniales Halosaccion ramentaceum chol, desmo 11 
Rhodymenia palmata desmo, chol 11, 13, 15 
Coeloseira pacifica chol 34 

Ceramiales Ceramium rubrum chol b 
Chondria dasyphylla chol b 
Laurencia pinnatifida chol 13 
Polysiphonia nigrescens chol 13 
P. lanosa (fastigata} chol 13 
P. subtillisima chol b 
Rhodomelia conferoides chol 11,15 
R. larix chol 34 
Dasya pedicellata ehol b 
Grinnellia americana chol, desmo b 
Rytiphlea tinctoria camp or A5 erg 16 

aDesmo, desmosterol; chol, cholestenol; 22-DC, 22-dehydrocholesterol; camp, campe- 
sterol; A5 erg, AS.ergostenol. 

bDoyle and Patterson, unpublished data. 

b e e n  isolated f r o m  all ma jo r  g roups  of  living 
organisms.  Choles te ro l  is the  p r imary  s terol  of  
all h igher  animals ;  lower animals  m ay  con t a i n  
choles te ro l  or a comp lex  m i x t u r e  of  27-, 28-, or 
29-ca rbon  sterols.  The  28- and  29 -ca rbon  
sterols  f o u n d  in pr imi t ive  an imals  appa ren t ly  
resul t  f rom the i r  d ie t ;  n o n e  have been  s h o w n  to  
be  syn thes ized  by  animals.  

In h igher  plants ,  /3-sitosterol is c o m m o n l y  
the  pr incipal  s terol ,  a l t h o u g h  it is f r e q u e n t l y  
a c c o m p a n i e d  by  campes te ro l  and  s t igmasterol .  
Sterols  o the r  t h a n  these  are relat ively rare in 
h igher  plants .  In  algae, however ,  the  sterols  are 
m u c h  more  varied.  Ear ly  work  ind ica ted  t h a t  a 
c o m p l e x  m i x t u r e  o f  s terols  occu r red  in algae 
wh ich  was similar to  the  s terol  mix tu re s  of  
h igher  p lan ts  (5).  A m i x t u r e  of  s i tos terols  was 

r epo r t ed  in several species of  green  algae 
(Ch lo rophy ta ) .  However ,  o the r  species of  
C h l o r o p h y t a  were r e p o r t e d  to  con ta in  such  
widely-di f fer ing sterols  as ergosterol  (6) ,  
chondr i l l as te ro l  (7) ,  zymos te ro l  (8) ,  and  
fucos te ro l  (5).  While all pub l i ca t ions  showed  
tha t  fucos te ro l  was the  major ,  if no t  the  sole 
s terol  of  b r o w n  algae ( P h a e o p h y t a ) ,  t hey  were  
in comple t e  d i sagreement  on  the  s terol  c o n t e n t  
of  red  algae ( R h o d o p h y t a )  (9) .  Most  Japanese  
species of  R h o d o p h y t a  con t a in  choles tero l ,  
while R h o d o p h y t a  f r o m  Bri t ish  waters  con ta in  
s i tos terol  (9).  These  and  m a n y  o the r  ques t ions  
c o n c e r n i n g  the  occur rence  and  i d e n t i t y  o f  s terols  
in algae have b e e n  resolved in r ecen t  years  by  a 
r e e x a m i n a t i o n  of  the  species in  ques t ion  using 
recen t ly  available m e t h o d s  of  analysis. 
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TABLE II 

Sterols of Brown Algae (Phaeophyta) 

Order Species Major sterols a References 

Ectocarpales Pylaiella littoralis fuco 5 
Spongonema tomentosum 

{Ectocarpus tomentosusJ fuco 5 
Sphacelariales Cladostephus spongiosus fuco 5 

Sphacelaria pennata 
(cirrosa) fueo 5 

Stypocaulon scoparium fcou 5 
Dictyotales Dictyopteris divaricata fuco 18,39 

Dictyota dichotoma fuco 5 
Padina arborescens fueo 36 

Chor dariales Heterochordaria abietina fuco 36 
Dictysiphonales Myelophycus caespitosus fuco 34 
Larninariales Alaria crassifolia fuco 34,39 

Chorda ilium fuco 5 
Costaria costata fuco, 24 MC 17, 41 
Eisenta bicyclis fuco 17 
Larninaria angustata fuco 36 
L. digitata fuco, 24 MC 5,19 
L. faeroensis fuco, 24 MC 19 
L. Hyperborea (cloustonii) fuco 37 
L. ]aponica fuco 36 
L. saccharina fuco 37 
Ascophyllum nodosum fuco 5,19,37 
Cystophyllum hakodatense fuco 34 
Fucus gardneri fuco 40 
17. evanescens fuco, 24 MC 17,34,39 
F. diviarcarpus fuco, 24 MC 41 
F. ceranoides fuco 5 
F. serratus fuco 37 
F. spiralis fuco 37 
F. vesiculosis fuco 37 
Halidrys siliquosa fuco 5 
Pelvetia wrighffi fuco 17 
P. canalicalata fuco 37 
Sargassum muticum fuco 40 
S. confusum fuco 39 
S. thunberg~i fuco, 24 MC 39 
S. ringgoldianum fuco, 24 MC 39 

Fucales 

aFuco, fucosterol; 24 MC, 24-rnethylene cholesterol. 

STEROLS OF RED ALGAE (RHODOPHYTA)  
There are two probable reasons for  the con- 

fus ion conce rn ing  the  s terol  c o m p o s i t i o n  of  
R h o d o p h y t a .  Firs t ,  w h e n  the  earlier work  w i th  
R h o d o p h y t a  was done  (10) ,  ana ly t ica l  tech-  
n iques  were no t  capable  of  separa t ing  and  
iden t i fy ing  closely-related sterols  t h a t  were 
k n o w n  to  occur  in o t h e r  plants .  Secondly ,  
r ecen t  work  has shown  (11)  t h a t  the  s terol  
compos i t i on  of  a single species of  R h o d o p h y t a  
can be marked ly  d i f fe ren t  f rom sample  to 
sample.  I t  is no t  yet  clear w h e t h e r  these  differ-  
ences are seasonal  var ia t ions  or  due to  fac tors  
re la ted  to the  specific n u t r i t i o n a l  e n v i r o n m e n t s  
f rom wh ich  the  samples  were col lected.  In spi te  
of  the  fact  t h a t  we k n o w  the  s terol  com pos i t i on  
of  near ly  40  species of  R h o d o p h y t a ,  specif ic  
expe r imen t s  have no t  been  c o n d u c t e d  to  deter -  
mine  w h e t h e r  these  sterols  are syn thes ized  by  
the  algae or abso rbed  f r o m  the i r  e n v i r o n m e n t .  
I t  may  be s ignif icant  t h a t  Porphridium 

cruentum,  a species of  R h o d o p h y t a  which  is 
cu l tu red  on  a chemica l ly -def ined  m e d i u m  lacks 
sterols  (12) .  The  species of  red algae e x a m i n e d  
for  s terols  are l is ted in Table  I. The  earl iest  
s terol  iden t i f i ca t ions  have been  o m i t t e d  unless  
they  have been  s u b s t a n t i a t e d  by  m o d e r n  tech-  
n iques  of  analysis.  Choles te ro l  is the  ma jo r  
s terol  in mos t  R h o d o p h y t a ;  in m a n y  species, i t  
is the  on ly  s terol  de tec ted .  The  ma jo r  s terol  of  
Porphyra purpura is desmos te ro l  (13) ,  bu t  in 
Porphyra sp. (11) ,  choles te ro l  p r e d o m i n a t e s .  
The  sterols  of  Halosaccion ramentaceum and  
Rhodyrnenia  palmata are pr imar i ly  desmos t e ro l  
and  choles terol .  In  a given sample  e i the r  may  be  
f o u n d  to p r e d o m i n a t e  (11) .  Hypnea japonica 
con ta ins  22 -dehydrocho le s t e ro l  as i ts  ma jo r  
s terol  (14) ,  and  several o t h e r  species con t a in  
t races  of  this  unusua l  s terol  (11) .  

The  fo l lowing facts  a b o u t  the  sterols  of  red 
algae are n o w  appa ren t :  (a) all R h o d o p h y t a  
e x a m i n e d  con ta in  sterols  excep t  Porphridium 
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TABLE III 

Sterols of Green Algae (Chlorophyta) 

123 

Order Species Major sterols a References 

Chlorococcales Scenedesmus obliquus chond, A7-erg 7, 24, 42 
Chlorella vulgaris chond, A7-erg 24, 25 
C. fusca chond, A7-erg b 
C. emersonii chond, A7-erg b 
C. glucotropha chond b 
C. miniata chond b 
C. vannielii erg 6, 26 
C. simplex erg 26 
C. nocturna erg 26 
C. sorokiniana erg 26 
C. candida erg 26 
C. ellipsoidea porif,/k5.er ~ 25 
C. saccharophila p orif, AS.erg 25 
Hydrodictyon reticulatum spin 38 

Ulvales Ulva lactuca 28-iso 22 
U. pertusa chol 39 
Enteromorpha linza 28-iso 23 
E. intestinalis 28-iso 22 
Monostroma nitidum hali 23 

Cladophorales Chaetomorpha crassa chol, 24-MC 39 

aChond, chondriUasterol; A7-erg, A7-ergostenol; erg, ergosterol; porif, poriferasterol; 
A5-erg, AS-ergostenol; spin, spinasterol; 28-iso, 28-isofucosterol; chol, cholesterol; hali, 
haliclonasterol; 24-MC, 24-methylene cholesterol. 

bpatterson, unpublished data. 

cruentum; (b) the predominant sterol of the 
great majority of Rhodophyta is cholesterol; 
and (c)with only one exception, the major 
sterols of the red algae have been C-27 sterols 
(Fig. 1). In some studies, traces of sterols 
tentatively identified as 24-methylene choles- 
terol, brassicasterol, stigmasterol, sitosterol or 
f u c o s t e r o l  have been reported (15,11). 
Gibbons, et al. (13) found no trace of C-28 and 
C-29 sterols in the Rhodophyta they examined 
and suggested that these algae could be incap- 
able of alkylation at C-24 by S-adenosyl 
methionine. Some Rhodophyta apparently do 
contain C-28 and C-29 sterols; however, only in 
Ryt iphlea  tinctoria are they major sterols (16). 
It would be of interest to determine whether 
these sterols are synthesized by Rhodophyta or 
are absorbed from the environment. 

STEROLS OF BROWN ALGAE 
(PHAEOPHYTA) 

Since the earliest work of Carter, et al. (10), 
it has been recognized that fucosterol is the 
predominant sterol of Phaeophyta. Apparently, 
there is no exception to this rule (Table lI). In 
one study (17), sargasterol, the C-20 isomer of 
fucosterol, was identified as the major sterol in 
Sargassum ringgoldianum, but this study did 
not make use of chromatographic methods now 
available to determine if the sterol is homo- 
genous. More recent studies on this alga have 

not detected sargasterol (18,39). S. ring- 
goldianum apparently contains fucosterol as its 
primary sterol with small amounts of choles- 
terol, 24-methylene cholesterol and saringo- 
sterol (18). Recent work using gas chromato- 
graphy has shown, without exception, the 
presence of small amounts of sterols other than 
fucosterol in Phaeophyta. The presence in 
brown algae of 24-methylene cholesterol and of 
desmosterol, which was tentatively identified in 
Laminaria (19), can be explained, since they 
could be biosynthetic precursors of fucosterol. 
S a r i n g o s t e r o l  (hydroxy-24-vinylcholesterol) 
(Fig. 2) has been identified in many recently- 
examined Phaeophyta (18,19,39). Knights has 
recently presented evidence that saringosterol 
arises from fucosterol by air oxidation (20). 

Fucosterol is the major sterol in all brown 
algae examined. It is even more dominant in 
Phaeophyta than cholesterol is in Rhodophyta. 
Members of Phaeophyta are not closely related 
to any other algae (21). It may be phylo- 
genetically significant, then, that fucosterol has 
not been frequently identified in other algal 
species. 

STEROLS OF GREEN ALGAE 
(CHLOROPHYTA) 

The sterols of Chlorophyta are much more 
complex than those of Phaeophyta and 
Rhodophyta. Early work indicated that the 
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FIG. 3. Sterols of green algae. 

sterols of Chlorophyta were similar to those of 
higher plants, that is, a complex mixture of 
sitosterols (5). However, a recent reexamination 
showed that Ulva lactuca and Enteromorpha 
intestinalis contain 28-isofucosterol (22), and 
not sitosterol as earlier work indicated (5). 
Other species which were shown to contain 
sitosterol in early work will probably be found 
to be in error also, since sitosterol has not been 
firmly identified in any green alga. These early 
examinations will not be considered here unless 
they have been substantiated by a recent 
reexamination. Due to the complexity of the No OF C ATOMS 
sterol mixture in most Chlorophyta, many 
incorrect identifications have been made and 
are still being made. These mistakes may be 
largely avoided by use of modern techniques 
such as gas chromatography and thin layer 
chromatography and mass spectroscopy. Even 
with these techniques, identifications of these 
sterols are difficult because of the common 
occurrence, in Chlorophyta, of sterols with an 
asymmetric carbon atom at C-24. Just as a C-20 
isomer of fucosterol (sargasterol) was once 
thought to occur in Sargassum, a C-20 isomer 
of campesterol has been tentatively identified 
in Monostroma niticlum (23). Thus the 
occurrence of haliclonasterol in Monostroma 
and spinasterol in Hydrodictyon reticulatum 
(38) must be regarded as tentative, since not 
enough data are available to determine the 
orientation at C-20 and C-24 (Table III). 
Cholesterol occurs in significant amounts in 
some species of Chlorophyta and may even be 
the primary sterol (39). 

Considerable data are now available on the 
sterols of Chlorella, a unicellular green alga 
(Table IV). There is much variability in sterol 

composition within the members of this genus. 
Several species contain chondrillasterol and 
A7-ergostenol with a smaller amount of 
A7-chondrillastenol (24 and G.W. Patterson, 
unpubUshed data). Two species contain 
poriferasterol, AS-ergostenol and clionasterol, 
and other species contain primarily ergosterol 
(26). It has been definitely established that all 
of these sterols contain alkyl groups at C-24 

PLANT STEROL SIDE CHAINS 

SATURATED UN F;ATLI RATFn 

T r  

ANTS) 

~ASgM~s, 
~ G A K )  

FIG. 4. Plant sterol side chains. 
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with the 24S configuration. The 24S configura- 
tion may be characteristic of green algal sterols 
in contrast to the 24R configuration of higher 
plant sterols (25) (Fig. 4). This certainly 
appears to be the case with Chlorella. Two 
strains of Seenedesmus obliquus, which were 
originally thought to contain different sterols 
(8), have now been found to contain chondrilla- 
sterol, A7-ergostenol, and AT-chondrillastenol 
in proportions similar to those Chlorella species 
containing these sterols (G.W. Patterson, 
unpublished data). 

Some Chlorophyta contain cholesterol like 
Rhodophyta, some contain ergosterol like 
fungi, some contain 28-isofucosterol which 
occurs in higher plants and is similar to the 
fucosterol of Phaeophyta, and some contain 
sterols identical to those of higher plants 
(except for the configuration at C-24). 
Although most plant sterols have a nucleus 
identical to cholesterol, the structure of the 
side chain is quite variable. Thus the sterols of 
algae, particularly of the Chlorophyta, appear 
to have value for the systematist as a guide in 
taxonomy and phylogeny (Fig. 4). 

STEROLSOFOTHER ALGAE 

Only a few species of Charophyta, Xantho- 
phy ta ,  Chrysophyta, Bacillariophyta and 
Euglenophyta have been examined for sterols 
and most of this work was accomplished before 
identifications of sterols could be made with 
any confidence. Of the recent work, ergosterol 
has been identified in Euglena graeillis (27,28) 
and Synura petersenii contains cholesterol and 
sitosterol (29). Several species of Oehromonas 
have been examined for sterols. Although there 
was much early confusion concerning the 
sterols of Ochromonas species, it has been 
apparently established now that poriferasterol 
is the major sterol of O. malhamensis and O. 
daniea (30). Although the sterol of O. soeiabilis 
has been identified as stigmasterol (28), this 
sterol also seems to be poriferasterol. Recently, 
sterols have been isolated in very small amounts 
from the blue-green algae, Phormidium luridum 
(24-ethyl-AT-cholestenol and 24-ethyl-AT,22- 
cholestadienol) (4), Anacystis nidulans, and 
Fremyel la  diplosiphon (cholesterol and 
24-ethyl cholesterol) (3). The configuration at 
C-24 in the sterols of these algae is not yet 
known. 

The biosynthesis of sterols in algae is just 
beginning to attract some interest. Cycloartenol 
has been shown to replace lanosterol as a 
biosynthetic precursor in Fueus spiralis (31), O. 
daniea and O. malhamensis (30); algae may be 
quite similar to higher plants in the manner by 

which they synthesize sterols. When more data 
on sterol composition of algae are available, 
more progress may be made in the taxonomy 
and evolution of algae and higher plants. This 
information may also provide clues to the 
specific roles of sterols in plants. 
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Functions of Sterols in Plants 1 
ERICH HEFTMANN, Western Regional Research Laboratory 2, 
Albany, California 94710 

ABSTRACT 

Sterols have at least three functions in 
animals: they may act as precursors of 
other steroids, as hormones and as mem- 
brane components. The author advances 
the hypothesis that sterols have similar 
functions in plants. 

INTRODUCTION 

As a result of recent work on the biosynthe- 
sis and metabolism of steroids in micro- 
organisms and higher plants (1,2), it is apparent 
that those compounds which occur in plants as 
well as in animals have essentially the same 
fate in all living organisms (3). This is not 
surprising to the biochemist, who has long ago 
come to recognize a certain unity of  biochem- 
ical processes in cells of different origin. How- 
ever, most people still find it difficult to accept 
the idea that the mode of action of compounds 
such as the steroid hormones should similarly 
exhibit a certain unity on the level of molecular 
biology. This reluctance is undoubtedly based 
on the obvious differences in gross manifesta- 
tions of their biological activity. Yet for many 
compounds belonging to the vitamins, hor- 
mones, antibiotics and various drugs there is 
mounting evidence that the same chemical 
mechanism is at work, regardless of the origin 
of the cellular components upon which they 
act. 

Sterols or their immediate precursors are the 
starting material for the biosynthesis of all 
other steroids. Thus, it is clear that one of their 
functions must be that of an inert stockpile of 
precursors that are readily convertible to 
biologically active compounds. More recently, a 
second function of sterols has come to light. 
Certain types of sterols may exhibit hormonal 
activity. A third type of function may be 
related to the fact that sterols are structural cell 
components. It has been postulated, e.g., that 
sterols play a part in cell permeability. Evidence 
for each type of function will be reviewed 
below. 

BIOGENETIC FUNCTIONS 
Cholesterol is a key intermediate in the bio- 

synthesis of other steroids in plants as well as in 

1One of 12 papers to be published from the 
"Sterol Symposium" presented at the AOCS Meeting, 
New Orleans, April 1970. 

2W. Utiliz. Res. Dev. Div., ARS, USDA. 

animals (3). The steps leading to the formation 
of cholesterol are apparently the same for all 
living creatures, although certain intermediates 
may be more frequently encountered in the 
tissues of one organism than in those of another 
one. In animals, 7-dehydrocholesterol is known 
to be a precursor of cholesterol and of chole- 
calciferol (Fig. 1). Although these conversions 
have not been observed in plants so far, there 
can be no further doubt about the occurrence 
of cholecalciferol in plants (4). 

Figure 1 shows some of the transformations 
of cholesterol we have observed in plants (1). 
Without degradation, the C27 sterol, choles- 
terol, is converted to C27 sapogenins, such as 
diosgenin, yamogenin and neotigogenin, to C27 
alkaloids, such as tomatidine and solanidine, 
and to the C27 insect-molting hormone, ecdy- 
sterone. The dotted arrow pointing from sola- 
sodine indicates that its role as an intermediate 
has not been verified experimentally as yet. 
Likewise, there is no experimental verification 
of the postulated origin of ecdysterone from 
peniocerol via desoxyviperidone (5). 

The C27 steroids formed from cholesterol 
are degraded by microorganisms and higher 
plants. Thus, e.g., Mycobaeterium phlei con- 
verts diosgenin to the androstenedione and 
androstadienedione shown in Figure 1 (6). M. 
phlei, incidentally, also converts cholesterol to 
the same products (7,8). After the administra- 
tion of radioactive cholesterol to Lycopersicon 
pimpinellifoliurn, we have isolated the labeled 
A16-pregnenolone shown in Figure 1. Since 
tomatidine and neotigogenin were also labeled 
and since both of them yield A16-pregnenolone 
when they are chemically degraded in the 
laboratory, we may assume that plants produce 
it by the same route. Although ecdysterone is 
known to be metabolized to the C21 steroid 
shown in Figure 1 by the blowfly (9), this 
reaction has not been demonstrated in plants so 
far. However, we may assume that rubrosterone 
(Fig. 1) is formed by such a process, because 
some plants, e.g., Aehyranthes rubrofusca, con- 
tain both ecdysterone and rubrosterone. 

The degradation of cholesterol in animals 
has long been known to involve the analogous 
20,22-dihydroxycholesterol (Fig. 2) (3). We 
have now established that plants, like animals, 
metabolize cholesterol to pregnenolone. Pregne- 
nolone, in turn, is the raw material from which 
plants synthesize other C 21 steroids and cardiac 
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FIG. 3. Sitosterol metabolism. 

aglycones (Fig. 2). The conversion of pregne- 
nolone to various C21 alkaloids, such as 
holaphyl lamine  and conessine, has been 
observed in Holarrhena, and the formation of 
digitanols, such as digipurpurogenin and digi- 
fologenin, has been studied in Digitalis. 
Pregnenolone is directly converted to As_ 
cardiac genins, such as xysmalogenin. 

Progesterone is the most interesting metabo- 
lite of cholesterol in plants, because its specific 
endocrine effects in animals make its functions 
in plants seem rather perplexing. Progesterone 
has so far been isolated only from Holarrhena 
floribunda leaves and from apple seeds (10), 
but it undoubtedly occurs in many plants. Plant 
tissue cultures convert progesterone to A4_ 
pregnen-20J3-ol-3-one, among other steroids. 
The acetate of that product  has been isolated 
from the bark of Khaya grandifoliola (11). 
Progesterone is hydroxylated by animals and 
fungi at C-21 to form desoxycort icosterone and 
various other adrenocortical hormones, such as 
cortisol (Fig. 2) (3). The formation of desoxy- 
corticosterone from progesterone has been 
o b s e r v e d  in Digitalis lanata (12), and 
administered cortisol was converted to corti- 
sone by Mallotus panieulatus (13). Two 
representatives of the cardiac genins formed 
from progesterone are shown in Figure 2: the 
C23 genin, digitoxigenin, and the C24 genin, 
hellebrigenin. The major biosynthetic pathway is 
said not  to go through desoxycort icosterone (12). 

CH 3 CH3 ] t 
s o z~c o s 

s s .'OH uz 

Progesterone 17- Hydroxyprogesterone Androstenedione 

x s  s  v ~'O 

0 

Estrone 

FIG. 4. Progesterone degradation. 

A2 2--Stigmastenol Antheridiol Scholtenol 
FIG. 5. C29 sterols. 

The C28 and C29 sterols, which are much 
more abundant in plants than the C27 sterols, 
are synthesized from an unsaturated precursor 
of cholesterol. We have recently shown that the 
most common plant sterol, sitosterol, is de- 
hydrogenated to stigmasterol in Digitalis plants 
(Fig. 3) (14). Insects are unable to synthesize 
sterols, but require them for the product ion of 
molting hormones (15). They have the ability 
to dealkylate stigmasterol by the route shown 
in Figure 3 (16). In our experiments with 
Digitalis we have observed that sitosterol is con- 
verted to progesterone (17) and to cardiac 
aglycones (18). Thus, sitosterol may function as 
a reserve supply from which plants can 
produce other sterols (perhaps including 
cholesterol) and progesterone. 

In animals, progesterone is converted to 
estrone by the series of reactions shown in 
Figure 4 (3). Some microorganisms, such as 
Nocardia restrictus, have the ability to degrade 
various sterols to C19 17-ketosteroids and 
further to estrone (19-21). Estrone has by now 
been isolated from a number of plant sources, 
such as the seeds of dates, pomegranates, and 
apples (22), from the pollen of  date (23) and 
other flowers (24), and from moghat roots  
(23). It is quite likely that  higher plants also 
synthesize estrone from sterols via progesterone 
and 17-ketosteroids. 

H O R M O N A L  F U N C T I O N S  

Sterols are not only biogenetic precursors of 
steroid hormones, but may have hormonal 
activity themselves. About  I0 years ago, we 
were interested in the isolation of acrasin, the 
chemotactic hormone of a slime mold, 
Dictyostelium discoideum (25). Guided by the 
Shaffer assay, we determined that A22-stigma- 
stenol (Fig. 5), which the mold produces 
mainly during vegetative growth (26), and 
several related sterols promote the aggregation 
of slime mold cells. Difficulties with the assay 
have been an obstacle to further work on this 
problem. 

Recently, the chemotactic hormone of a 
water mold, Aehlya bisexualis, was identified 
and named antheridiol (Fig. 5) (27). It is a C29 
sterol containing, in addition to the a~-unsatu-  
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rated carbonyl group commonly found in 
steroid hormones, the 0~fl-unsaturated 3'-lactone 
ring characteristic of the cardenolides. It seems 
likely that A22-stigmastenol is not the acrasin 
we have been looking for, but a precursor of a 
steroid hormone analogous to antheridiol. 
Cyclic AMP has recently been found to have 
acrasin activity (28). This substance is a widely 
distributed second messenger, known to 
mediate the action of a large assortment of hor- 
mones (29). 

A great variety of sterols with insect-molting 
hormone activity occurs in plants (Fig. 6 and 7) 
(5). All of these compounds contain an ~fl-un- 
saturated carbonyl group and a 14a-hydroxyl 
group. Although the concentration of these 
sterols is much higher in plants than in insects, 
they remained unrecognized until  very recently, 
partly because they are water-soluble and partly 
because there was no bioassay available earlier. 
The function of this group of sterols in insects 
is now quite clear. In fact, it constitutes the 
best example of the mechanism of action of 
steroid hormones (30). 

Whether insect-molting hormones in plants 
have any effects, favorable or unfavorable, on 
the insects normally feeding on these plants is 
still debatable (5). Most authors like to look 
upon these hormones as insect hormones and 
do not expect them to affect the plants that 
contain them (31). Except for a report of 
gibberellin activity of ecdysone in dwarf peas 
(32), there is no indication in the literature that 
the effect of insect-molting hormones on plants 
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has been tested systematically. The reported 
effects on animals, such as the stimulation of 
protein synthesis in the liver (33) and the 
aggregation of insect ceils in tissue cultures (34) 
suggest plant systems worthy of exploration. 

In insects, the molting hormones mediate 
the photoperiodic stimulus to induce meta- 
morphosis. It is conceivable that morphological 
changes in plants that are known to be under 
photoperiodic control are similarly regulated. 
Some years ago, we discovered that the admin- 
istration of inhibitors of cholesterol biosynthe- 
sis to short-day plants suppresses their 
flowering response to dark-treatment (35). In 
spite of occasional reports of floral induction 
by sterols (36-38), the role of steroids in plant 
morphogenesis is still a matter of conjecture. 
With the advent of a reliable bioassay (39) 
progress in this important area of research 
should now be rapid. 

In view of the importance of sterols to 
microorganisms (40), the evidence for their 
presence has been reinvestigated. The argument 
is now settled and it may be taken for granted 
that at least some bacteria (41), as well as blue- 
green algae (42,43), contain sterols. However, 
some microorganisms may lack the ability to 
synthesize the steroid nucleus (44,45). In many 
cases growth inhibition may be produced by 
inhibitors of sterol biosynthesis and repaired by 
the administration of sterols (46-48). The 
structural specificity of sterols having growth- 
promoting activity is rather low. Various 
A5-C27 , -C28 and -C29 sterols are effective 
(49). 

Phytopathogenic fungi belonging to the 
genera Pythium and Phytophthora require exo- 
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genous  sterols  for  r e p r o d u c t i o n  (50-54) .  Again,  
all AS-sterols  t e s ted  so far  are active (55 ,56) ,  
pe rhaps  because  t hey  are m e t abo l i z ed  to the  
same h o r m o n e  (57).  However ,  es t radiol ,  one  of  
the  final p roduc t s  of  s terol  me tabo l i sm,  
coun te r ac t s  the  s te ro l - induced  sexual  r ep roduc -  
t ion  (58) .  I n h i b i t o r s  of  s terol  b iosyn thes i s  
p reven t  sexual  d i f f e r en t i a t i on  in Cochliobolus 
carbonum, and  sterols  repa i r  it (59) .  The  sexual  
h o r m o n e s  in Hansenula wingei (60)  and in 
Saccharomyces cerevisiae (61)  are said to  be  
sterols.  

OTHER FUNCTIONS 

Many au tho r s  have n o w  s tudied  the  re la t ions  
b e t w e e n  the  selective t ox i c i t y  of  po l yene  ant i-  
b io t ics  for  fungi  and  the i r  s terol  c o m p o s i t i o n  
(62-66) .  The  conc lus ion  m ay  be d rawn  t h a t  
these  an t ib io t i cs  inh ib i t  g r o w t h  and  r ep roduc -  
t ion  by  s o m e h o w  in t e r ac t i ng  w i th  the  s terols  in 
the  cell m e m b r a n e s  (67 ,68)  and  p e r m i t t i n g  
mater ia l  to  leak ou t  of  t he  fungal  cells (69) .  
Thus,  the  sterols  in the  fungi  make  t h e m  
suscept ib le  to  po lyene  an t ib io t i c s  (70) .  The  
an t agon i sm b e t w e e n  sterols  and  po lyene  ant i -  
b io t ics  pe rmi t s  the  reversal  by  cho les te ro l  of  
the  an t ib io t i c - induced  g r o w t h  inh ib i t i on  (71)  
and  the  i nh ib i t i on  by  these  an t ib io t i c s  of  cho-  
l es te ro l - induced  oogenesis  (72) .  

O t h e r  r e p o r t e d  effects  of  s terols  inc lude  t he  
increased t e m p e r a t u r e  to l e rance  in Pythium 
(52 ,73 ,74) ,  wh ich  may  well  be re la ted  to the  
role of s terols  in cell pe rmeab i l i t y  p h e n o m e n a .  
Sterols  are requ i red  for  m i t o c h o n d r i a l  f unc t i on .  
Thus ,  i n h i b i t i o n  of  s terol  synthes is  in yeas t  
reduces  r e sp i ra to ry  c o m p e t e n c y ,  wh ich  can be  
res tored  by  the  add i t i on  of ergosterol  (75) .  
Anae rob ica l ly  g rown yeas t  syn thes ized  mi to-  
chondr ia l  enzymes  faster ,  if  i t  was suppl ied  
wi th  ergosterol  (76) .  U n d e r  g rowth- l imi t ing  
oxygen  t ens ion  the  obl igate  ae robe  Candida 
parasilosis showed  a h igher  c y t o c h r o m e  concen-  
t r a t i on  w h e n  it was g rown in the  presence  of  
ergosterol  (77) .  C. cylindracea was r e p o r t e d  to  
requi re  a s terol  for  lipase p r o d u c t i o n  (78) .  

The  d e p e n d e n c e  of  s te ro l - requi r ing  sapro-  
p h y t e s  on  s te ro l -con ta in ing  hos t  p lan ts  has  a 
parallel  in the  d e p e n d e n c e  of  insects  on  cer ta in  
s te ro l -p roduc ing  organisms.  This has been  docu-  
m e n t e d  in the  case of  Drosophila pachea, a fly 
wh ich  lives on  the  seni ta  cactus (79) .  The  
cactus  supplies  s c h o t t e n o l  (Fig. 5), w h i c h  the  
fly appa ren t ly  requires  for  the  par t ia l  synthes is  
of  a mo l t i ng  h o r m o n e .  

Many of  the  p r o d u c t s  of  s terol  m e t a b o l i s m  
in p lants ,  such  as the  C27 sapogenins  and  alka- 
loids,  s teroidal  an t ib io t i cs  and  cardiac glyco- 
sides, may  have regu la to ry  as well  as ecological  
func t ions .  They  may  be involved in regula t ing  

the  life processes  of  p lan t s  or he lp  t h e m  to sur- 
vive in the  face of  the i r  n u m e r o u s  foes, such  as 
fungi,  insects  and  higher  animals .  O t h e r  
p r o d u c t s  of  s terol  me tabo l i sm,  such  as proges- 
t e rone ,  r u b r o s t e r o n e  and  es t rone  may  serve 
h o r m o n a l  f u n c t i o n s  in the  p lan ts  t h a t  p roduce  
t h e m  (80) .  Be th is  as i t  may ,  the  f u n c t i o n s  of  
s terol  me tabo l i t e s  are outs ide  of  the  scope of  
this  review. 
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ABSTRACT 

Sterol precursors of cholesterol with a 
double bond in the lateral chain are pres- 
ent in normal human brain and glioblas- 
toma. Biosynthetic experiments with 
labeled mevalonate show that the unsat- 
urated intermediates are preferentially 
labeled when compared with the corres- 
ponding saturated sterols. The biological 
role of sterols containing an 8(14) double 
bond is discussed. 

INTRODUCTION 

The rate of cholesterol biosynthesis varies in 
mammalian tissues with age and degree of ma- 
turation. Immature brain has a high rate of ace- 
tate and mevalonate conversion into cholesterol 
while adult brain has a very low level of biosyn- 
thesis (1,2). Liver sterol synthesis, however, 
which has been studies most, is very active, es- 
pecially in mature animals, and may be influ- 
enced physiologically by many factors (3) in- 
cluding diet, hormones and ions. 

After cyclization of squalene to lanosterol, 
depending on the sequence of structural modifi- 
cations of lanosterol leading to cholesterol, the 
formation of a large number of intermediates 
may be involved (4). There are indications of a 
preference for either one route or another by 
different tissues. For example, liver enzyme 
systems may saturate the A24-double bond in 
the lateral chain at the lanosterol level, and lat- 
er, at desmosterol level (5). In brain, large 
amounts of desmosterol are present during 
development (6-8); its disappearance from ma- 
ture brain (9) and its efficient labeling (10) in- 
dicate an involvement of A24 intermediates. 

This report attempts to demonstrate the 
existence of preferential pathways of choles- 
terol biosynthesis in tissues such as brain during 
normal maturation and pathological growth, as 
well as in mature nervous tissue and normal 
liver. This is achieved through the identification 
of the sterols isolated from both animal and 
human tissues, determination of their specific 
activity in biosynthetic experiments, and utili- 

1One of 12 papers to be published from the 
"Sterol Symposium" presented at the AOCS Meeting, 
New Orleans, April 1970. 

zation for biosynthesis of some of the suspec- 
ted precursors found in the tissues (1 1). 

EXPERIMENTAL PROCEDURES 

Human Brain and Brain Tumors 

For the in vivo experiments, selected pa- 
tients were injected intravenously with 200/aC 
of (DL) [2,3H2]- mevalonic acid lactone (sup- 
plied by the Radiochemical Centre Amersham, 
U.K., specific activity 100 mC/mmole)10 hr 
before surgery. For in vitro experiments, hu- 
man brains and brain tumors were obtained 
from patients during neurosurgical operations 
and were kept in cold buffer up to the time 
incubation started. Large necrotic areas and 
hemorrages were removed. The minced tissues 
were incubated in Krebs-Ringer phosphate buf- 
fer (10 ml/g tissue). The incubations were car- 
ried out for 2 hr in 02 atmosphere at 37 C af ter  
addition of 2 /~C/g tissue of DL-[214C]-meva- 
lonic acid lactone (supplied by the Radiochem- 
ical Centre Amersham, U.K., specific activity 5 
mC/mM). The tissues were saponified in etha- 
nolic KOH, and the sterols were extracted and 
identified. The methods have already been des- 
cribed in detail ( 12,13). 

Identification of Specific Sterol Precursors 

The sterol mixtures from the unsaponifiable 
fractions were acetylated and then transferred 
to a chromatographic column packed with Sil- 
ica Gel G-Celite-AgNO 3 (14). The complex 
mixture of biological sterols present in brain 
and brain tumors are not resolved completely, 
because the column separation is based more on 
number and position of double bonds than on 
molecular weight. The sequence of the chroma- 
tographic elution of the sterols is as follows: 
the least polar sterol, cholestanol, the A8 series, 
cholesterol (As), sterols with two double 
bonds, [one in the lateral chain (A24) and one 
in the nucleus (AS and AT)l ,  desmosterol 
(A5,24), A14 sterol and sterols with conjugated 
double bonds (A 8,14 and A5,7). The more oxy- 
genated sterols are eluted last. The homologous 
sterols with 30, 29, 28 and 27 carbon atoms 
may not be completely separated. Each sub- 
fraction has been resolved using quantitative gas 
liquid chromatography (GLC) (14) and the 
structure of the single sterols identified using a 
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TABLE I 

Sterols  Iden t i f i ed  in A d u l t  H u m a n  Brain and G l iob l a s toma  

135 

Sterol  

Brain 

A m o u n t  of  
to ta l  s terols,  % 

A m o u n t  
/dg/g t i ssue  

G l i o b l a s t o m a  

A m o u n t  of  
t o t a l  s terols ,  % 

A m o u n t  
pg /g  t i ssue  

c30 As 
C29 AS 
c28 A8 
C27 A8 
c-^ As 24 JO 
Cgq A8 ,24  
C : ' -  A8 24 

2~5 ^ o ' 2 A  
C27 /..Xo, "* 
C9"7 A5 ,24  
c ~  a5 
C2 7 A14  
c27 A5 (7c=0) 
C27 A0 
Un iden t i f i ed  and 
par t i a l ly  iden t i f i ed  
c o m p o u n d s  

0 .003 
.030  
.020 
.082 
.004 
.019 
.016 
.011 
.020 

99 .090  
0 .020  

.009 

.291 

.384 

0 .596  
5 .642 
3 .857 

15 .480 
0 .708  
3 .588  
3 .064 
2 .157  
3 .838  

18 ,660 .000  
3.835 
1.626 

54 .750  

72 .380  

ND 
0 .002  

.023 

.120 
ND 

.007 
.046 
.005 

1.186 
95 .632  

ND 
ND 
0 .178  

2 .909  

ND 
1 . 0 4  

13.76 
7.13 

ND 
4 .34  

27.81 
3.20 

712 .00  
57 ,423 .62  

ND 
ND 

106.80 

1 ,746.72 

aND, none  de tec ted .  

T A B L E  II 

Sterol  Biosynthes i s  in H u m a n  Brain and  H u m a n  G l i o b l a s t o m a  

Sterol  

Brain G l iob l a s toma  

Per cen t  of  t o t a l  Per cent  o f  s terols  Per cent  o f  t o t a l  
s terols  r ad ioac t iv i ty  s terols  

Per cen t  o f  s terols  
radio  ac t iv i ty  

In Vi t ro  
A8 series 
A8,24  series 
A5,24  (Desmos te ro l )  
In Vivo 
A8 series 
A8 ,24  series 
A5,24  (Desmos te ro l )  

0 .132  5.10 0 .146  0 .10  
0 .050  12.00 0 .058  28 .00  
0 .020  2.11 1.186 20.71 

Trace 
9.31 

11.41 

0 .06  
4 .80  

11.74 

T A B L E  III  

E n z y m a t i c  Convers ion  of  
[ 2-3H 2 ] -4 .4 -Dimethy l -5~-choles t  -8(14)-en-3~-ol a 

Cho les te ro l  I I I  
Rad ioac t ive  II,  Un labe l l ed  III,  Unsaponi f iab le ,  

Pg b/g d p m  d p m  % conv.  d p m  % cony.  

62 b --- 1 ,110 ,000  204 ,000  18.50 ND c ND 
62 b 1,500 717 ,000  2 ,100  0 .30  ND ND 
81 d __. 628 ,000  97 ,500  15.70 6 ,540  1.04 
81 d 1 ,500 563 ,000  10 ,200 1.80 6 ,930  1.23 
58 e --- 992 ,000  115 ,000  11.60 5 ,880  0 .59  
58 e 1 ,500 900 ,000  900 0 .10  13,400 1.49 

aFor  each e x p e r i m e n t  3 f lasks  c o n t a i n i n g  10 ml  of  10 ,000 x g l iver  h o m o g e n a t e  were  used. The 
f lasks  were  c o m b i n e d  a f te r  the  i ncuba t ion .  

bSpeci f ic  ac t iv i ty  4 . 6 0 / 2 C [ ~  mole .  

CND, n o n d e t e r m i n e d .  

dSpeci f ic  ac t iv i ty  3 .03 /2Cfl , /mole.  

eSpecif ic  ac t iv i ty  4 .95  /2C[/.t mole .  
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C30 A 8'24 

+2H 

C29 A 8'2r 

C28 AS, 24 
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~ § 
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IZ, ~,15 [3 reductase 

&O_~. &7 isomerase 

5a , 60. dehydrogenase 

7~,8r reductase 

A 24 r e d u c t a s e  

C27 A s 

FIG. 1. Proposed pathway of cholesterol biosyn- 
thesis in nervous tissue. 

combination of gas chromatography and mass 
spectrometry (13,15). An LKB 9000 gas chro- 
matograph-mass spectrometer was used. The 
identification of the biological sterols was ob- 
tained by comparison with authentic sterols. 

Radioactivity Determinations 

Each sterol sample was dissolved in 0.5 ml 
benzene and counted for radioactivity with a 
Standard Scintillation mixture (PPO 4 g, PO- 
POP 100 mg, toluene 1000 ml) using a liquid 
scintillation spectrometer (Tri-Carb Packard, 
3000 Series). Disintegrations per minute (dpm) 
were calculated with the aid of internal stan- 
dards. The counting efficiency was 90% for 14 C 
and 32% for 3H. 

Rat Liver 

When liver was used as the enzyme source, 
livers of male Sprague-Dawley rats weighing 
200 g were rapidly removed, repeatedly washed 
in buffer, and homogenized according to Bu- 
chef and McGarrahan (16) with 2.5 vol of 0.l 
M K-phosphate buffer containing 0.03 M nicoti- 
namide and 0.006 M MgC12. The total homo- 
genate was centrifuged for 10 min at 10,000 
x g supernatant was used for the incuba- 
tions. After being synthesized (Fiecchi) 
et al. unpublished data) (2,3H 2]-4,4-di- 
methyl-5a-cholest-8(14)-en-3/3-ol was incubated 
with rat liver homogenate, in oxygen atmos- 
phere for 1 hr at 37 C. In trap experi- 
ments, unlabeled 4,4-dimethyl-4a-cholesta-8,14- 
dien-3~-ol dissolved in Tween 80 was preincu- 
bated with the liver homogenate for 15 min 
under nitrogen atmosphere. The labeled 4,4- 
dimethyl-5a-cholest-8(14)-en-3/3-ol was added 
afterwards, and the incubation was continued 
under oxygen for 1 hr. 

5ct-CHOL E 5T-  14- EN-  3(3- OL 7- KE TOCHOL ESTEROL 

0 

24 - ME T HY L E NE-CHOLE S TEROL 
or 2 z , - M E T H Y L -  DESMOSTEROL [5 -S ITOSTENONE 

FIG. 2. Structures of sterols out of the known pathway of cholesterol biosynthesis, identified in 
human brain. 
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FIG. 3. Role of 4,4-dimethyl-5~cholesta-8,14-dien-3fl-ol in cholesterol biosynthesis. 

The unsaponifiable fractions were acetylated 
with acetic anhydride in pyridine and, after dil- 
ution with unlabeled 4,4-dimethyl-5a-cholesta- 
8,14-dien-3fl-ol acetate, the acetylated sterols 
were separated by silver nitrate Silica Gel G-Ce- 
lite column chromatography; cholesterol ace- 
t a t e  and  4 ,4-d imethyl -5a-choles ta -8 ,14-  
dien-3fl-ol acetate were further purified as pre- 
viously reported (17). 

RESULTS 

The results obtained by analysis of samples 
of adult human brain and a glioblastoma are 
summarized in Table I. 

In adult human brain, cholesterol represents 
99% of total sterols; in glioblastoma, it is only 
95%. The major sterol in the glioblastoma, after 
cholesterol, is desmosterol (1.19%). Normal 
brain, however, has a very low concentration of 
this sterol which does not exceed that of the 
other sterol precursors. The sterols with 30, 29, 
28 and 27 carbon atoms and with double bonds 
in 8 or in both 8 and 24 positions, are present 
in small amounts both in the brain and in the 
tumor. Cholestanol (saturated C27), believed to 
be a catabolic product of cholesterol, is quanti- 
tatively the second sterol in the brain and the 
third one in the tumor. 

A small percentage of sterols (0.39%) in the 
brain and a larger one in the tumor (2.90%) is 
represented in part by oxygenated products of 
cholesterol catabolism and in part by partially 
identified sterols with one and two double 
bonds. There are only two major variations in 
sterol compositlon of the normal human brain 
and the brain tumor: the amount of desmos- 
terol is 10 times higher and the amount of the 
catabolic products 6 times higher in the tumor 
than in the brain. The sterols identified in human 
brain (12) and in brain tumors are essentially 
the same as found in the developing brain of 
the chick embryo and rat (10). The major dif- 
ference is the lack of A7,24 sterols in the first 
two tissues; however, we cannot completely ex- 
clude their presence. 

The distribution of radioactivity is of parti- 

cular interest. In adult brain and glioblastoma 
the highest percentage of radioactivity was 
found in the A8,24 series (12% in normal, 28% 
in glioblastoma, against 5.1% and 0.1% respec- 
tively in the saturated A8 series). The specific 
activity is even higher because the total 
amounts of A8,24 sterols are lower than the 
corresponding A8 precursors (Table II). The 
results obtained in vitro incubation of brain and 
glioblastoma were confirmed by in vivo experi- 
ments. The incorporation of labeled mevalonate 
in brain was 9.3% in the A8,24 series, 11.4% in 
desmosterol and only traces were found in the 
A8 series. Similar patterns were observed in the 
glioblastoma-bearing patients where the tumor 
removed after the in vivo administration of 
labeled mevalonate showed 4.8% of radioacti- 
vity in the A8,24 series, 11.7% in desmosterol 
and, again only traces in the A8 series. 

The data are consistent with the hypothesis 
that the preferential pathways for cholesterol 
biosynthesis in mature, as well as in patholo- 
gical human brain, lead to the formation of 
A8,24 and A5,24 precursors, suggesting a rate- 
limiting step at the level of the A24 reductase 
in brain (Fig. 1). Among the sterols detected in 
adult human brain the following compounds 
have been identified: 5a-cholest-14-en-3~ol, 
7-ketocholesterol, t3-sitostenone and a sterol 
tentatively identified as 24-methylencholesterol 
or 24-methyldesmosterol (Fig. 2). The presence 
of 5a-cholest-14-en-3~-ol in nervous tissue was 
particularly interesting because this further sup- 
ports the demonstation of the biological signifi- 
cance of sterols containing a double bond at 
14-15 (20). 

In our previous investigations the loss of 
the 15a hydrogen of lanosterol during the re- 
moval of the 32 methyl group was demon- 
strated while the formation of a 32 carboxyl 
group which is later eliminated as carbon di- 
oxide was suggested by others (20). 

Later it was demonstrated that an 8,14-diene 
sterol should also be considered a biological 
precursor of cholesterol. This is confirmed by: 
( a ) t h e  transformation of 4,4-dimethyl-5a- 
cholesta-8,14-dien-3~-ol  (IID into 4,4-di- 
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FIG. 4. Possible involvement of 4,4-dimethyl-5a- 
cholest-8(14)-en-3~ol in cholesterol biosynthesis. 

methyl-5a-choles t -8 , (9)-en-3/3-ol  ( IV) (Fig. 3) 
(18) ;  ( b ) t h e  b lockade  of  the  t r a n s f o r m a t i o n  of  
radioact ive  d i h y d r o l a n o s t e r o l  in to  cho les te ro l  
by  add i t i on  of  a poo l  of  un labe led  4,4-di- 
methyl -5a-choles t -8 ,14-dien-3f l -o l ,  used as a 
biological  t rap  (17) ;  and  (c ) the  recent ly-  
a n n o u n c e d  isola t ion  of  a s terol  p resen t  in 
h u m a n  m e c o n i u m ,  iden t i f i ed  as 4 ,4 -d ime thy l -  
5a-cholesta-8,14-dien-3/3-ol  (21 ). 

Our  inves t igat ions  deal  wi th  the  pos i t ion  of  
this  c o m p o u n d  in the  r eac t ion  sequence  of  lan- 
os te ro l -choles te ro l  convers ion .  T w o  possible  
rou tes  are ou t l i ned  in F igure  4. The  com- 
p o u n d  (II1) could  be f o r m e d  f rom 4 ,4 -d imeth-  
yl-5a-cholest-8(9)-en-3/3-ol  32-carboxyl ic  acid 
( I )  t h r o u g h  4 , 4 - d i m e t h y l - 5 a - c h o l e s t -  
8(14)-en-3fl-ol (II),  involving a d e c a r b o x y l a t i o n  
fol lowed by a d e h y d r o g e n a t i o n .  The  same com- 
p o u n d  (III) ,  however ,  could  also be the  imme-  
diate  precursor  of  II t h r o u g h  a single hydrogen-  
a t ion .  C o m p o u n d  II could be i somer ized  i n to  
4 ,4 -d imethy l -5a-cho les t -8  (9)-en-3fl-ol (IV).  

The  previous  e x p e r i m e n t a l  ev idence  indi-  
cates t ha t  c o m p o u n d  III c a n n o t  be a p recursor  
of II because  it is no t  t r a n s f o r m e d  in to  II in N 2 
a t m o s p h e r e  (18) .  In add i t i on  to  this  f inding,  
Lee et  al. (22)  d e m o n s t r a t e d  t h a t  c o m p o u n d  II 
c a n n o t  be t r a n s f o r m e d  in to  c o m p o u n d  1V un- 
der  N 2 . 

S t imu la t ed  by  the  in te res t ing  obse rva t ion  by  
Lee et al., and  Fr ied et al., (23)  tha t  c o m p o u n d  
II is readi ly  t r a n s f o r m e d  in to  cho les te ro l  u n d e r  
0 2 ,  we have tes ted  w h e t h e r  this  is i ndeed  a 
precursor  of a 8 ,14 d iene  s terol  (III) .  We have 
uti l ized c o m p o u n d  II, chemica l ly  syn thes ized  
and  labeled at  pos i t ion  2 w i th  t r i t i um 

and  i n c u b a t e d  wi th  l iver h o m o g e n a t e ,  
con f i rming  t ha t  in  the  p resence  of  oxy-  
gen there  is a convers ion  in to  choles terol .  A 
t rap  of 4 ,4-d imethyl -5a-choles ta -8 ,14-d ien-3f l -o l  
(1II) great ly  reduces  the  i n c o r p o r a t i o n  i n to  
cho les te ro l  w i t h o u t  a r ad ioac t iv i ty  increase  in 
4 ,4-dimethyl-5a-choles ta-8 ,14-dien-3/3-ol  (Table  
III). These  resul t s  ind ica te  t h a t  8 ( 1 4 ) e n e  is no t  
i n t e r m e d i a t e  of  the  convers ion  of  1II in to  IV). 
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SHORT COMMUNICATIONS 

Potential Function of Cholesterol 
in Blood Coagulation: Amplification of 
Phospholipid Thromboplastic Activity 

ABSTRACT 

Recalcification tests have revealed a 
two- to threefold increase in the throm- 
boplastic activity of recombined phos- 
pholipid fractions from chicken erythro- 
cyte lipids on supplementation with the 
original concentration of cholesterol. An 
optimal four- to fivefold increase was 
obtained at higher levels. Cholesterol 
esters had no such effect and clotting 
times with Russell's viper venom were not  
similarly affected. 

Ever since the early observations were made 
on the accelerating effects of tissue and blood 
lipids on blood coagulation (1-6), the chemical 
nature and effects of the active principles have 
undergone investigation (7-9). Although these 
problems have not yet  been solved to the satis- 
faction of all investigators, thromboplast ic  
activities of lipids have always been associated 

with phospholipid fractions, and no role has 
hitherto been at tr ibuted to less polar com- 
ponents of crude lipid extracts. 

In at tempts to account for the thrombo- 
plastic activities of sonicated chicken erythro- 
cyte lipids in studies of recombinations of phos- 
pholipid classes separated by column chromato- 
graphy, thin layer chromatography (TLC), or 
both,  we consistently failed to recover more 
than 50-55% of the original activity as deter- 
mined by recalcification (Ca-test) of citrated 
chicken plasma. In contrast, activity recoveries 
in excess of 90% were obtained in clotting tests 
with Russell's viper venom (Rvv-Ca-test). The 
lipid requirement of reaction steps which are 
limiting for the overall coagulation rate thus 
appeared to differ from that of the reactions 
triggered by Rvv. Participation of a nonphospho- 
lipid component  in an early stage in intrinsic 
blood coagulation seemed likely. 

To characterize the nonphospholipid com- 
ponent,  crude chicken erythrocyte  lipids, 
extracted by chloroform-methanol 2:1 and 1:2, 

TABLE I 

Effect of Plasma Clotting Times of Fractions of Chicken Erythrocyte  Lipids a 

Recombined fractions, sec 

1-8 2-8 
Concentrat ion of lipid b Clotting trigger (neutral  + polar) (polar only) 

c/2 CaCI2, 25 mM 136 178 
c/4 169 217 
c/8 207 277 
Buffer control:  

~ 1 4 0 0  sec 

c/8 Rvv in CaCI2, 8.3 8.2 
c / t 6  25 mM (1:15000)  10.0 9.8 
c/32 12.0 11.8 
Buffer control:  

15.6 sec 

aAverages in seconds of duplicate and triplicate runs with a Coagulation Analyzer,  Model 
CA-550, Biodynamics, Inc. Test system: 0,1 ml each of chicken citrated plasma, lipid emul- 
sion and clott ing trigger. 

bStock emulsions obtained by sonication of fractions from 0.4 mg of crude erythrocyte  
lipids in 4 ml of buffered saline, with original concentrat ion diluted by the figures given. 
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TABLE II 

Effect of Graded Concentrations of Cholesterol on Plasma 
Recalcification Times of Recombined Phospholipid Fractions a 

Cholesterol phospholipid ratios b 

TLC fraction of 
Sephadex erythrocyte cholesterol Pure cholesterol standard 

Concentration fraction 1, 
of lipid sec 0 1/2 1 2 1 2 4 8 

c/2 134 160 153 135 114 134 112 112 114 
c/4 158 192 182 158 131 157 128 127 133 
c/8 188 226 215 188 155 186 150 150 158 

Buffercontrol: 
~>/200sec 

apreviously separated by one-dimensional TLC using chloroform-methanol-NH 3 (28%), 65:35:5. 
bRelative to the ratio in crude erythrocyte lipids. 

were pur i f ied  by c h r o m a t o g r a p h y  on  Sephadex  
G-25 (10).  More t han  90% of the  original  
t h r o m b o p l a s t i c  activit ies,  as measured  by  Ca- 
and  Rvv-Ca-tests,  were cons i s t en t ly  recovered  in 
the  first Sephadex  G-25 f rac t ion  of  the  ch icken  
e r y t h r o c y t e  l ipids which  c o n t a i n e d  ma in ly  
neu t ra l  lipids, phospho l ip ids  and  glycolipids.  
Subsequen t  eluates con ta in ing  possible  traces of  
gangliosides and  non l ip id  impur i t i e s  had  no  
act ivi ty of  the i r  own  and  did n o t  increase  the  
activi t ies of  the  first  f rac t ion  in r e c o m b i n a t i o n  
exper imen t s .  

The active Sephadex  F rac t ion  1, a f te r  
TEAE-cel lu lose  c o l u m n  c h r o m a t o g r a p h y  (11)  
yie lded no  single f r ac t ion  hav ing  apprec iab le  
t h r o m b o p l a s t i c  act ivi ty ,  bu t  recoveries  of  
ac t iv i ty  in excess of  90% were o b t a i n e d  on  
r e c o m b i n a t i o n  of  all TEAE-cel lu lose  f rac t ions ,  
thus  s u p p o r t i n g  the  view tha t  l ipid t h r o m b o -  
plast ic  act ivi ty is due to  a synergist ic  ac t ion  of  
separa te  l ipid classes (12-16) .  Thus,  an assess- 
m e n t  of  the  c o n t r i b u t i o n  of  each of  the  frac- 
t ions  could  be o b t a i n e d  on ly  by  sys temat ic  
exclus ion exper imen t s .  

As s h o w n  in Table I, omiss ion  of  the  neu t ra l  
l ipids ( F r a c t i o n  1) f rom a m i x t u r e  of  all frac- 
t ions  (Nos. 1 to 8) decreased t h r o m b o p l a s t i c  
act ivi ty  by more  t han  50%, as measu red  by  the  
reca lc i f ica t ion  (Ca-test) ,  whereas  the  act ivi ty  
wi th  the  Rw-Ca- tes t  was u n c h a n g e d  or sl ightly 
increased.  

The  ac t iv i ty -ampl i fy ing  ef fec t  of  the  neu t ra l  
l ipids was f o u n d  to be associated wi th  the  cho-  
lesterol  f r ac t ion  separa ted  by  silica gel TLC 
(17) .  

As shown  in Table II, the  resul ts  o b t a i n e d  
wi th  the  TLC f rac t ion  of  e r y t h r o c y t e  l ipids and  
equiva lent  c o n c e n t r a t i o n s  of  a pure  cho les te ro l  
s t anda rd  were ident ica l  and  an a p p a r e n t  p la teau  
rep resen t ing  a four-  to  f ivefold increase  in 
act ivi ty  was observed at cho les t e ro l -phospho-  

l ipid ra t ios  of  two  to  eight  t imes  t h a t  p resen t  in 
e r y t h r o c y t e  lipids. 

Equ iva len t  c o n c e n t r a t i o n s  of  choles te ro l  
esters as i sola ted f rom ch icken  plasma did no t  
change  the  act iv i ty  of  r e c o m b i n e d  e r y t h r o c y t e  
phospho l i p id  f rac t ions ,  making  it  appa ren t  t h a t  
the  ampl i fy ing  ef fec t  was res t r i c ted  to  free cho-  
lesterol .  

To the  bes t  of our  knowledge ,  this  is the  
first unequ ivoca l  d e m o n s t r a t i o n  of  a p o t e n t i a l  
role of  free cho les te ro l  in b lood  coagula t ion ,  
thus  possibly  l inking b lood  hypercoagu lab i l i t y  
and  increased risk of  t h r o m b o e m b o l i c  disease 
wi th  elevated levels of  choles tero l .  A more  
deta i led  r epor t  of  these  and  re la ted  resul ts  is in 
p repa ra t ion .  
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Hepato tox ic i ty  and Lipid Metabo l ism- IV  

Structure and Molecular  Species of  Hepat ic  Tr ig lycer ide 

in Rats Treated Wi th  Carbon Tetrachlor ide  

ABSTRACT 

Effects  of  carbon te t rachlor ide  (CC14) 
on the posi t ional  d is t r ibut ion  of  fa t ty  
acids and on the molecular  species of  
hepat ic  tr iglyceride in female rats were 
s tudied.  Six hours  af ter  a dose of  CC14, 
the  percentages  of palmit ic  and oleic 
acids were increased at the  1 and 2 
posi t ions  respect ively in compar i son  to 
the  cont ro l ,  while l inoleic acid was 

d e c r e a s e d  at the 3-posi t ion.  These 
changes were no t  remarkable  20 hr  af ter  
CC14. CC14 t r ea tmen t  generally caused 
increases in less unsa tu ra ted  species of  
tr iglycerides (S2M , SM 2 and S2D) and 
decreases in more  unsa tu ra ted  species 
(SD 2 and more  po lyunsa tura ted) .  These 
data suggest that  CC14 induces  specific 
a l tera t ion in the metabol i sm of  trigly- 
cerides in the liver. 
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FIG. 1. Molecular species analyses of triglycerides from CC14 treated and control rats. Values are 
means of two independent experiments. Pooled liver from five rats per group. Numbers in parentheses 
represent total degree of unsaturation. 
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T A B L E  I 

Effect  o f  CC14 on the Pos i t iona l  D i s t r ibu t ion  of  Fa t ty  Acids  in Liver Tr ig lycer ide  a 

Di s t r ibu t ion ,  mole  % 

1 Posi t ion 2 Posi t ion 3 Pos i t ion  
Fa t ty  
acids CCI 4 Con t ro l  CC14 Con t ro l  CCI 4 Con t ro l  

6 hr 
16:0  27 .4  + 0 . 9  c 22.6 -4- 1.0 0.9 "4"0.1 1.2 '4'0.1 4.3 -+0.8 d 2.4 -4- 1.0 
16:1 1.1 -+0.1 1.4 -4-0.4 0.6 -4-0.2 0.4 "4"0.1 1.1 -4-0.4 0.1 '4'0.1 
18:0  3.1 + 0 . 5  4.0 -+0.7 0.2 '4'0.1 0.3 -4"0.0 Trace Trace 
18:1 1.5 •  b 4.9 -I-0.7 11.3 - 0 . 4  b 9.1 + 0 . 1  10.7 -4- 1.2 7.7 -4-0.9 
18:2 Trace Trace 18.1 -4-0.3 19.8 -4-0.4 12.8 •  c 18.5 4-1.0 
18:3 0.1 4"0.1 0.3 -+0.2 0.8 -4-0.2 0.9 + 0 . 2  2.3 -4-0.2 2.3 -4-0.3 
2 0 : 4  Trace Trace 1.3 "4"0.1 1.5 -4-0.2 2.0 -4-0.5 2.3 -4-0.5 

20 hr 
16:0  22.8 + 1.0 20.7--- 0.9 1.0 + 0 . 0  1.2 --4-0.1 6.5 + 1.4 5.6 • 1.4 
1 6 : l  1.9 •  d 1 . 0 - 0 . 1  1.2 - 0 . 1  0 .7 -+0 .1  2.7 + 0 . 4  b 0.8 ---0.2 
18 :0  1.8 -+0.4 2.1 + 0 . 1  0.2 + 0 . 0  0.1 •  Trace 0.5 + 0 . 8  
18:1 5.1 - 0 . 8  d 7.4 -1"0.3 10.9 + 0 . 6  9.5 -I-0.3 7.4 --/"0.8 5.9 -4-0.7 
18:2  1.0 -4-0.5 1.6 -+0.7 17.8 •  d 20.0 -4-0.6 12.4 --- 1.7 15.1 -4- 1.7 
18:3 0.7 -4-0.2 0.6 '4'0.1 1.5 "4"0.1 1.0 "4"0.l 2.6 -4-0.3 2.6 -4-0.3 
2 0 : 4  Trace Trace 0.7 - 0.1 0.9 - 0.2 1.4 -+ 0.3 d 2.5 -4- 0 .4  

aMeans of  four  to  five rats  per  g roup  and SE. 

bDif fe rences  b e t w e e n  CC14 t r ea t ed  and  con t ro l  ra ts  are s ign i f ican t  
0 .05 > p  > 0.02. 

CDifferences be tween  CCI 4 t r e a t ed  and  con t ro l  ra ts  are s igni f icant  
0.05 > p > 0.02. 

dDif ferences  be tween  CCI 4 t r e a t ed  and  con t ro l  ra ts  are s igni f icant  
o.o5 > p  >0.02. 

at b p < 0 . 0 1 ,  e 0.02 > p  > 0 . 0 1  a n d d  

at  b p < 0 . 0 1 ,  c 0 .02 > p  > 0 . 0 1  and d 

at  b p < 0 . 0 1 ,  c 0.02 > p  > 0 . 0 l  a n d d  

After a dose of carbon tetrachloride, the 
structure of rat hepatic triglyceride is specifi- 
cally altered (1), the percentage of palmitic acid 
increases and that of linoleic acid decreases at 
the 1,3-positions in the molecule. It is not clear, 
however, whether one or both acids in these 
positions are influenced by CC14. The present 
study was undertaken in order to add more 
precise information on the effects of CC14 o n  

the fatty acid distribution in the different 
positions as well as on the molecular species of 

hepatic triglycerides. These studies seem to be 
of use in clarifying the modification caused by 
CC14 in the hepatic enzymatic systems capable 
of synthesizing triglyceride (2). 

Female Wistar rats, 190-220 g, fed on a com- 
mercial pellet ration (Oriental Rat Chow NMF) 
were fasted for 15 hr and were then given 0.25 
ml CC14/100 g body weight, as 1:1 (v/v)mix- 
ture with liquid paraffin, by stomach tube 
under light ether anesthesia. Control rats were 
given liquid paraffin in a similar manner. Rats 

T A B L E  II 

F a t t y  Acid  C o m p o s i t i o n  of  the  P o l y u n s a t u r a t e d  
Species  of  Hepa t ic  Tr ig lycer ides  a 

F a t t y  acids,  w t  % 

16 :0  16:1 18 :0  18:1 18:2  18:3  2 0 : 4  20 :5  

6 hr 
CC14 30.9 1.9 3.4 14.4 29.5 7.3 10.8 1.8 
Con t ro l  25 .8  2,5 2.9 14.9 33.5 6.3 10.8 3.3 

20 hr 
CCI 4 27.2 2,1 1.9 16.2 31.4 7,9 11.4 1.9 
Con t ro l  25 .6  1.3 2.2 15.3 37.0 4.8 11.0 2.8 

aValues  are means  of  two  i n d e p e n d e n t  expe r imen t s ,  Pooled  l iver  f rom five ra ts  per  
g roup .  
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were killed by decapitation and liver lipids were 
extracted (3). Triglycerides were isolated by 
thin layer chromatography (TLC) (1,4). The 
positional distribution of fatty acids on the 
triglyceride molecule was determined by the 
combination of pancreatic lipase hydrolysis and 
the selective phosphorylat ion of the resulting 
1,2-diglycerides by microbial diglyceride kinase 
(5). Separation of molecular species of trigly- 
cerides was carried out by argentation TLC 
using 0.8-3.0% methanol in chloroform as 
developing solvent (6). The extraction of the 
species from the gel was according to Slakey 
and Lands (7). Pentadecanoic acid was used as 
the calibration standard. Comparison of the 
fatty acid compositions between unfractionated 
and fractionated triglycerides showed that the 
recovery was within the range of experimental  
error (+ 4%). The fat ty acid composit ion was 
determined as reported previously (1,8). 

Table I shows that  hepatic triglyceride from 
both groups of rats contained palmitic acid 
mainly at the 1 position and oleic and linoleic 
acids at the 2 and 3 positions. Although these 
distribution patterns for major fatty acids were 
in general comparable with those of  Slakey and 
Lands (7), it is suggested that  fasting would 
influence not only the composit ion (9), but  
also the structure of hepatic triglyceride. Tri- 
glyceride structure was altered by CC14. Thus, 
after 6 hr, triglyceride from CC14 treated rats 
contained, in comparison to that  of the control,  
more palmitic acid at the 1 position and less 
oleic acid which increased in the 2 position. 
Linoleic acid was decreased at the 3-position 
with a concomitant  increase in oleic acid. After 
20 hr, the slight decrease in linoleic acid in the 
2-position was the sole effect of CC14 on the 
major fatty acids. The effect of CC14 was also 
seen in the minor constituents 6 and 20 hr after 
administration. These positional changes and 
time differences in response to CC14 agree with 
those shown in hepatic triglyceride as pre- 
viously described (1). 

Molecular species data for hepatic trigly- 
cerides shown in Figure 1 illustrate that CC14 
treatment generally causes increases in the less 
unsaturated types of triglyceride species (degree 
of total  unsaturation ~< 3) and decreases in the 
more unsaturated species (degree of total  un- 
saturation t> 4). Though these changes were 
more remarkable with 20 hr specimens than 
with 6 hr specimens, the alteration of the fatty 
acid composit ion of intact triglyceride was, in 
agreement with the previous report  (1), more 
predominant  in 6 hr specimens. The species 
containing 20:4 and 20:5 acids showed the 
largest decrease, while S2M , SM 2 and S2D 
showed the most prominent  increase after 

CC14. The majority (90-95%)of  the S2M , SM2, 
S2D and SD 2 fractions was shown to be 
constructed with the 2-unsaturated types, while 
60-70% of the SMD and M2D fractions was 
composed of the 2-diunsaturated types and 
almost all of the remainder of the former was 
the 2-monounsaturated type. The changes due 
to CCI 4 were confined mainly to these major 
isomers. 

The liver slices from rats treated with CC14 
incorporated more 1-14C-palmitate and oleate 
into the triglyceride species of S2M and SM 2 
compared to those observed in the controls, 
while the incorporation of these labeled acyl 
molecules as well as linoleate into the polyun- 
saturated species was markedly reduced (Cho et 
al., unpublished data). 

Further attempts to separate the triglyceride 
family containing 20:4 acid from that con- 
taining 20:5 acid by increasing the polari ty of 
the developing solvent for TLC (up to 10% 
methanol in chloroform) were unsuccessful. 
The fatty acid composit ion of the species con- 
taining 20:4 and 20:5 acids is, therefore, 
presented in Table II. In agreement with the 
previous observation on the composit ion of 
whole triglyceride (1), CC14 treatment resulted 
in the decrease in percentage of linoleic acid 
and the increase in palmitic acid of this frac- 
tion, the latter change being remarkable in 6 hr 
specimens. 

These data indicate that CC14 influences the 
overall processes of the triglyceride synthesis 
from a-glycerophosphate and acyl CoA and the 
hepatic pool(s) of different triglyceride species. 
In addition, since the rate of synthesis (10,11), 
the concentration and fatty acid composit ion 
(8) of hepatic glycerophosphatides are specifi- 
cally modified by CC14, it seems likely that the 
type and size of the hepatic diglyceride pools 
available for glyceride synthesis are sub- 
stantially disturbed as previously pointed out 
(1,3,8). These alterations appear to be induced 
by the peroxidative degradation of  hepatic 
organells involved in the glyceride metabolism 
(2). 
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Gas Chromatographic Separation of Linoleic Acid 
Hydroperoxides as Trimethylsilyl Ethers 

of Methyl Hydroxystearates 
ABSTRACT 

The  p r i m a r y  products ,  9- and 
1 3-hydroperoxy-octadecadienoic acids, 
from lipoxygenase catalyzed oxidation of 
linoleic acid, were converted into the tri- 
methylsilyl ethers of methyl 9- and 
13-hydroxystearates which were com- 
pletely separated by gas chromatography 
on an OV-17 methyl silicone (50% phenyl 
groups), capillary column. 

During the oxidation of linoleic acid, 
catalyzed by lipoxygenase, isomeric 13-hydro- 
peroxy-9-cis, 1 1-trans-octadecadienoic acid and 
9-hydroperoxy-10-trans, 12-cis-octadecadienoic 
acid are formed. Most workers convert these 
products into more stable compounds, often 
saturated methyl hydroxy- or ketoacid esters, 
before subsequent separation and identification 
work. 

Methyl 9- and 13-hydroxystearates have 
been separated on a silica gel column (1 )or  by 
thin layer chromatography (TLC) (2). The 
column method needs more material than the 
TLC method which separated most of the 
methyl 2- to 18-hydroxystearates but had less 
resolution in the range of the 11- to 14- 
hydroxy isomers. By combined gas chromato- 
graphy-mass spectrometry, the methyl 9- and 
13-hydroxystearates were identified from their 
mixed mass spectra though no separation had 
occurred in the gas chromatography step (3). 
This method, however, has not been found 
suitable for quantitative work or routine 
analysis. 

Trimethylsilyl (TMS) "ethers of methyl 
hydroxy acids were easily prepared in good 
yields (6) and it was also possible to partially 
separate the TMS-ethers of methyl 12-hydroxy- 
stearate and methyl ricinoleate by gas chro- 
matography (4,6). However, no reports have 
been found about the separation of the TMS- 
ethers of methyl 9- to 14-hydroxystearates 
which can be used in the analysis of hydroper- 
oxides from oxidized fatty acids. 

The main purpose of the present investiga- 
tion was to enable a gas chromatographic sepa- 
ration of particularly the TMS-ethers of methyl 
9- and 13-hydroxystearates because of the 
underlying need to analyze the hydroperoxides 
produced in linoleic acid oxidation. By 
analyzing a mixture of the 9- and 13-TMS 
derivatives in a combined gas chromatograph- 
mass spectrometer with different packed 
columns, both of the isomers appeared in a 
single peak as recorded by the ion current 
detector. Mass spectra were run several times 
during the elution, and by plotting the intensity 
of specific mass numbers against retention time, 
two overlapping peaks were obtained. In this 
way it was possible to study the tendency for 
the two isomers to separate on columns of 
different polarity. The stationary phase that 
gave the best results was used in a capillary 
column which separated the isomers com- 
pletely. 

Reference mass spectra were made with 
methyl 9-, 10-, 11-, 12-, 13 -and  14-hydroxy- 
stearates. Mixed hydroperoxides obtained by 
oxidation of linoleic acid with soybean lipoxy- 
genase were converted into the corresponding 
me thy l  hydroxystearates (5) which were 
identified as the 9- and 13-hydroxyacid isomers 
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different polarity. The stationary phase that 
gave the best results was used in a capillary 
column which separated the isomers com- 
pletely. 

Reference mass spectra were made with 
methyl 9-, 10-, 11-, 12-, 13 -and  14-hydroxy- 
stearates. Mixed hydroperoxides obtained by 
oxidation of linoleic acid with soybean lipoxy- 
genase were converted into the corresponding 
me thy l  hydroxystearates (5) which were 
identified as the 9- and 13-hydroxyacid isomers 

LIPIDS, VOL. 6, NO. 2 



SHORT COMMUNICATIONS 145 

F~u~ l a  

2 4 \ x2o  
I I 

F~lure l b  

x40 

2 4 

methyl  hydroxystearates and those obtained 
from the enzymatically produced hydroper-  
oxides were converted into their TMS ethers 
(6). The resulting pyridine solutions, after cen- 
trifugation, were analyzed on a 67 m x 0.5 mm 
i.d. capillary column with a 0.8/a film of OV- 
17, methyl  silicone (50% phenyl groups), as the 
liquid phase in a Perkin-Elmer 900 gas chro- 
matograph provided with a flame ionization 
detector.  The inlet split ratio was 16:1, the gas 
flow through the column 9.5 ml He/min at 
room temperature; the temperature was 200 C, 
the injector temperature 270 C. 

The gas chromatograms (Fig. la ,b)  of the 
TMS ethers of methyl 9- and 13-hydroxy- 
stearates and of  the hydroxy  acid isomers 
derived from the hydroperoxides produced 
during the oxidation of linoleic acid show that 
the 9- and 13-isomers were completely sepa- 
rated on the capillary column. In addition, they 
separated well from the methyl stearate which 
originated from the excess of linoleic acid in 
the enzyme incubation medium (Fig. lb) .  

We also wanted to know if the column used 
in the above experiment was able to separate 
other tr imethylsi lylated isomers of methyl 
hydroxystearates  within the 9- and 14-isomer 
range. From the gas chromatogram shown in 

, I ~ ~ I ' Figure lc  it is obvious that the 9-, 12-, 13-and 
~0~,olc 14-TMS substituted isomers could be suf- 

ficiently separated for identification and quan- 
titative analysis. Mixed 9- and 10-TMS and 9- 
and  l l - T M S  derivatives appeared as a 

4 shouldered peak and a double peak respectively 
5 (not shown). The absence of peaks around the 

~ ~ . ~  separated isomers in Figure lb  then indicates 
xlo that no significant amounts of hydroperoxides 

other than the 9- and 13-hydroperoxide isomers 
were produced in the enzymatic oxidat ion of 
linoleic acid and therefore the analysis by the 
p resen t  method confirms earlier findings 

�9 ( 3 , 5 , 7 ) .  

151 ~01 4s s01 7~ T h e  gas c h r o m a t o g r a p h i c  procedure 
described above to separate the 9- and 1 3-TMS 

MINUTES 

FIG. 1. Gas chromatograms of TMS-ethers of 
methyl hydroxystearates: a and c; reference com- 
pounds; b; compounds derived from linoleic acid 
hydroperoxides. Peak 1, Methyl stearate. 2, TMS-ether 
of methyl-9-hydroxystearate. 3, TMS-ether of methyl- 
12-hydroxystearate. 4, TMS-ether of methyl-13- 
hydroxystearate. 5, TMS-ether of methyl-14-hydroxy- 
stearate. 

in an LKB 9000 coupled gas chromatograph- 
mass spectrometer (3). By this procedure the 
remaining linoleic acid was converted into 
methyl stearate which separated from the 
mixed methyl hydroxystearates  on the gas 
chromatographic column. Both the reference 

compounds has become a valuable tool  in the 
analysis of hydroperoxides produced from 
unsaturated fat ty acids. Unfortunately,  other 
authors (3,5) have not commented on the over- 
all yield of methyl  hydroxystearates  from 
hydroperoxides.  Therefore, our work now in 
progress on the mass spectra of the TMS-ethers 
of methyl  8- to 14-hydroxystearates and a 
bet ter  separation of the 8-, 9-, 10-and 11-TMS 
isomers also includes quantitative analysis. 

C.E. ERIKSSON 
KARIN LEU 
Section of Analytical Biochemistry, Swedish 
Institute for Food  Preservation Research 
Fack, S-400 21 G~iteborg 16, Sweden 
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LETTER TO THE EDITOR 

Reactions of Biological Antioxidants: 
III. Composition of Biological Membranes 

Sir. It has been proposed that vitamin E and 
some part of the coenzymes Q (CoQ) may 
function together as biological antioxidants 
(Mel lo r s  and  T a p p e l ,  J. Biol. Chem. 
241:4353-4356, 1966). The quantitative levels 
of the reactive compounds in such function still 
remain a question in order to judge the validity 
of the proposal. The question of whether or not 
the quantities of vitamin E and CoQ in bio- 
logical membranes relative to peroxidizable un- 
saturated lipids are of reasonable magnitude to 
suggest that they may act as effective antioxi- 
dants can be answered by considering the lipid 
composition of the largely membranous mito- 
chondrion. In highly active biological cells, a 
significant part of the vitamin E and most of 
the CoQ are found in mitochondria. 

We wish to report the results of the calcula- 
tion of ratios of the unsaturated fatty acids in 
mitochondria to the total a-tocopherol (a-T) 
and CoQ, which have been reported for mito- 
chondria. Only data reported for the analyses 
of rat liver mitochondria and beef heart elec- 
tron transport particle could be found that 
included fatty acid composition, CoQ, and a-T 
determinations based on a common denomi- 
nator, i.e., weight per cent dry protein. Rat 
liver mitochondria can contain 384 /~moles 
fatty acid esters per gram of dry tissue fraction, 
which contains 63 wt % protein (Getz and 
Bartley, Biochem. J. 78:307-312, 1961; Getz et 
al., Biochem. J. 83:181-191, 1962). Of the 
total mitochondrial fatty acid esters, 49.6 mole 
% are polyunsaturated fatty acids (PUFA) 
(Getz, et al., Biochem. J. 83:181-191, 1962). 
There were 0.66 /Jmole CoQ per gram protein 
in a rat liver mitochondrial fraction (Lester and 
Crane, J. Biol. Chem. 234:2169-2175, 1959). 
The electron transport particle of beef heart 
contained 4.2 mg CoQ per gram protein and 
0.45 mg a-T per gram protein (Crane, et al., 
Biochim. Biophys. Acta 31:476-489, 1959). 

To calculate mole % CoQ from weight per 
cent, we chose to consider CoQ10 (mol wt 
863), which represents the least effect on the 
results by giving a lower mole ratio of PUFA to 
biological antioxidant, rather than CoQ6 or 

others. In the absence of definitive in vivo 
studies, we also chose to consider that one 
tenth of the CoQ might function as an antioxi- 
dant. This, in effect, assigns 90% of the 
function of CoQ to the tasks in electron trans- 
port and oxidative phosphorylation, etc., while 
also minimizing the involvement of CoQ in anti- 
oxidant function. It is important too to point 
out that there are molar excesses of endogenous 
CoQ over individual cytochromes (Redfearn, 
Vit. Hormones 24:465-488, 1966), indicating 
that there could be functions other than those 
now commonly associated with CoQ. 

Calculations from the above values show 
that the mitochondria may contain both 4.87 
/lmoles CoQ10 per gram protein and 1.04 
/lmoles a-T per gram protein. Thus, there can 
be a molar ratio of CoQ 10 to a-T of 4.7 to 1.0 
in the mitochondria. Based, then, on the 0.66 
/amole CoQ per gram, there may be 0.14/Jmole 
a-T per gram protein. From the latter value and 
a calculated 302/1mole PUFA per gram protein, 
the mitochondrial membrane lipids may have 
ca. 2100 molecules of PUFA moieties for each 
molecule of a-T. Similarly, ca. 4600 molecules 
of PUFA for each CoQ molecule is calculated 
from 0.066 /~mole CoQ per gram for antioxi- 
dant function. The combined antioxidant 
capacity of a-T and CoQ in this model may 
represent levels of about 0.07 mole % or about 
0.1 wt % of the peroxidizable PUFA in mito- 
chondrial membrane lipids. 

These calculated levels of biological antioxi- 
dants in the membrane are consistent with 
levels for antioxidant activity in many other 
systems (Scott, G., "Atmospheric Oxidation 
and Antioxidants," Elsevier Publishing Co., 
New York, 1965, p. 282). For example, 0.01 
wt % a-T inhibits in vitro oxidation of men- 
h a d e n  oil  (Olcott and Einsett, JAOCS 
35:159-160, 1958). We conclude from the cal- 
culations that biological antioxidants are 
normally present at adequate levels relative to 
unsaturated lipids to protect them in mem- 
branes from becoming peroxidized significantly 
in vivo. 
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It is extremely interesting that Bieri and 
Poukka (J. Nutr. 100:557-564, 1970) found in 
rat erythrocytes 1100 molecules of polyunsatu- 
rated fat ty acids for each molecule of a-T, 
which was involved in preventing 10% hemoly- 
sis in vitro, in cases where the lipids were con- 
trolled by diets. The ratios calculated here agree 
well with these experimental findings. 

E.H. GRUGER, JR. 
Pioneer Research Laboratory 
National Marine Fisheries Service 
Seattle, Washington 98102 
A.L. TAPPEL 
Department of Food Science and Technology 
University of California 
Davis, California 95616 

[Received September 4, 1970] 
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Dehydrogenation and Dealkylation of Various Sterols 
by Tetrahymena pyriformis 1 
FRANK B. MALLORY and ROBERT L. CONNER, 
Departments of Chemistry and Biology, 
Bryn Mawr College, Bryn Mawr, Pennsylvania 19010 

ABSTRACT 

Sterols are not found in Tetrahymena 
pyriformis when this protozoan is grown 
in a medium free from exogenous sterols; 
instead, the principal solid alcohol that 
can be isolated from the organism is tetra- 
hymanol, a pentacyclic triterpenoid alco- 
hol with an unusual structure. The bio- 
synthesis of tetrahymanol has been 
shown by appropriate labeling studies to 
involve a direct, nonoxidative, proton- 
initiated cyclization of squalene rather 
than the more commonly found type of 
mechanism involving squalene 2,3-oxide 
as an intermediate. In contrast, when T. 
pyriformis is incubated with any one of a 
wide variety of added sterols, the biosyn- 
thesis of tetrahymanol is inhibited and 
the added sterol is accumulated by the 
organism and, in most cases, is converted 
metabolically into one or more other 
sterols. Four different types of transfor- 
mation have been observed: the intro- 
duction of As, A7 and A22 double 
bonds, and the removal of ethyl groups, 
but not methyl groups, from C-24. 

INTRODUCTION 

Tetrahymanol is the name we have given to 
the pentacyclic triterpenoid alcohol that is the 
principal component of the nonsaponifiable 
fraction obtained from Tetrahymena pyriformis 
after this ciliated protozoan has been incubated 
in a peptone-based medium that is free of exo- 
genous sterols (1). There are also a number of 
minor nonsaponifiable components, including 
squalene, ubiquinone and diplopterol (an iso- 
mer of tetrahymanol) (2-4). Tetrahymanol was 
established to have the structure shown in 
Figure 1 by both physical measurements (1,5) 
and chemical synthesis (6). This unusual alco- 
hol has recently been found in various other 
tetrahymenid species (Holz, G.G., Jr., personal 
communication), and has been shown (7) to be 
one of the minor constituents isolated (8) from 
the fern Oleandra wallichii. 

1One of 12 papers to be published from the 
"Sterol Sympos ium" presented at the AOCS Meeting, 
New Orleans, April 1970. 

The biosynthesis of tetrahymanol was postu- 
lated (6) to involve a direct, nonoxidative 
cyclization of squalene with incorporation of 
the elements of water as indicated in Figure 2, 
in contrast to the oxidative pathway involved in 
the biosynthesis of sterols, in which it has been 
demonstrated that squalene is converted to 
squalene 2,3-oxide prior to cyclization (9,10). 
The nonoxidative mechanism illustrated in 
Figure 2 has been confirmed for T. pyriformis 
by a variety of experiments, both in vivo and in 
vitro (11-14). 

T. pyriJormis apparently lacks the capacity 
for de novo biosynthesis of sterols, as judged by 
the results of experiments in which the cells 
were incubated with added 14C.squalene (2,3). 
Thus, autoradiographic analysis of thin layer 
chromatograms of the nonsaponifiable material 
isolated from the cells in these experiments 
r evea led  only ~4C-tetrahymanol and no 
1 4 C-sterols. 

When T. pyriformis is incubated in a culture 
fluid containing an added sterol, there are two 
major consequences of interest: the biosynthe- 
sis of tetrahymanol is inhibited and the sterol is 
accumulated by the cells and, in most cases, 
u n d e r g o e s  chemica l  transformations. As 
described in the following section, we have 
investigated the scope of both aspects of this 
mutual interaction between the protozoan and 
the added sterol, concentrating most of our 
efforts on determining the chemical fate of the 
sterol. 

RESULTS AND DISCUSSION 

Inhibition of Tetrahymanol Biosynthesis 

In a standard experiment (2,3), 500 ml of a 
peptone-based culture fluid (15) containing 
various amounts of added sterol was inoculated 
with an axenic culture of T. pyriformis (about 
1 x 106 cells) and the incubation was allowed 
to proceed for 36-40 hr at 28 C. The number of 
cells was then estimated with a Coulter particle 
counter; a typical value was 4 x 108 cells. The 
cells were harvested (16) and the tetrahymanol 
was isolated in the usual way. The amount of 
tetrahymanol was estimated by quantitative gas 
liquid chromatography (GLC); an F & M Model 
400 gas chromatograph equipped with an SE-52 
column, a flame ionization detector, and a disc 
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FIG. 1. Tetrahymanol. 
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FIG. 2. Schematic illustration of the enzymatic 
cyclization of squalene in T. pyriebrmis. 

integrator was used for these analyses. The 
extent of inhibition of tetrahymanol biosynthe- 
sis varied with the sterol content of the culture 
fluid. For the particular case of added choles- 
terol, the results (2,3) are given in Table I; since 
the amount of tetrahymanol detected in the 
experiments with 5.0 and 10.0 mg of added 
cholesterol corresponds roughly to the amount 
present in the initial inoculum, it is evident that 
the inhibition of tetrahymanol biosynthesis 
under these conditions is essentially complete. 

Similar inhibition has been found for all of 
the numerous other C27 , C 2 8  and C 2 9  sterols 
that we have tested (R.L. Conner, J.R. Landrey 
and F.B.  Mallory, unpublished results), 
i n c l u d i n g  cholesta-5,7,22-trien-3~-ol and 
ergosterol (see below). On the other hand, 
tetrahymanol biosynthesis was not inhibited by 
tetrahymanol itself (Ibid.), nor was it inhibited 
by l anos te ro l  or 24,25-dihydrolanosterol 
(Ibid.), two other C30 compounds having a 
gem-dimethyl group at C-4. 

Metabolic Transformations of Sterols 

We have incubated T. pyriformis with a 
variety of different sterols under the conditions 
outlined in the previous section, and we have 
isolated and characterized as many of the 
transformation products as possible. In most 
cases a mixture of sterols was obtained, which 
was separated chromatographically by methods 
described earlier (17,18) for the particular case 
of cholesterol as the added sterol. The techni- 

TABLE I 

Tetrahymanol Content of T. pyriforrnis 
Incubated With Various Concentrations 

of Added Cholesterol 

Cholesterol added Tetrahymanol Number of 
to culture, formed, cultures 
rag/500 ml #g/l 08 cells) assayed 

None  8 8 0  -+ 88 a 16 
2.5 3 2 0  + 66 5 
5 .0  12 + 12 6 

10 .0  8 + 6 3 

aStandard deviation. 

ques (17,18) used to identify the individual 
sterols included measurements of UV, IR, 
NMR, and mass spectra, GLC retention times, 
and Liebermann-Burchard responses. In most 
cases, authentic samples of the sterols were 
available for comparison. We also developed a 
method for determining the presence or 
absence of a A22 double bond by periodate- 
permanganate cleavage of such double bonds to 
give low molecular weight carboxylic acids 
(e.g., isovateric acid from a A22 sterol in the 
C27 series) that are detected quantitatively by 
GLC (19). 

The results of these studies indicate that T. 
pyriformis can introduce AS, A7 and A22 
double bonds into sterols, and also can remove 
the C-24 ethyl group present in C 2 9  sterols. 
The individual studies that form the basis for 
these generalizations are described below. 

The first studies we undertook involved 
cholesterol as the added sterol (17,18). From 
the mixture of sterols present in the nonsaponi- 
fiable fraction obtained from cholesterol-incu- 
bated cells we obtained cholesta-5,7-dien-3~3-ol, 
c h olesta-5,22-dien-3/3-ol, cholesta-5,7,22-trien- 
3~3-ol, and some recovered cholesterol. These 
results suggest that cholesterol is converted to 
cholesta-5,7,22-trien-3/3-ol by two independent 
pathways as indicated in Figure 3. This sug- 
gestion has been confirmed by our observation 
(Conner et al., unpublished results) that incu- 
bations of 7". pyriformis either with cholesta- 
5,7-dien-3/3-ol or with cholesta-5,22-dien-3~3-ol 
result in the efficient transformation of the 
added dienol to the trienol, cholesta-5,7,22- 
trien-3/3-ol. 

Incubations with cholesta-5,7,22-trien-3/3-ol 
as the added sterol led to the recovery of this 
trienol as the only detectable sterol in the 
nonsaponifiable fraction obtained from the 
cells (Ibid.). 

We have extended these studies to two other 
C27 sterols, 5a-cholest-7-en-3~-ol (A7) and 
5a-cholestan-3t3-ol (A0). In each case, incuba- 
tion with T. pyriformis resulted in the forma- 
tion of cholesta-5,7,22-trien-3/3-ol ( A 5 , 7 , 2 2 )  

together with other less extensively dehydro- 
genated sterols (Ibid.) Thus, both cholesta-5,7- 
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FIG. 3. Two pathways for the conversion by 7". pyriformis of cholesterol to cholesta-5,7,22-trien- 
3t3-ol, proceeding by way of either cholesta-5,7-dien-3#-ol or cholesta-5,22-dien-3/3-ol. 

dien-3/3-ol (A5,7)  and 5ct-cholesta-7,22-dien- 
3fl-ol (A7,22) were detected as products from 
i n c u b a t i o n s  of 5a-cholest-7-en-3/3-ol; and 
5ot-cholest-22-en-3/3-ol (A22), 5ct-cholesta-7,22- 
dien-3/3-ol (A7,22), and (probably) cholesta- 
5,22-dien-3/3-ol (A5,22) were all detected as 
products from incubation of 5ct-cholestan-3/3-ol. 
On the basis of the observation that 5ct-cholest- 
7-en-3fl-ol is converted in part to cholesta-5,7- 
dien-3/3-ol (AT ~ A5,7), and the tentative 
conclusion that 5ct-cholestan-3/3-ol is converted 
in part to cholesta-5,22-dien-3/3-ol (A0 
AS,22), it follows that T. pyriformis can 
introduce a As double bond regardless of 
whether or not a A7 double bond is already 
present. Similarly, the observed AS ~ AS,7 and 
A0 ~ A7,22 conversions show that this proto- 
zoan can introduce a A7 double bond with or 

without a A5 double bond being present. 
The scheme given in Figure 4 illustrates the 

12 conceivable dehydrogenation steps con- 
necting the eight C27 sterols under considera- 
tion. Our studies to date explicitly establish the 
existence of seven of these steps (indicated by 
full-line arrows), and allow plausibility argu- 
ments to be made concerning the existence of 
the remaining five steps (indicated by dashed- 
line arrows). For example, it can be argued that 
there is no reason to doubt that an incubation 
starting with the A7,22 dienol would lead to 
the formation of the A5,7,22 trienol, since the 
analogous conversion of the A7 to the A5,7 
sterol has been unambiguously demonstrated to 
o c c u r .  

None of the incubations described above 
resulted in the formation of detectable amounts 

A 5 ~ A 5'7 

s ~'~ j~ 

A 0 A7 

A22 .."" " ~ A7,22 

s~ 
s 

s 
s 

I ,s 
I 

A5,7,22 

FIG. 4. Transformations in the C27 sterol series induced by T. pyriformis. 
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of sterols in which a double bond originally 
present had become saturated. 

The stereochemistry of the introduction of 
the A7 and A2a double bonds in the conversion 
of cholesterol to cholesta-5,7,22-trien-3/3-ol by 
T. pyriformis has been established by recent 
studies in other laboratories (20,21). Thus, the 
overall transformation involves the loss of the 
7/3-, 8/3-, 22-pro-R-, and 23-pro-S-hydrogens. 

Our discovery of the capacity of T. pyri- 
formis to introduce A22 double bonds has 
proved to be useful in the solution of other 
problems in sterol biochemistry. For example, 
the stereochemical relationship between the C-2 
hydrogens in mevalonic acid and the C-22 
h y d r o g e n s  in choles terol  derived from 
mevalonic acid in rat liver remained unverified 
until a recent study was carried out (20) in 
which cholesterol derived in this way from 
either (2R)- or (2S)-[2-3H; 2-14C]-mevalonic 
acid was subjected to stereospecific (20,2I)  
dehydrogenation by T. pyriformis to give cho- 
lesta-5,7,22-trien-3/3-ol; the results of this study 
(20) indicate that the 22-pro-R-hydrogen of 
cholesterol is derived from the 2-pro-R-hydro- 
gen of mevalonic acid, and that the 22-pro-S- 
hydrogen is derived from the 2-pro-S-hydrogen. 
The introduction of a A22 double bond by T. 
pyriformis followed by oxidative cleavage of 
this double bond (e.g., by periodate-perman- 
ganate or by ozone) has been used by two 
groups as a degradation scheme that allows the 
position of tritium to be determined in various 
tritium-labeled side chains. For example, this 
approach was used (22) to provide strong sup- 
port for the suggestion that the mechanism of 
the reduction of the A24 double bond in the 
conversion of desmosterol (cholesta-5,24-dien- 
3/3-ol) to cholesterol involves electrophilic 
addition of an enzyme-bound proton to C-24 
followed by nucteophilic delivery of hydride to 
C-25 from the reduced form of nicotinamide 
adenine dinucleotide phosphate (NADPH). In 
another study (23), the biosynthetic origin of 
the C-20 hydrogen of cholesterol derived from 
mevalonic acid in a rat-liver system was demon- 
strated by the observation that cholesterol bio- 
s y n t h e s i z e d  f r o m  ( 4 R ) - [ 4 - 3 H ;  2-14C]- 
mevalonic acid contains tritium at C-20. 

We have also carried out a limited number of 
incubations with sterols in the C28 series 
(Conner et al., unpublished results), and the 
results are analogous to those obtained from 
our studies of C27 sterols. Thus, both 24a- 
methy lcho les te ro l  (campesterol) and 24/3- 
methylcholesterol are transformed by T. pyri- 
formis into a mixture of the corresponding 
As,7 dienol and AS,7,22 trienol with retention 
of the C-24 methyl substituent. Brassicasterol 

(24/3-methyl, A5,22) is also converted to ergo- 
sterol (24/3-methyl, A5,7,22), and ergosterol it- 
self is recovered unchanged after incubation 
with the protozoan. In no case was any C27 
sterol detectable (by GLC) in the material iso- 
lated from cells that had been incubated in the 
presence of a C 28 sterol. 

Incubations of some sterols in the C29 series 
(Ibid.) resulted in the loss of the C-24 ethyl 
substituent as well as dehydrogenation to give 
the A5,7,22 pattern of double bonds. Thus 
/3 - s i to s t e ro l  (24~-ethyl, As), stigmasterol 
(24~-ethyl, As,2z),  and poriferasterol (24/3- 
ethyl, A5,22) were all converted by T. pyri- 
formis to a mixture of the corresponding 24- 
ethyl-A5,7,22 trienol together with the dealky- 
lated trienol, cholesta-5,7,22-trien-3/3-ol. An in- 
cubation starting with a synthetic sample of 
t he  24a-ethyl-A5,7,22 trienol (stigmasta- 
5,7,22-trien-3/3-ol) also resulted in the for- 
mation of  cholesta-5,7,22-trien-3/3-ol as the 
only detectable product. 

Thus it appears that T. pyriformis removes 
either 24a- or 24/3-ethyl groups from C29 
sterols, but removes neither 240~- nor 24/3- 
methyl  groups from C 28 sterols. 

There are three aspects of our results that we 
feel are of interest for further study; the mode 
of action of sterols in the inhibition of tetra- 
hymanol biosynthesis; the mechanism of intro- 
duction of As, A 7  and A2e double bonds; and 
the mechanism of the de-ethylation at C-24. 
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The Biosynthesis of Cholesterol and Other Sterols by Brain 
Tissue: I. Subcellular Biosynthesis in Vitro 1 
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ABSTRACT 

The biosynthesis  of  cholesterol  by sub- 
cellular particles f rom rat brain was 
studied with  several labeled cholesterol  
precursors as substrates. Rats f rom two 
age groups were used for preparat ion of 
the subcellular fract ions:  15-day-old and 
adult. Microsomes and a soluble f ract ion 
were required for max imum biosynthesis  
of  14C.nonsaponif iable material.  The 
lat ter  was synthesized in good yield by 
subcellular fractions f rom bo th  age 
groups, but  90% or more was present as 
14C.squalene, when ei ther U-14C-glucose, 
2 -14C-sodium acetate or 2 -14C-mevalonic 
a c i d  was the radioactive substrate.  
Nei ther  3H-squalene oxide  nor 14C-lano- 
sterol was converted to sterol when incu- 
bated with microsomal  + soluble prepara- 
tions, but  some 4% of 14C-desmosterol  
was conver ted to cholesterol  by adult pre- 
parations. Thus a metabol ic  block,  largely 
be tween squalene to desmosterol ,  exists 
in isolated microsomal  + soluble prepara- 
tions f rom bo th  15-day-old and adult rat 
brain. 

INTRODUCTION 

Some problems concerning brain cholesterol  
metabol ism that  have intrigued and challenged 
our laboratory  for a number  of  years are dis- 
cussed. One of  these is that  the incubat ion  of  
brain tissue preparat ions wi th  established cho- 
lesterol precursors has indicated that  as the 
mammahan  organism matures,  its brain loses 
the capaci ty to synthesize one of  its most  
impor tant  lipid const i tuents ,  cholesterol  (1,2). 
This concept  was challenged several years ago 
by exper iments  in which labeled cholesterol  
precursors such as 14C_acetate and 14C.meva_ 
Ionic acid were injected intracisternally ( 3 ) o r  
intracerebral ly (4). On intracerebral  inject ion of  
such cholesterol  precursors in adult rats, it is 
possible to obtain  labeled cholesterol  of  con- 

1One of 12 papers to be published from the Sterol 
Symposium presented at the AOCS Meeting, New 
Orleans, April 1970. 

siderably higher specific act ivi ty than that  
obta ined f rom incubat ions (5). 

Over the past 10 years it seems to have been 
gradually accepted that  the adult brain does 
have a small but  detectable capacity to synthe- 
size cholesterol  (6-21). However ,  this small 
capacity for synthesis in vi tro seems to be at 
variance with  the level of  synthesis seen in 
intracerebral  inject ion.  Intracerebral  inject ion 
exper iments  do not  seem to have been generally 
accepted as valid (22). Because such an experi- 
ment  involves a brain wound,  it is possible that  
the biochemical  events fol lowing this might be 
related to the wounding itself, wi th  the choles- 
terol  biosynthesis  being a secondary phenome-  
non. Actual ly there is no known biochemical  or 
histological  basis for this assumption.  Davison 
has suggested that  the increased b iosynthet ic  
uptake of precursors as a result of  intracerebral  
inject ion could be due to increased access of  
the tissue to the precursor (23). The results we 
obtained by injecting cholesterol  precursors 
in t race rebra l ly  are a nonart i factural  phe- 
nomenon  of the adult brain tissue itself. 

One might ask, why pursue this particular 

TABLE I 

Incorporation of 2-14C-Mevalonic Acid Into 
Brain Subcellular Fractions a 

14C.Conten t 

Digitonin- 
Nonsaponifiable, precipitable 

Fractions dpm dpm 

15,000 x 125,000 1,530 
g supernatant 
112,000 x 109,000 470 
g supernatant 
(soluble) 
Microsomes + 123,000 1,820 
soluble 

Microsomes 1,050 0 
only 

Mitochondria 1,060 0 
only 

aEach incubation contained 0.25 #c 2-14C meva- 
Ionic acid and tissue equivalent to 1.0 g of wet adult 
rat brain tissue. Cofactors were as indicated in Table 
II. 
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Brain Horaogenized (8 ral, 0.32M sucrose~ 
3000 x gl 

p e l l e t  

I 
resuspend i n  4 ral 0.32M 
sucrose; 3000 x g, I0 rain. 

pellet supernatant 

t 
resuspend in 14 ml 0.SM sucrose 
layer 0.32M sucrose (6 ral) 
112,000 x g, 1 hr. 

I 
p e l l e t  i n t e r f ace  

I 
resuspend in 14 ml 0.8M 
layer 0.32M (6 ml) 
112,000 x g, 1 hr. 

p e l l e t  interface-- 

CELL DEBRIS 

resuspend in 21 ml 0.8M 
layer 0.32M (9 ml) 
112,000 x g, 1 hr. 

I0 rain. 

supernatant 

,[ 
15,000 x g, 20 rain. 

I 
pe31e t  

/ 

resuspend id 7 ml 0.8M 
sucrose~ layer 
0.32M sucrose (3 ml) 
112,000 x g, 1 hr. 

L 
i n t e r f ace  pellet 

supernatant 

M ITOCHONIR IA 

112,000 x g, 
2 hr. 

p e l l e t  

H20 washed I(I0 ral) 
112,000 x gt 

1 hr .  

I 
p e l l e t  

supernatant 

MICROSOMES 

smoll p e l l e t  i n t e r f ace  SOLUBLE 

discard  H20wu!he d 

cen t r i fuged  

p e l l [ t  

MYELIN 

FIG. 1. The general isolation scheme used for the separation of the subceUular fractions of brain 
tissue. 

problem? It is not unusual for a tissue, 
especially brain tissue, to behave differently in 
the test tube than it does in vivo. One major 
reason, we believe, is that since cholesterol 
represents a single chemical entity constituting 
some 10% of the dry weight of brain, it must 
accordingly have a primary and critical bio- 
chemical function in the central nervous sys- 

tern. At present this function appears to be 
connected with cholesterol as an integral part 
of the myelin sheath. When disintegration of 
this sheath occurs the effect on the animal is 
disastrous (24). If for no other reason than to 
establish the role of cholesterol in the forma- 
tion and maintenance of the myelin sheath, we 
should know as much as possible about the 
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FIG. 2. Distribution of  labeled material in the non- 
saponifiable fraction after alumina column chromato- 
graphy of  adult rat brain microsomal + soluble incuba- 
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biosynthesis and metabolism of this sterol. 
A second reason for pursuing this problem is 

the question of regeneration. If the adult brain 
cannot synthesize this important  constituent, 
there seems to be little hope in conducting 
experiments designed to accomplish regenera- 
tion of adult CNS tissue. If the potential i ty for 
regeneration exists, then several possibilities 
become apparent;  localized administration of 
precursors to affect regeneration or drug- 
induced regeneration of tissue are two of these 
possibilities. 

Finally, there appear to be an increasing 
number of studies involving the addition of 
metabolites to brain homogenates with the 

20"J YOUNG 

~5.~ I /,--~oLr eSAiS 

5b ~o *ebo "~o "s6o 
MICRO$OME$ ADDED; I~RCENT OF NORMAL QUANTITY 

FIG, 3. Effect on amount  of  digitonin-precipitable 
material formed by addition of increasing amounts of  
microsomes from rat brain to a soluble fraction, also 
from rat brain. Each incubation contained soluble 
fraction equivalent to 0.5 g of wet tissue mad the per 
cent of  the normal equivalent amount  of microsomes, 
as indicated. 0.25 #c of  2 -14C-mevalonic acid was used 
per incubation. 

intention of influencing brain cholesterol bio- 
synthesis (25,26). The properties of such homo- 
genates should be thoroughly investigated. A 
study of cholesterol biosynthesis at the subcellu- 
lar level, complementing the previous work on 
cell-free preparations (27), therefore is in order. 

TABLE II 

Optimum Cofactors for Brain Subcellular Biosynthesis of Total 
Nonsaponifiable and Digitonin-Precipitable Material 

Using Various Radioactive Substrates a 

Substrates 

2-14C-Mevalonic acid 2-14C-Acetic acid U-14C-Glucose, 
Cofactor (DBED salt), #m (Na Salt), #m #m 

GSH 8.20 0 0 
DPNH 3.50 1.41 4.32 
ATP 2.12 5.20 5.20 
G-6-P 8.25 3.30 9.90 
Mg ++ 12.3 4.92 14.8 

aEach incubation contained microsomal and soluble fractions equivalent to 0.5 g of wet 
brain tissue. The cofactors indicated above are identical for both young and adult prepara- 
tions except the G-6-P requirement for young preparations containing U-14C-glucose. In 
this case the G-6-P requirement was one third that indicated for the adult above. 
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TABLE III 

Effect of Individual Cofactors on Nonsaponifiable 
and Digitonin-Precipitable Materiala 

14C_Conten t 

Digitonin- 
Nonsaponifiable, precipitable, 

Added dpm dpm 

Complete 166,000 5,800 
No G-6-P 122,000 3,500 
No GSH 135,000 1,640 
No Mg ++ 61,000 120 
No DPNH 2,400 33 
No ATP 1,150 12 

aEach incubation contained 0.25 ~c 2-14C-meva - 
Ionic acid and microsomal + soluble fractions from 
adult rat equivalent to 1.0 g of wet brain tissue. Co- 
factors were as indicated in Table II. 

MATERIALS AND METHODS 

Animals 

The rats used were purchased  f rom National  
Labora to ry  Animal  Co., St. Louis. The adult  
animals were at least six m o n t h s  old and 
weighed at least 250 g. The young  rats were 
10-15 days old. They will subsequent ly  be 
referred to as 15-day-old rats. Animals  of  b o t h  
sexes were used. 

Preparation of Tissue 

The subcelhilar f ract ions  were prepared  in 
the  manner  out l ined  in Figure 1. Each brain 
was homogen ized  in a glass homogen ize r  wi th  a 
loose-fi t t ing Teflon pestle.  All manipula t ions  
were carried out  at 4 C and no more  than  eight 
comple te  pestle plunges were  made.  In some 
instances the soluble f rac t ion was decanted  and 
recent r i fuged for  an addi t ional  2 hr. However ,  
no b iosyn the t i c  di f ference was found  be tween  
this soluble f ract ion and the  one  prepared in 

the normal  manner .  Numerous  exper imen t s  
were also carried out  in which  the soluble frac- 
t ions  were f i l tered th rough  a Millipore filter 
(0.45 /1). The f i l tered soluble f ract ions,  how- 
ever, behaved b iosynthet ica l ly  the same as the  
unf i l tered fract ions;  this s tep was subsequent ly  
deleted.  

Incubations 

Incubat ions  were pe r fo rmed  in 50 ml flasks 
shaken gently at 37 C for 20 hr unless o ther-  
wise indicated.  The flasks were covered wi th  
a luminum foil. Because of  the length  of  many  
of the incubat ions  they  were carried out  wi th  
and wi thou t  ant ibiot ics .  No di f ference  was 
found ,  as previously indica ted  (27). Unless 
o therwise  indicated the t ime of  incuba t ion  was 
20 hr. The volumes of  the incubat ion  mixture  
ranged f rom 1.5 to  2.5 ml. The cofactors  used 
were in the p ropor t ions  and amo u n t  indica ted  
in Table II. Single de te rmina t ions  were made in 
the pig brain acetone  powder  incubat ions .  All 
o ther  incubat ions  were in duplicate.  

Ch romatography 

Column ch roma tography  was carried out  on 
60 g alumina columns as previously descr ibed 
(27). 

Reverse-phase th in  layer ch roma tography  
(TLC) for the separat ion of  desmos te ro l  f rom 
cholesterol  was run on Kieselguhr G impreg- 
na ted  wi th  paraff in oil. The solvent sys tem was 
ace tone-water  (4:1) ,  as descr ibed by De Souza 
and Nes (28). 

Saponification and Isolation of Lipid Fractions 

To the incubat ions  was added 30 ml of  
water -e thanol  ( t : 1 )  conta ining 15% KOH (w/v). 
The alkaline solut ion was then  immedia te ly  
ex t rac ted  wi th  pe t ro leum ether  five t imes.  The 
combined  organic phases were washed three  

TABLE IV 

Incubation of Brain Subcellular Fractions With 14C-Labeled Substrates 

Digitonin- 
Age of Nonsaponifiable, precipitable, 
animal Precursor dpm dpm 

15 Days 

Adult  

U- 14C_Glucos e 58,900 590 
2-14C-Na Acetate 29,900 560 
2 -14C-Mevalonic Acid 155,000 600 

U -14C-Glucose 64,500 820 
2-14C-Na Acetate 41,300 240 
2-14C_Mevaloni c Acid 151,000 900 

aEach .incubation contained, in addition to microsomal and soluble preparations repre- 
senting 0.5 g wet brain, 2.0 #c U-14C-glucose, 2.0 ~tc 2-14C-sodium acetate, and 0.25 #c 
2-14C-mevalonic acid. Cofactors were as indicated in Table II. 
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TABLE V 

Effect of Incubation Time of Adult and Young Rat Brain 
Subcellular Fractions (Microsomes + Soluble) 

14C.Conten t 

Nonsaponifiable, 
dpm/g wet wt 

Digitonin-precipitable, 
dpm/g wet wt 

Incubation a 
time, hr Adult Young Adult Young 

0.5 33,700 --- 310 --- 
1.0 75,000 42,300 560 130 
2.0 111,000 181,000 940 400 
4.0 118,000 198,000 1,970 1,080 
6.0 125,000 --- 3,300 --- 
8.0 111,000 192,000 3,280 --- 

12.0 107,000 194,000 4,130 1,160 

aEach incubation contained 0.25 #c 2-14C-mevalonic acid and microsomal + soluble 
fractions from adult or young rat equivalent to 1.0 g of wet brain tissue. Cofactors were as 
indicated in Table II. 

t imes  wi th  50 ml  of  wa te r  and  t h e n  dr ied u n d e r  
N 2. Dig i tonides  were p repared  f r o m  the  non-  
saponif iable  f rac t ions  by  the  Sperry-Webb 
m e t h o d  (29).  Free s terol  was o b t a i n e d  f r o m  the  
d ig i tonides  by  the  m e t h o d  of  F r a m e  (30) .  In 
cer ta in  ins tances  these  s terols  were conver t ed  to 
the  d ib ro m id es  and  t h e n  d e b r o m i n a t e d  by  the  
m e t h o d  of  Sch wen k  and  Wer thes sen  (31).  This  
m e t h o d ,  however ,  does  n o t  separa te  desmo-  
s terol  f r o m  choles terol .  A p p r o x i m a t e l y  30% of  
the  f o r m e r  s terol  is r e t a ined  by  choles te ro l  in 
this  m e t h o d .  (This  l abora to ry ,  u n p u b l i s h e d  
observa t ions) .  

Radioactivity 

Radioac t iv i ty  was 
A n s i t r o n  sc in t i l la t ion  
v iously  descr ibed (27) .  

Chemicals 

All cofac to r s  were 

d e t e r m i n e d  us ing  an 
s p e c t r o m e t e r  as pre- 

o b t a i n e d  f r o m  Sigma 
Chemica l  Co. ,  St. Louis ,  Mo.,  excep t  the  
MgC12"6H 20  , w h i c h  was Mal l inckrod t  A .R .  
Grade.  All o the r  reagen ts  were Mal l inckrod t  
A.R.  Grade.  The  2-14C-ace ta te  (sp. act.  2.0 
m c / m  mole) ,  U-14C-glucose  (sp. act.  4 .92  m c / m  
mole) ,  2 -14C-meva lon ic  acid (sp. act.  5 .82 

TABLE VI 

Incorporation of Cholesterol Precursors in Brain 
Subcellular Fraction Incubations a 

Digitonni- Cholesterol 
Age of Subcellular precipitable, dibromide, 
animal fraction(s) Precursor dpm dpm 

15 Days Soluble only 

Microsomal + 
soluble 

Adult Soluble only 

Microsomal + 
soluble 

14C_Squalene 740 0 
14C-Lanosterol 130,000 9 

14C_Squalene 960 0 
3H-Squalene Oxide 2,240 -- 
14C_Lanosterol 108,000 23 

14C.Squalene 1,130 0 
14 C. Lanosterol 35,000 8 

14C_Squalene 1,590 0 
3H-Squalene Oxide 1,560 --- 
14C.Lanosterol 143,000 0 

aEach incubation contained subcellular fraction(s) equivalent to 1 g of wet brain. 
Labeled materials being incubated were suspended in a drop of Tween 80. Amounts of 
radioactive materials added per incubation: 14C-squalene, 0.25 #c; 3H-squatene oxide, 
0.086 pc; 14C-lanosterol, 0.16 /~c. 
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TABLE VII 

Utilization of 2-14C-Mevalonic Acid by an 
Acetone Powder of Whole Pig Brain a 

14C-Content 

Acetone Digitonin- 
powder, Nonsaponifiable, precipitable, 

mg dpm dpm 

100 95,600 1,820 
200 57,800 1,360 
500 83,800 650 

aEach incubation contained 0.25 #c 2-14C-meva- 
Ionic acid, 16.3 ~m reduced glutathione, 7.00 /am 
DPNH, 4.25 btm ATP, 16.5 #m glucose-6-phosphate, 
and 24.6 #m Mg ++. 

m c / m  mole)  and  26 -14C-desmos te ro l  (sp. act.  
45 .0  m c / m  mole)  were pu rchased  f rom New 
Eng land  Nuclear  Corp. ,  Bos ton ,  Mass. 

14C-Lanos te ro l  was o b t a i n e d  b io syn the t i -  
cally f rom 2-14C-mevalonic  acid as descr ibed 
by  Moller  and  Chen  (32) .  14C-Squalene  was 
p roduced  by  i n c u b a t i o n  of  2-14C-mevalonic  
acid wi th  a liver h o m o g e n a t e  as previously  
descr ibed (33).  The  squalene  was pur i f ied  by  
a lumina  co lumn c h r o m a t o g r a p h y  and  TLC. The  
mater ia l  was f o u n d  to  be pure  by  radio-gas- 
l iquid c h r o m a t o g r a p h y .  

Commerc i a l  whole  pig bra in  ace tone  p o w d e r  
was purchased  f rom the  Sigma Chemica l  Co. 

RESULTS 

Subcellular Fractions Responsible 
for Sterol Biosynthesis 

In Table I are shown  the  subcel lu lar  frac- 
t ions  of  adul t  bra in  respons ib le  for  b iosyn thes i s  

o f  1 4 C _ n o n s a p o n i f i a b l e  m a t e r i a l  w i t h  
2-14C-mevalonic  acid as t he  labeled subs t ra te .  
As wi th  ana logous  liver p repa ra t ions ,  t he  micro-  
somal  + soluble f rac t ions  are clearly respons ib le  
for  m a x i m u m  synthes is  of  d ig i tonin-precipi -  
tab le  mater ia l ,  a l t h o u g h  the  soluble  f r ac t ion  
exh ib i t ed  some ac t iv i ty  in th is  respect  b y  itself. 

Composition of the Nonsaponifiable 
Fraction Synthesized by 
Microsomal + Soluble Preparations 

The d i s t r ibu t ion  of  coun t s  in a n o n s a p o n i -  
fiable f rac t ion  b io syn thes i zed  by  an  adul t  rat  
b ra in  mic rosoma l  + soluble  p repa ra t ion ,  wi th  
2-14C-mevalonic  acid as the  subs t ra te ,  is shown  
in Figure 2. This d i s t r ibu t ion  was o b t a i n e d  b y  
f r a c t i o n a t i o n  of nonsapon i f i ab l e  mate r ia l  on  an  
a l u m i n u m  co lumn.  I t  will be n o t e d  t h a t  approx-  
imate ly  95% of the  coun t s  are p resen t  in  the  
h y d r o c a r b o n  (squalene) .  A small  a m o u n t  was 
present  in the  " e s t e r "  region,  s o m e w h a t  more  
in the  " l a n o s t e r o l "  (4 ,4 -d ime thy l )  region,  and  
a p p r o x i m a t e l y  3% in the  s terol  (cho les te ro l )  
region.  The  profi le  of  15-day-old bra in  incuba-  
t ions  u n d e r  the  same cond i t i ons  showed  no 
s ignif icant  d i f ferences  f rom the  adu l t  b ra in  dis- 
t r i bu t ion .  

Cofactor Requirements 

Since it  has been  f o u n d  t ha t  the  t ype  and  
q u a n t i t y  of  cofac tors  p resen t  in the  i n c u b a t i o n  
m e d i u m  inf luences  cons iderab ly  the  na tu re  of  
the  nonsapon i f i ab l e  in adul t  b ra in  cell-free 
ex t rac t s  (27) ,  th is  p r o b l e m  was inves t iga ted  for  
mic rosomal  + soluble f rac t ions  f rom adul t  and  
y o u n g  rat  brains .  The  quan t i t i e s  es tabl i shed  as 
giving " o p t i m u m "  14C.labele d digi tonin-pre-  
c ip i t ab le  mater ia l  are s h o w n  in Table II, where  

TABLE VIII 

Comparison of Adult Rat Brain Subcellular Fractions to Those of Adult Rat Liver 

14C-Content of 14C-Content of 
Subcellular nonsaponifiable digitonin-precipit able 
fractions a fraction, dpm material, dpm 

Brain soluble only 168,000 800 

Brain soluble 149,000 29,500 
+ liver microsomes 

Brain soluble 170,000 2,700 
+ brain microsomes 

Liver soluble only 204,000 13,000 

Liver soluble 195,000 111,000 
+ liver microsomes 

Liver soluble 187,000 22,200 
+ brain microsomes 

aEach incubation contained 0.25 /~c 2-14C-mevalonic acid. Each subcellular fraction 
indicated is equivalent to 1 g of wet brain or liver. Cofactors were added as for brain sub- 
cellular fractions indicated in Table II. 
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2-14C-mevalonic acid, 2 -14C-sodium acetate, 
and U -14C-glucose respectively were utilized as 
radioactive precursors. With the exception of 
G-6-P when U-14C-glucose was used as the sub- 
strate, the quantities required for optimum bio- 
synthesis of sterol were the same for young and 
old brain preparations. 

While the presence of TPNH is needed for 
the  p r o d u c t i o n  of  digitonin-precipitable 
material in liver subcellular fractions, it was 
found that the addition of TPNH or a TPNH 
generating system to the brain subcellular incu- 
bations had no effect on the production of 
digitonin-precipitable material. The same has 
been found previously with brain cell-free pre- 
parations. 

It was thought that possibly one of the 
reasons for the low biosynthetic capacity of our 
subcellular system was the release of potent 
adenosine triphosphatases in the isolation of 
the microsomes. However, neither the constant 
addition of ATP nor the addition of an ATP 
generating system had any effect on the 
production of digitonin-precipitable material. 

The microsomal + soluble preparations from 
adult brain exhibited an absolute requirement 
for ATP and DPNH, both of which had sharp 
optima. This requirement is illustrated in Table 
III. Magnesium, GSH and G-6-P were also re- 
quired to a lesser extent, in that order. The 
optima of these cofactors were not well 
defined. The variation of the amounts of co- 
factors required for different substrates cannot 
be explained at this time. 

Comparison of Young and Adult 
Microsomal + Soluble Biosynthetic CapaciW 

Using three different 14C.labele d substrates, 
a comparison was made of the ability of young 
and adult microsomal + soluble preparations to 
b i o s y n t h e s i z e  14C-labeled nonsaponifiable 
material. The amount of the latter precipitated 
by digitonin was also determined. The results 
are shown in Table IV. While there were differ- 
ences in both groups depending upon whether 
2_14C_meva lon ic  acid, U-14C-glucose or 
2-14C-acetate was used as the substrate, as a 
whole there were no markedly different values 
in comparing young or adult brain preparations 
with the same labeled substrate, either in terms 
of total 14C_nonsaponifiable or 14C-digitonin- 
precipitable fractions. 

Rate of Formation of Nonsaponifiable 
and Oigitonin-Precipitable Material 

One minor difference was found in the rate 
at which nonsaponifiable and digitonin-pre- 
cipitable material was synthesized by young 
a n d  adult preparations. This is illustrated in 
Table V. Whereas the young brain preparations 

reached a maximum biosynthetic capacity in 4 
hr, the adult brain preparations required some 
10 hr for maximum activity. Previous experi- 
ments have shown that after 12 hr there is a 
very gradual but significant increase in incorpo- 
ration up to 20 hr. Again, however, it will be 
noted that in all cases, for both young and 
adult brain, most of the counts were not pre- 
cipitated by digitonin, despite the fact that 
14C-nonsaponifiable material was formed in 
good yield. Most of the latter, as illustrated in 
Figure 2, was squalene which had not been 
converted to sterol. 

Incorporation of Other Labeled Precursors 
Into Adult Brain Microsomal + Soluble Preparations 

At this point of the investigation it appeared 
that the major block in the mevalonic acid to 
cholesterol sequence for both young and adult 
microsomal + soluble preparations was in the 
squalene to cholesterol steps. To substantiate 
this, 14C-squalene, 3H-squalene oxide, and 
14C-lanosterol respectively were used as sub- 
strates. The results are shown in Table VI, and 
substantiate the results previously illustrated 
with 2 -14C-mevalonic acid, 2-14C-sodium ace- 
tate or U-14C-glucose; namely, only a small 
biosynthetic capacity for sterol formation. 
When 26-14C-desmosterol was incubated with 
adult rat brain microsomal + soluble prepara- 
tions, a 4.4% conversion to cholesterol w a s  
found after the two compounds were separated 
by reverse-phase TLC. 

Biosynthesis of 14C-Nonsaponifiable 
From Pig Brain Acetone Powder 

As indicated in Table VII, an exploratory 
experiment with a commercial whole pig brain 
acetone powder showed that even this type of 
p r e p a r a t i o n  can  synthesize squalene in 
reasonably good yield with 2-14C-mevalonic 
acid as the substrate. The amount of 14C_stero 1 
formed was again in low yield. 

The Cause of the Squalene to Cholesterol 
Biosynthetic Block in Brain 
Microsomal + Soluble Preparations 

Inability to convert squalene to cholesterol 
could be due to a deficiency of some factor or 
the presence of an inhibitor in either the micro- 
somal or soluble preparations. The possibility 
of an inhibitor in the microsomes was indicated 
by the data in Figure 3. When varying volumes 
of brain microsomal suspension were added to a 
fixed volume of soluble fraction the curve 
shown in Figure 3 was obtained. A linear rela- 
tionship was exhibited between the amount of 
14C_sterol formed and the volume of 
microsomal suspension in the incubation 
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med ium up to  the point  where  the  amoun t s  of  
t h e  r e s p e c t i v e  fract ions were equivalent  
( " n o r m a l " )  to  that  in brain tissue. Addi t ion  of  
mic rosomes  above this normal  level, for b o t h  
young  and adult  prepara t ions ,  p roduced  a 
marked  inhibi t ion in capaci ty to  p roduce  
14C_labele d sterol ,  wi th  2-14C-mevalonic acid 
as the radioactive substrate .  

However,  the soluble f ract ion may be also 
responsible .  In Table VIII data are shown for  
the incuba t ion  of  brain soluble and microsomal  
f ract ions  wi th  their  oppos i te  but  analogous 
fract ions f rom liver. It can be seen that  ne i ther  
microsomal  nor  soluble f rac t ion f rom brain was 
capable of  res tor ing the  liver s terol  b iosyn the t i c  
activity shown by liver microsomal  + soluble 
preparat ions.  

DI SCUSSI ON 

The results here in  r epor ted  indicate  tha t  at 
present  isolated subcellular prepara t ions  of  
brain tissue, f rom rats 15 days old or adult ,  do 
no t  adequate ly  express  the capaci ty of  the  tis- 
sue to synthes ize  cholesterol .  In all such prepa- 
ra t ions  the synthesis  becomes  " b l o c k e d "  at the  
squalene to  cholesterol  stage, wi th  the  accumu-  
lat ion of  large amoun t s  of  squalene.  The block 
is no t  entirely at the squalene cycl izat ion stage, 
since it has not  been  possible to  de tec t  the  
convers ion of  e i ther  squalene oxide  or lano- 
sterol  to  cholesterol  in vitro.  Some blockage 
may occur  at the desmos te ro l  stage. Since some 
conversion of  this s terol  to  cholesterol  was 
found  in vitro,  this does no t  appear  to  be a 
major  defect .  In the  in tact  chick embryo ,  
according to Fish et al. (34) the  convers ion of  
desmos te ro l  to cholesterol ,  involving r educ t ion  
of  the 24,25 double  bond ,  appears  to be the  
ra te -de termining  step in the synthesis  o f  cho- 
lesterol.  Recen t  results  of  Hinse et al. (26) have 
indica ted  a m a x i m u m  of  7.3% convers ion of  
desmos te ro l  to  choles terol  in cell-free prepara-  
t ions of  14-day-old rat brain. By 25 days the  
level of  conversion had d ropped  to  4.8%. Other  
workers  had previously found  a lower  concen-  
t ra t ion  of  desmos te ro l  and a lower  level o f  
tu rnover  of  desmos te ro l  in adult  animals com- 
pared to  young  animals (35,36).  Similarly, 
Holstein et al. (37) have suggested tha t  the  
convers ion of  A7- and Aa-cholesten-3/3-ol com- 
pounds  to choles terol  by rat  brain may be rate  
limiting. It is no t  possible at this t ime to relate 
these observat ions  to in vitro s tudies  since the 
major  p roduc t  in the  lat ter  case(s) is squalene.  

At  this stage of  our  studies it appeared  tha t  a 
review should be made  of  the  m e t h o d s  current ly  
used to  s tudy the b iosynthes is  o f  choles terol  by 
the central  nervous system. This discussion is 
p resen ted  in the second  part  o f  this s tudy  (38). 
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ABSTRACT 

We have defined special conditions for 
the preparation of an acetone powder of 
rat liver microsomes which is capable of 
converting squalene to cholesterol in high 
yield. This preparation is also useful for 
the demonstration of cofactor require- 
ments for certain reactions in sterol bio- 
synthesis. Buffer washed acetone powders 
are virtually completely dependent upon 
the 105,000 x g supernatant of rat liver 
(S los )  for activity, yet $10 s by itself is 
inert in sterol synthesis. The ability of 
S~ 0s to stimulate sterol synthesis is heat 
liable, nondialyzable, trypsin sensitive, 
and has been partially purified by 
ammonium sulfate precipitation and 
chromatography on Sephadex G-200. 
These results plus other experiments 
support the following hypothesis: the 
105,000 x g supernatant of rat liver 
(S10s) contains a noncatalytic carrier 
protein (Sterol Carrier Protein or SCP) 
which originates from the endoplasmic 
reticulum, binds the substrate, and makes 
the substrate reactive to the sterol synthe- 
sizing enzymes present in the acetone 
powder of liver microsomes. The partici- 
pation of SCP may be an important 
general mechanism in the biological 
synthesis of cholesterol. 

In this report we will review and discuss 
some of our studies concerning the enzymatic 
synthesis of cholesterol performed with an ace- 
tone powder of rat liver microsomes. We will 
review briefly (a) the preparation of an acetone 
powder of rat liver microsomes capable of 
sterol synthesis, (b) the demonstration of co- 
factor requirements, and (c) the evidence for a 
noncatalytic carrier protein in cholesterol bio- 
synthesis (1-3). 

1One of 12 papers to be published from the Sterol 
Symposium presented at the AOCS Meeting, New 
Orleans, April, 1970. 

2postdoctoral .Fellow in the Department of Bio- 
chemistry, School of Medicine, University of New 
Mexico. 

Studies by several investigators (4-6) have 
shown that the enzymes responsible for the 
conversion of squalene to cholesterol reside in 
the particulate fraction sedimented at 105,000 
x g (microsomes). Initial attempts to prepare an 
acetone powder of rat liver microsomes capable 
of stero! biosynthesis were unsuccessful (5). 
However, recently we succeeded in preparing 
for the first time an acetone powder of rat liver 
microsomes [supplemented with the 105,000 x 
g supernatant (S t0s)  of rat liver] which was 
capable of sterol biosynthesis in high yield 
(7-9). Our success was due to the special condi- 
tions used for preparation of the acetone 
powder. These special conditions are: (a)Spec- 
troquality acetone is redistilled immediately 
before preparation of the powder. (b) Liver is 
homogenized using a loose-fitting pestle. (9) 
The incubations are carried out in phosphate 
buffer containing a small amount of EDTA. (d) 
Pyridine nucleotides (NADPH and NAD) are 
added. (e) S10 s is added. Using these condi- 
tions and squaleneJH as substrate, efficient 
cholesterol synthesis was observed, and the dis- 
tribution of products was nearly identical with 
that observed for a 20,000 x g supernatant of 
rat liver. These results also supported the con- 
clusion that the lipid removed by the acetone 
and diethyl ether extraction used to prepare the 
powder is not required for enzymatic activity in 
these reactions (7-9). 

The acetone powder preparation showed an 
absolute requirement for added NADPH and 
NAD in the conversion of squalene to sterols 
(9). In addition, the acetone powder was useful 
for the demonstration of a pyridine nucleotide 
requirement (NADP or NAD) in the conversion 
of A7-cholesten-3fl-ol to 7-dehydrocholesterol 
(10). This was important because in previous 
studies using microsomal preparations of rat 
liver, no cofactor requirements (other than 
oxygen) could be demonstrated for this 
reaction (I 1). 

In our studies using the acetone powder pre- 
paration, we noted that S10s was required for 
maximal activity (9). We found further that the 
material stimulating sterol synthesis in $1o s 
was nondialyzable and destroyed by heat (12). 
Of crucial significance was the finding that 
when $10 s was incubated with squalene-3H in 
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the presence of NADPH and NAD, but in the 
absence of the acetone powder of liver micro- 
somes, no conversion of squalene to sterol was 
observed (9). Thus, although S 105 stimulated 
sterol synthesis, it was inert by itself. 

Given these experimental observations and 
at about the time the acetone powder work was 
p u b l i s h e d  (9), the following hypothesis 
occurred to us: Slo 5 contains a noncatalytic 
carrier protein which originates from the endo- 
plasmic reticulum, binds the substrate, and 
makes the substrate reactive to the sterol 
synthesizing enzymes present in the acetone 
powder of liver microsomes (1-3). We have 
proposed the name Sterol Carrier Protein (SCP) 
for this substance (3). [Ritter and Dempsey in a 
recent abstract (Circulation 42: Suppl. 3, II1-2, 
1970) have independently suggested a slightly 
different name, i.e., "squalene and sterol carrier 
protein (SCP)" for a protein found after 
heating S 1 o5. They have partially purified this 
material (17,18).] 

Although the results described above (9) 
were consistent with a carrier protein hypothe- 
sis, the results were for one substrate only, 
squalene, and the acetone powder by itself was 
still partially active. We then proceeded to 
synthesize several additional substrates for 
examination and performed washing experi- 
ments of the acetone powder. 

In these experiments acetone powder was 
washed three times with phosphate buffer by 
h o m o g e n i z a t i o n  and centrifugation. The 
unwashed acetone powder achieved substantial 
conversion of squalene-3H to sterol. However, 
the  buf fe r -washed  acetone powder was 
essentially inactive, as was S 1 o5 ; but the combi- 
nation of the washed acetone powder plus S 105 
converted squalene to sterol in good yield (3). 
Several other substrates were studied in a 
similar manner (3). The other reactions studied 
i n c l u d e :  (a) squalene-2,3-oxide~lanosterol 
(dihydrolanosterol); (b) AT-cholestenol->As,7- 
cholestadienol; (c) AS,7-cholestadienol->choles- 
terol; and (d) As,24-cholestadienol->choles- 
terol. The results of these experiments were 
similar to those obtained with squalene. The 
buffer washed acetone powder or $105 indivi- 
dually have low activity, however, the combina- 
tion of SlO 5 and the washed acetone powder 
efficiently converts substrate to product. 

Additional support for a sterol carrier was 
obtained by an experiment in which squalene- 
3H was incubated with an unwashed acetone 
powder alone (plus cofactors) in the absence of 
$105. The distribution of products was exami- 
ned by silicic acid chromatography (9). A 
similar experiment was done adding Slo 5. 
Several important differences were noted: (a) 

More cholesterol was formed in the presence of 
SlO5 than in the absence of Slo5.  (b) The 
distribution pattern of intermediate sterols was 
similar in the two experiments except for 
greater relative amounts of intermediates in the 
presence of $105 than when $105 was absent. 
(c) Unreacted squalene-3H accounted for a 
higher percentage of the recovered radioactivity 
in the absence of Slo 5 (3). 

These results suggested: (a) Both the acetone 
powder and SlO 5 contain SCP, and SCP is 
removed from the acetone powder by washing. 
(b) The SCP present in SIos stimulates all of 
the enzymatic steps involved in the conversion 
of squalene to cholesterol. Although these 
results were consistent with the carrier hypo- 
thesis, other explanations were possible. It was 
possible that S 105 might aid nonspecifically to 
solubilize the substrates utilized in the study. 
However, we found that Slo5 could not be 
replaced by protein materials such as serum 
albumin or rat serum. In addition, SCP activity 
in S 105 is destroyed by trypsin (3). It is signifi- 
cant also that both aerobic reactions (squalene 
~sterols  and AT-cholestenol~AS,7-cholesta- 
dienol) and anaerobic reactions (squalene-2,3- 
o x i d  e ~ l a n o s t e r o l  ( d i h y d r o l a n o s t e r o l ) ,  
A 5 , 7 - c  ho  l e s t a d i e n o l ~ c h o l e s t e r o l  and 
As,24-cholestadienol-+cholesterol) were stimu- 
lated. Thus, since these reactions vary in co- 
factor requirements (3), it seemed unlikely that 
$1o 5 stimulation could be related to pyridine 
nucleotide oxidation. 

Evidence was obtained (2,3) concerning the 
ability of S~o 5 to bind sterol precursors. 
Squalene-3H was incubated with $1o 5 alone, 
and then Slo 5 was placed on a Sephadex G-25 
column. All of the recovered radioactivity was 
associated with the protein fraction. In a con- 
trol experiment when squalene-3H was added 
to buffer, and placed on a Sephadex G-25 
column, the radioactivity could not be eluted 
with buffer and the substrate was recovered 
from the top of the column by extraction with 
organic solvents. 

$105 was placed on a Sephadex G-75 
column. An aliquot from the void volume was 
added to an acetone powder and incubated 
with AT-cholestenol as substrate. The acetone 
powder was inactive by itself, however, the 
acetone powder plus the above aliquot synthe- 
sized 7-dehydrocholesterol (3). An additional 
aliquot was assayed for endogenous cholesterol 
content by a modification of the Liebermann- 
Burchard procedure (13). Virtually all of the 
cholesterol present in $1o5 was recovered in 
this region (void volume) of the chromatogram. 
Thus, we detected a protein fraction from 
Sephadex G-75 that had both SCP activity and 
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endogenous cholesterol. Since this material 
traveled at the void volume on Sephadex G-75, 
we decided to apply a higher resolution tech- 
nique, i.e., chromatography of Slo 5 on Sepha- 
dex G-200. Using this technique, SCP activity 
was present in material retained by the column 
whereas cholesterol emerged with protein 
traveling at the void volume. We did not detect 
the presence of sterol in the protein containing 
SCP activity. SCP has a mobility on Sephadex 
G-200 very similar to that of hemoglobin (mol 
wt 68,000). [Some caution should be used in 
calculating the molecular weight of SCP from 
its behavior on Sephadex G-200 since it is 
possible that the presence of lipids such as 
phosphohpid in SCP might influence its chro- 
matographic mobility on Sephadex.] 

SCP was partially purified from $105 by 
precipitation with buffered ammonium sulfate 
(pH 7.4) between 40-70% saturation and by 
chromatography on Sephadex G-200. After two 
passages through Sephadex G-200, only one 
protein peak was observed. It was then incu- 
bated with squalene-3H, and the incubation 
contents were applied to a Sephadex G-200 
column. Two protein peaks were detected, one 
with the chromatographic mobility of SCP and 
the other peak with a mobility corresponding 
to the void volume. The new protein peak 
traveling at the void volume contained approxi- 
mately 80% of the added radioactive squalene. 

These results are interesting since the protein 
peak formed after incubation of squalene with 
SCP has the same chromatographic mobility as 
the protein peak containing endogenous cho- 
lesterol when S105 is chromatographed on 
Sephadex G-200. This suggests that SCP aggre- 
gates to a higher molecular weight species in the 
presence of squalene-3H forming SCP with 
bound squalene. 

Regarding the intracellular localization of 
this carrier protein we presented evidence 
(1-3,12) which is consistent with two possi- 
bilities. Both the acetone powder and S105 
contain SCP activity, and the SCP activity can 
be removed from the acetone powder by 
washing with phosphate buffer. Thus, the first 
possibility is that SCP originates from the endo- 
plasmic reticulum and that it is liberated into 
S10s during mechanical rupture of the cell. 
Consistent with this idea is our observation that 
the activity of acetone powders alone is some- 
what variable (3,12), and that preparations 
using an intermediate 6,000 x g supernatant 
rather than the 20,000 x g supernatant (9) for 
the preparation of microsomes (for use in 
making the acetone powder) tend to be more 
active alone. Alternatively, a second possibility 
is that SCP may be present in both the endo- 

plasmic reticulum and the cell cytoplasm. 
A number of investigators have reported 

stimulation of sterol synthesis by the 105,000 x 
g supernatant of rat liver (S 105), however, the 
mechanism remained obscure; specifically, 
Bucher and McGarrahan (4) in the conversion 
of acetate to cholesterol; Tchen and Bloch in 
the conversion of squalene to lanosterol (5); 
Kandutsch in the conversion of 7-dehydrocho- 
lesterol to cholesterol (14); Avigan et al. in the 
conversion of lanosterol to dihydrolanosterol 
(15); and Dempsey in the conversion of 
7-dehydrocholesterol to cholesterol (16). Ritter 
and Dempsey in recent preliminary communica- 
tions (17,18) describe a requirement for a heat 
stable protein derived from the 105,000 x g 
supernatant of rat liver which stimulates the 
conversion of 7-dehydrocholesterol to choles-o 
terol. In addition this material binds squalene 
and sterols. In our hands only a small amount 
of stimulating activity remains after heating 
Slo5 (2,3,12). The reason for this difference is 
not apparent. Other investigators have noted 
that stimulation by S lo5 of various reactions in 
sterol synthesis is heat lial~le (15,19). 

One might speculate about the chemical 
makeup of SCP. It is possible that this sub- 
stance may be a lipoprotein containing phos- 
pholipid. The presence of phospholipid in SCP 
might well facilitate binding of sterols because 
of the detergent properties of phospholipid. 
Thus, there may be an important close relation- 
ship between lipoprotein synthesis and choles- 
terol synthesis. Further experiments will be 
needed to answer these questions. 

The experimental results summarized here 
are consistent with the following hypothesis: 
$105 contains a noncatalytic carrier protein 
which binds the substrate, and makes the sub- 
strate reactive to the sterol synthesizing 
enzymes present in the acetone powder of fiver 
microsomes (1-3). We have proposed the name 
Sterol Carrier Protein (SCP) for this substance 
(3). 
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Metabolism of Lathosterol by Drosophila Pacheal ,2 
KENNETH C. GOODNIGHT 3 and HENRY W. KIRCHER,  
Department of Agricultural Biochemistry, 
University of Arizona, Tucson, Arizona 85721 

ABSTRACT 

Drosophila pachea is a Sonoran Desert 
cactiphilic species unable to utilize cho- 
lesterol or cholestanol for larval growth 
and maturation. Lathosterol (7-choles- 
ten-3/3-ol) was added to a sterol deficient 
medium on which an axenic culture of D. 
paehea was maintained. 7-Dehydrocholes- 
terol was identified as the sterol metabo- 
lite in adult flies by gas liquid and thin 
layer chromatography and by its UV 
spectrum. 

INTRODUCTION 

The fruit fly, Drosophila pachea, was first 
collected from the Sonoran Desert in northern 
Mexico by Patterson and Wheeler (1). This 
species could not reproduce on the standard 
fruit fly media used and a culture was not 
established. Later, Heed and Kircher (2) found 
that D. pachea bred only in the rotting stems of 
a single species of giant cereus cactus, the senita 
cactus [Lophocereus schottii (Englemann) 
Britton and Rose]. When a cube of fresh, 
rotted or autoclaved cactus was added to each 
vial of the common fruit fly medium (bananas, 
malt, corn syrup, yeast and agar) D. pachea 
could be successfully maintained in continuous 
culture. Without the added cactus, larvae from 
oviposited eggs would develop to about the 
second instar and then die. Addition of other 
cactus species found in the desert supported the 
larvae no better than cactus-flee control 
medium (3). This apparent dependence on 
senita cactus indicated a unique dietary require- 
ment not found in other possible desert 
breeding sites. 

Djerassi et al. (4) reported that senita cactus 
contained two uncommon sterols, lophenol 
(4a-methyl-7-cholesten-3fi-ol) and schottenol 
(7-stigmasten-3fl-ol). Heed and Kircher (2) iso- 
lated these sterols from the cactus and added 
them to the cactus-free medium. It was found 

1One of 12 papers to be published from the Sterol 
Symposium, presented at the AOCS Meeting, April 
1970. Taken from a thesis submitted by K.C. Good- 
night for the Ph.D. degree, University of Arizona. 

2Contribution No. 1715, University of Arizona 
Agricultural Experiment Station. 

3Anderson-Clayton Foods, Richardson, Texas 
75080 

that of the two, schottenol enabled D. pachea 
to develop normally. Eight other sterols were 
added separately to the medium to ascertain D. 
pachea's sterol requirements. Lathosterol, 
7-dehydrocholesterol and 7-dehydro-/3-sitosterol 
(contaminated with some 7-dehydrocampe- 
sterol) fulfilled these requirements. No imagos 
resulted when cholesterol, /3-sitosterol, stigma- 
sterol, 7-ergosten-3fi-ol or ergosterol were added 
to the medium. The females reared from the 
7-dehydro~-sitosterol medium were infertile; 
they became fertile when placed on senita 
cactus medium. D. pachea was the first insect 
reported unable to utilize cholesterol for 
growth and development. This has been 
recently retested by axenic larval transfers to a 
sterol deficient medium containing purified 
cholesterol. Larval death in the second and 
third instars again occurred (5). These results 
suggest that D. pachea requires A7 or A5,7 
unsaturated C27 or C29 sterols, and that it 
cannot utilize A5 C27 or C29 sterols, or any of 
the C28 sterols. A second insect with a 
s p e c i a l i z e d  sterol requirement has been 
reported. The beetle Xyloborus ferrugineus 
requires ergosterol or 7-dehydrocholesterol for 
pupation (6). 

In this study, lathosterol was fed to axenic 
D. pachea as the major sterol. A single sterol 
metabolite was isolated from adult files and 
shown to be 7-dehydrocholesterol. 

MATERIALS AND METHODS 

Axenic Culture 

An axenic (microbiologically sterile) culture 
of D. pachea was obtained by a modification of 
the peracetic acid egg sterilization method of 
Doll et al. (5,7). This culture was maintained 
axenically for many generations. The sterility 
was checked periodically by transferring a 
portion of used media into fluid thioglycollate 
and trypticase soya broths. Only flies from 
microorganism-flee populations were used for 
sterol analysis. 

Diet 

The medium used throughout the experi- 
ment is shown in Table I. 

To determine residual sterol, the ingredients 
for a liter of medium were hydrolyzed with 
alcoholic KOH and the nonsaponifiables were 
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the medium was not responsible for the As,7 
dienol UV absorption bands, the benzene frac- 
tion from the column was reduced with hydro- 
gen in ethyl acetate over 5% Pd on carbon for 3 
1/2 hr. Authentic 7-dehydrocholesterol and 
ergosterol were reduced in a similar manner. 

RESULTS 

The 1 : l benzene-hexane and ether fractions 
from the column showed no UV absorption 
characteristic of a conjugated system. The 
benzene fraction showed end absorption at 207 
nm with an absorption pattern suggestive of a 
A5,7 diene, but at wavelengths lower than 
authentic 7-dehydrocholesterol, 258, 280 and 
294 nm. The spectrum of the digitonide of this 
fraction was in exact agreement with the digi- 
t o n i d e  o f  7 - d e h y d r o c h o l e s t e r o l ,  with 
absorption at 261 ,272 ,282  and 294 nm. 

TLC also suggested the presence of 7-de- 
hydrocholesterol. The 1 : 1 benzene-hexane frac- 
tion showed only a faint spot for this com- 
pound whereas the benzene fraction gave a dark 
spot identical in Rf to that of 7-dehydrocholes- 
terol. Both fractions also contained lathosterol, 
which had double the Rf of 7-dehydrocholes- 
terol on argentation TLC. 

GLC of the 3 sterol containing fractions 
from the column on three different liquid 
phases gave a single peak in each case cor- 
responding in relative retention time (RRT) to 
lathosterol and 7-dehydrocholesterol (Table II). 
The two sterols could not be separated by any 
phase. No other sterols were detected. Cho- 
lestanol, cholesterol, ergosterol and 7-ergosten- 
3/3-ol were all well resolved from the latho- 
sterol-7-dehydrocholest erol peak. 

The reduction products of the benzene frac- 
tion were further evidence for the absence of 
ergosterol in the fly sterols. Only two peaks 
were obtained from the reduced mixture. These 
corresponded to cholestanol and lathosterol 
(Table II). No peaks corresponding to reduced 
ergosterol compounds were observed. 

All of the evidence is in support of the thesis 
that D. pachea can convert dietary lathosterol 
to 7-dehydrocholesterol by introducing unsatu- 
ration at A5 in the sterol nucleus. 

DISCUSSION 

The sequence of double bond changes in ring 
B during the biosynthesis of cholesterol in ani- 
mals is in the order As-+ AT-+ As,7-+ AS (13). 
The last two steps in this process have been 
shown to be irreversible in mammalian systems 
(14). In insects, however, an overall As-+ A5,7 
transformation has not only been demonstrated 
(15,16), but may be obligatory in all species 

ingesting A5 sterols because the moulting hor- 
mones are 6-keto-A7 derivatives (17). 

A study of sterols in crickets led Martin and 
Carls (18) to postulate a sequence of double 
bond changes in insects (As-+ Ao-> A7-+A5,7) 
based on their observations that A7 appears to 
be metabolically closer to As,7 than As is. The 
intermediary role of cholestanol (Ao) between 
As and A7 was also suggested by the AO-+ A7 
transformation found in two roaches (19). The 
desaturation of cholestanol to cholesterol has 
never been reported in insects and it has not 
been established that insects can introduce A5 
unsaturation in the sterol molecule. 

To our knowledge there has been no prior 
study of the metabolism of lathosterol in 
insects. Our findings that this sterol is metabo- 
lized to 7-dehydrocholesterol by D. pachea 
lends credence to the last step of the pathway 
suggested by Martin and Carls. If the general 
metabolic pathway of sterol conversions in 
insects is As-> A0-+ AT-+ A5,7, it appears that 
since D. pachea cannot complete its life cycle 
on cholesterol, it lacks the biochemical ability 
to convert cholesterol to lathosterol. This may 
be either at the As-+ Ao step or the Ao-+ A7 
step. Our recent work (H.W. Kircher and M.A. 
Gray, unpublished work) has shown that D. 
pachea cannot utilize cholestanol either, there- 
by ruling out the former possibility and 
showing that the Ao-+ A7 pathway is blocked. 
This latter case is not uncommon in insects; 
neither hide beetles, houseflies nor silk worms 
are able to utilize cholestanol as the sole dietary 
sterol (19-21). D. pachea, unable to utilize cho- 
lesterol or cholestanol, converts dietary latho- 
sterol to 7-dehydrocholesterol. The latter sterol 
is also found as a metabolic product when cho- 
lesterol is administered to roaches and house- 
flies (15,16). 
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RAT BRAIN GLYCERYL ETHER LIPIDS 

TABLE II 

Percentage Composition of the Glyceryl Alk-1 '-enyl Ether Aldehydes in the 
Phospholipid Fractions of Whole Brains From Germ-free and Conventional Rats a 

171 

Hydrocarbon chain, wt % 
Lipids isolated 

from whole brain 18:2 or 
tissues 14:0 15:0 16:0 16:1 17:0 18:0 18:1 19:0 

Germ-free rat Trace Trace 21.4 Trace 1.2 39.1 38.6 Trace 
Conventional rat Trace Trace 19.3 Trace 1.4 41.3 38.2 Trace 

aValues given are mean of triplicate determinations of duplicate biological samples. 

e thers  were d e t e r m i n e d  quan t i t a t ive ly  by  t he  
dens i t ome t r i c  m e t h o d  of  Pr ive t t  et al. (13) .  
Larger  quan t i t i e s  of a lk - l ' - eny l  glyceryl  e thers  
were ob t a ined  by  prepara t ive  TLC. The  plates  
were deve loped  in the  previously  m e n t i o n e d  
solvent  sys tem and  the  a l k - l ' - eny l  glyceryl  
e thers  were visualized by  spray ing  w i t h  a 
so lu t ion  of  0.2% 2 ' , 7 ' -d i ch lo ro f luo resce in  in 
e thano l ;  the  l ipid areas were ou t l i ned  unde r  
UV light.  Cleavage of  the  zones  con ta in ing  
the  alk-1 ' -enyl  glyceryl  e the r s  were 
achieved by  the  m e t h o d  of  A n d e r s o n  et al. 
(14).  The  a ldehyde  c o m p o s i t i o n  of  the  a lk - l ' -  
enyl  glyceryl  e the r s  f rom conven t i ona l  and  
germ-free rat  b ra in  was t h e n  d e t e r m i n e d  b y  gas 
l iquid c h r o m a t o g r a p h y  at 170 C on  an  EGSS-X 
6 ft  co lumn.  

The  percen tage  of alkyl  and  a l k - l ' - eny l  
glyceryl  e thers  in to t a l  b ra in  t issue of  con- 
ven t i ona l  ra ts  has  been  d e t e r m i n e d  by  several 
groups  of  invest igators .  The  values o b t a i n e d  
using d i f fe ren t  p rocedures  for  these  de t e rmina -  
t ions  vary f rom 5% a lk - l ' - eny l  glyceryl  e t h e r  o f  
the  isola ted p h o s p h a t i d e s  (12)  to  25% (15) .  
This va r ia t ion  has been  a t t r i b u t e d  to  the  age, 
diet ,  etc. of  the  animals  (12) .  

We have f o u n d  t h a t  d e t e r m i n a t i o n  of  the  
a lk - l ' - eny l  glyceryl  e the r  c o n t e n t  of  several 
bac te r ia  and  tissues ( u n p u b l i s h e d  obse rva t ion )  
by  r e d u c t i o n  of  p h o s p h a t i d e s  w i t h  LiA1H4, fol- 
lowed by  the  e x t r a c t i o n  of  the  r eac t ion  
p roduc t s  wi th  e ther ,  gives sl ightly lower  values 
for  th is  l ipid c o n t e n t  t h a n  o t h e r  m e t h o d s  (16) .  
The  values for  a lk - l ' - eny l  glyceryl  e the r  c o n t e n t  
of  conven t i ona l  ra t  bra in  t issue r e p o r t e d  here  
are lower  t h a n  those  r epo r t ed  b y  Er ickson  and  
Lands  (12% and  25% respect ive ly)  (15) ,  bu t  
cons iderab ly  h igher  t h a n  the  5% repo r t ed  b y  
Wood and  Snyde r  (12) .  

The  resul ts  (Table  I) show,  however ,  t ha t  
w h e n  the  bra in  l ipids of  c o n v e n t i o n a l  and  
germ-free rats  are t r ea t ed  ident ica l ly  and  the  
a m o u n t  of  e the r - con ta in ing  l ipids is d e t e r m i n e d  
by  the  same m e t h o d ,  no  d i f fe rence  can be 
de t ec t ed  in the  a m o u n t  of  e the r - con ta in ing  
lipids f rom these  tissues. It  is f u r t h e r  s h o w n  

(Table  II)  t ha t  there  is no  de tec tab le  d i f fe rence  
in the  compos i t i on  of  the  f a t ty  a ldehydes  iso- 
la ted f rom the  p lasmologens  of  these  two 
tissues. 

F r o m  these  results ,  i t  is a p p a r e n t  t h a t  the  
mic rob ia l  f lora of  the  ra t  do no t  in f luence  the  
q u a n t i t y  of  the  e the r - con ta in ing  lipids or the  
c o m p o s i t i o n  of  the  a ldehydogen ic  chain  of  t he  
a lk - l ' - eny l  glyceryl  e thers  in  the  ra t  bra in .  
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Glyceryl Ether Containing Lipids of Whole Brains From 
Germ-Free and Conventional Rats 
PER-OTTO HAGEN, Department of Surgery, 
Duke University Medical Center, Durham, North Carolina 27706 

ABSTRACT 

The percentage alkyl and alk-l '-enyl 
glyceryl ethers of the polar lipids isolated 
from germ-free and conventional rat brain 
tissue has been determined. No difference 
could be detected in the quantity of the 
ether-containing lipids in these animals. 
Similarly, the composition of the alde- 
hydic chain of the alk-l ' -enyl glyceryl 
ethers from germ-free and conventional 
rat brain tissue was shown to be the same. 
The microbial flora, therefore, do not 
influence either the quantity of the 
ether-containing lipids or the composition 
of the aldehyde chain of the alk-l ' -enyl 
glyceryl ethers in the rat brain. 

The presence of alkyl and alk-l '-enyl 
glyceryl ether in mammalian tissues has been 
recognized for several years (1). The biosynthe- 
sis of these lipids, however, is still not fully 
understood although recent reports indicate 
that alkyl ethers can be synthesized by both 
normal and malignant cells from dihydroxyace- 
tone phosphate and long chain fatty alcohols 
(2,3), and that alkyl ethers may be the pre- 
cursor of alk-l '-enyl glyceryl ethers (4). Most 
anaerobic bacteria (5) appear also to contain 
substantial quantities of alk-l ' -enyl glyceryl 
ether. Alkyl glyceryl ethers have recently been 
identified in Clostridium butyricum (6). 

Both in mammalian cells and in bacteria, the 
aldehydogenic chain of the alk-l ' -enyl glyceryl 
ethers is composed mainly of 16:0, 18:0 and 

18:1 hydrocarbon moieties (1) which, in the 
case of mammalian cells, is somewhat different 
from the composition of the ester-linked chains 
in the 1 position of the phosphatides (1). The 
major aldehydogenic chain of ox-spleen and 
ox-liver alk-l ' -enyl glyceryl ethers has been 
identified as branched-chain 15-carbon alde- 
hyde (7) while rumen bacteria has been shown 
to synthesize appreciable quantities of higher 
b r a n c h e d - c h a i n  a l d e h y d e s  including a 
branched-chain 15-carbon aldehyde (8). This 
observation led us to investigate the possible 
involvement of bacterial systems in the synthe- 
sis of mammalian ether-containing lipids. The 
result presented here rules out such involve- 
ment. 

L ip id s  were  ext rac ted  as previously 
described (9) from whole brains of adult female 
rats (local strain, 170 g) and female germ-free 
adult rats (Charles River CDRF strain, 158 g), 
which had been maintained on the same diet. 
The germ-free rats were reared according to the 
technique described by Midtvedt and Trippe- 
stad (10). Nonlipid contaminants of the lipid 
extract were removed by washing with 0.05 N 
sodium chloride as described by Folch et al. 
(I1). Neutral lipids and phospholipids were 
separated on a silicic acid column (9); the 
neutral lipids were eluted with chloroform and 
the phospholipids with methanol. The phospho- 
lipids were reduced by lithium aluminum 
hydride as described by Wood and Snyder (12), 
and the alkyl and alk-l '-enyl glyceryl ethers 
were separated by thin layer chromatography 
(TLC) on Silica Gel G using diethyl ether-water 
(100:0.5 v/v). Alkyl and alk-l '-enyl glyceryl 

TABLE I 

Alkyl- and Alk-l'-enyl-Glyceryl Ether Concentrations in the 
Phospholipid Fractions of Whole Brains From 

Germ-Free and Conventional Rats a 

Percentage of total phospholipid b 
Lipid isolated 

from whole brain Alk-1 '-enyl-glyceryl Alkyl-glyceryl 
tissue ether ether Ratio c 

Germ-free rat 4.25 --- 0.21 0.75 --- 0.04 5.66 
Conventional rat 4.63 + 0.28 0.82 + 0.06 5.63 

aValues given are the mean of triplicate determinat ion of duplicate biological samples. 
bpercentages given are expressed as free O-alkylglycerols. 
CRatio of alk-1 '-enyl- to alkyl-glyceryl ether. 
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FIG. 3. Fluorescence of peroxidized HSA. Freshly 
prepared HSA was allowed to peroxidize for 0 hr EX 
set at 350 nm, EM set at 425 nm ( - - ) ;  168 hr EX 345 
nm, EM 425 nm ( -  - ) ;  and 240 hr EX 350 nm, EM 
425 ( -  �9 - ) .  
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FIG. 4. Fluorescence of reaction products of BSA 
and carbonyls. BSA was reacted with 2,4-hexadienal 
EX 360 nm, 435 nm ( - - ) ;  crotonaldehyde EX 340 
nm, EM 420 nm ( -  - ) ;  and 2,3 butanedione EX 360 
nm, EM 440 nm ( -  �9 - ) .  

Reaction of Peroxidizing 
Methyl Linoleate With BSA 

Methyl  l inoleate,  22 mg, and BSA, 100 mg, 
were mixed  toge ther  in 100 ml of  distilled 
water .  The mixture  was shaken to  disperse the  
oil and then  was al lowed to  peroxid ize  at 25 C. 
A few drops  of  to luene  were added  as a bacter-  
iostat ic  agent.  Al iquots  were w i thd rawn  at 
various t ime intervals and di luted wi th  an equal 
volume of  distilled water  be fo re  recording the  
f luorescence spectra.  

Reaction of Carbonyls With BSA 

BSA, 25 mg (9.2 X l0  -7 mole)  in 25 mi of  
0.05 M sodium phospha te  buffer ,  pH 7.0, was 
reacted  wi th  1.2 X 10 -4 mole of  2 ,4-hexadienal ,  
2 ,3 -bu tanedione  or c ro tona ldehyde .  The mix- 
tures were st irred at 25 C for  25 hr and were 
then  dialyzed for 24 hr against distilled water  

to  remove the  ca rbonyl  compounds .  Af te r  
ad jus tment  of  the  pro te in  concen t ra t ion  to 1 
mg/ml ,  the f luorescence spectra  were recorded .  
Pro te in  de te rmina t ions  were  carried out  by the 
m e t h o d  descr ibed by Miller (3). 

Preparation and Peroxidation of HSA 

The a lbumin f rac t ion of  serum freshly sepa- 
rated f rom whole  h u m a n  b lood  was ob ta ined  
by the cold me thano l  prepara t ion  descr ibed by 
S t raumfjord  and Spraberry  (4). The a lbumin 
f rac t ion was dialyzed against distilled water .  
F luorescence  measurements  were made before  
and after  dialysis. This freshly prepared HSA 
(1.35 mg/ml)  was al lowed to  peroxidize  at 
25 C; to luene  was added  as a bac ter ios ta t ic  
agent.  At various t ime intervals,  a l iquots  were 
w i thd rawn  and f luorescence measuremen t s  
were made.  

TABLE I 

Fluorescence of Commercial Human Serum Albumin a 

Fluorescence 

Type preparation Excitation, Emission, Relative 
and/or grade Source b nm nm intensity c 

Fraction V NBC 348 425 31 
Crystallized 4X NBC 350 426 62 
Grade III Sigma 348 420 26 
Crystalline, 100% Mann 348 430 78 

by electrophoresis 
Fraction V Mann 348 430 19 
Fraction V Calbiochem 348 430 24 
Crystalline, Calbiochem 344 428 76 

B grade 

aprotein concentration was 1 mg/ml in 0.05 M sodium phosphate buffer, pH 7.0. 
bNBC, Nutritional Biochemicals Corp.; Sigma, Sigma Chemical Co.; Mann, Mann Re- 

search Laboratories; Calbiochem, California Biochemical Corp. 
CFluorescence intensity of 0.1 #g quinine sulfate per milliliter of 0.1 N H2SO 4 set at 

100. 
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Fluorescent Modification of Serum Albumin 
by Lipid Peroxidation 
B.L. FLETCHER and A.L. TAPPEL, 
Department of Food Science and Technology, 
University of California, Davis, California 95616 

ABSTRACT 

Peroxidation of fatty acids bound to 
human serum albumin results in the 
production of fluorescent chromophores 
in the protein when it is stored in the 
liquid, powdered or crystalline state. Per- 
oxidizing polyunsaturated fatty acid 
esters, and carbonyls derived from peroxi- 
dizing lipids react with amino groups of 
protein to give products that have fluores- 
cence spectra very similar to those 
observed for stored commercial prepara- 
tions of serum albumin. 

I N T R O D U C T I O N  

One of the main functions of serum albumin 
is to bind and transport anionic substances, 
such as fatty acid anions, needed for metabolic 
processes throughout the body. The lipids asso- 
ciated with human serum albumin are so tightly 
bound that fractionated as well as crystallized 
albumin preparations contain variable amounts 
of fatty acids (1). 

Previous work in this laboratory has shown 
that carbonyls derived from peroxidizing lipids 
react with protein to produce fluorescent chro- 
mophores (2). Human serum albumin (HSA) is 
the plasma protein most likely to be susceptible 
to develQpment of fluorescent modification by 
lipid peroxidation and this protein was found 
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FIG. 1. Fluorescence of HSA prepared for clinical 
use. Protein concentration was adjusted to 10 mg/ml 
after dialysis against distilled water for 48 hr. Fluores- 
cence spectra represent HSA prepared by the fol- 
lowing laboratories: Pitman-Moore EX 340 nm, EM 
435 nm ( -  �9 - ) ;  Hyland EX 345 nm, EM 435 nm 
( -  - ) ;  and Cutter EX 350 nm, EM 425 nm ( - - ) .  

to be the most fluorescent of the plasma pro- 
teins. In this work the observed fluorescent 
modification in stored HSA was correlated with 
that found in model peroxidizing lipid-protein 
systems. 

M A T E R I A L S  A N D  METHODS 

Solu t ions  of 5% HSA in buffered saline 
suitable for therapeutic injection were obtained 
from Pitman-Moore and from Hyland Labora- 
tories, and a 25% solution of salt-poor HSA 
from Cutter Laboratories. Bovine serum albu- 
min (BSA), crystallized and 100% pure as deter- 
mined by electrophoresis, was obtained from 
Mann Research Laboratories. Whole human 
blood units were obtained from the Sacramento 
Blood Bank, California. Crotonaldehyde and 
2,3-butanedione were from Eastman Organic 
Chemicals; 2,4-hexadienal from K & K Labora- 
tories; and methyl linoleate from Analabs, Inc. 
All other chemicals used were of reagent grade. 

Fluorescence Measurements 

An Aminco-Bowman spectrophotofluoro- 
meter (American Instrument Co.) combined 
with a Houston Instrument X-Y recorder was 
used to make all fluorescence measurements. 
Quinine sulfate (0.1 and 1.0 ~ug/ml in 0.1 N 
H2SO4) was used for intensity calibration and 
as a check on wavelength calibration of the 
spectrophotofluorometer.  Fluorescence excita- 
tion (EX) and emission (EM) spectra are 
reported without correction. 
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FIG. 2. Fluorescence of BSA reacted with peroxi- 
dizing methyl linoleate. Fluorescence spectra were 
taken at 0 hr EX set at 350 nm, EM set at 435 nm 
( - - ) ;  170 hr EX 355 nm, EM 430 nm ( -  - ) ;  and 264 
hr EX 357 nm, EM 435 nm ( -  ~ -).  
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RESULTS A N D  DISCUSSION 

The excitation and emission maxima and the 
relative fluorescence intensitites of commer- 
cially prepared HSA preparations are shown in 
Table I. The intensity of fluorescence varied 
markedly from preparation to preparation but 
the  fluorescence excitation and emission 
spectra were very similar and wavelength 
maxima were consistently in the 350 nm and 
425 nm regions, respectively. Characteristic 
fluorescence spectra of HSA commercially pre- 
pared for therapeutic use are presented in 
Figure 1. Again, the fluorescence intensity of 
each commercial albumin preparation varied 
from the others, but the excitation and 
emission maxima were similar. 

Figure 2 shows the fluorescence produced 
when peroxidizing methyl linoleate was allowed 
to react with a commercial preparation of BSA. 
Methyl linoleate or BSA alone, when main- 
tained under the same conditions, did not 
develop similar fluorescence. 

When freshly isolated HSA alone was 
allowed to peroxidize it gave fluorescence 
spectra, as shown in Figure 3, which were 
qualitatively very similar to that reported in 
Table I and shown in Figures 1 and 2 for 
commercial serum preparations. As can be seen 
in Figure 3 the freshly isolated or Ohr HSA has 
little if any fluorescence with excitation at 350 
nm and emission at 425 nm. Freshly prepared 
albumin from bovine and rat sera also show 
very little fluorescence in this region. 

When a, /3-unsaturated and a-dicarbonyls 
were allowed to react with BSA, fluorescent 
products were produced rapidly. The fluores- 
cence spectra of these products, as can be seen 
in Figure 4, were very similar to those observed 
in the commercial preparations and in the 
model peroxidation systems. 

The presence of free fatty acids in Cohn 
fraction V HSA has been shown by electro- 
p h o r e t i c  and  low temperature  solvent 
extraction studies (5). Of the total fatty acids 
bound to HSA, 66% was found to be unsatu- 
rated, with the major components distributed 
as follows: oleic acid, 33%; linoleic acid, 20%; 
arachidonic acid, 5%; and linolenic acid, 1.4%. 
The association of unsaturated fatty acids with 
albumin renders both clinical and commercial 
preparations of this protein quite labile to per- 
oxidation by air, as reported here and in 
previous studies (2,6). 

Secondary degradation products of per- 
oxides produced by lipid peroxidation include a 
wide range of mono- and dicarbonyls, both 
saturated and unsaturated (7,8). Carbonyls con- 
dense with primary amines to form a Schiff- 
base imine system. Previous studies (2) have 

shown that peroxidizing lipids and the di-car- 
bonyl malonaldehyde react to produce inter- 
and intramolecular cross-linking or polymeriza- 
tion of ribonuclease A with concurrent inactiva- 
tion of the enzyme and the production of 
fluorescence similar to that found here. Three 
of the major classes of carbonyls produced in 
peroxidizing unsaturated lipid systems react 
with primary amines to produce fluorescent 
products. These carbonyls are the conjugated a, 
/3 mono- and diene-aldehydes, and the a-dicar- 
bonyls. It is assumed that the reaction is car- 
bonyl-arnine condensation, with the production 
of a conjugated chromophoric Schiff-base 
system (2). 

Freshly isolated serum albumin is colorless 
in both the dry state and in solution. Upon 
storage, however, both forms of HSA develop a 
yellow to brown color which is characteristic of 
peroxidizing lipid-amine reaction systems. 
Deterioration of both HSA and BSA during 
storage has been reported by Pederson (9). By 
use of exclusion chromatography, it was found 
that dimers, trimers and tetramers of albumin 
were formed upon storage of the protein in 
solution. Further research is necessary to deter- 
mine the quantity of the cross-linking of 
albumins that results from the reaction of dicar- 
bonyls with protein and that which occurs by 
various other mechanisms, such as sulfhydryl 
cross-linking. 

The physiological effects of administration 
of modified HSA to patients are unknown. 
Anionic binding capacity may be altered in the 
modified protein. The modified portions of 
albumins may be resistant to proteolytic 
hydrolysis by systems such as the liver lyso- 
somes. These modified proteins could further 
polymerize and remain within the lysosomes to 
hamper  the efficiency of the organelle. 
Similarly, intravenous injections of exogenous 
lipid give rise to a fat pigment which is asso- 
ciated with the lysosomes of Kupffer cells and 
hepatocytes. The pigment is thought to consist 
of polymerized lipid-containing material; it is 
unhydrolyzable by the organelle and remains 
fixed for the duration of the animal's life (10). 
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FIG. 1. A, sporophore total ]ipids; B, mycelial total 
fipids; C, triolein and cholesterol. PL, polar lipid; MG, 
monoglyceride; S, free sterol; FFA, free fatty acid; 
TG, triglyceride (The TG spot in fractions A and B 
formed faint spots not visible in this photograph). 

Thin Layer Chromatography 

The neutral  lipid fract ion was chromato-  
graphed on glass plates coated wi th  Silica Gel 
G. Acc. to Stahl (Merck) in a solvent system of 
low-boiling pe t ro leum (bp 60-70 C)-diethyl  
ether-acetic acid (90:10:1  v/v). The polar lipids 
were chromatographed  in two dimensions on 
Silica Gel H (Merck) as described by Parsons 
and Pat ton  (7). A solvent system of chloro- 
form-methanol-water-28% aqueous  ammonia  
(130 :70 :8 :0 .5  v/v) was used in the hor izonta l  
d e v e l o p m e n t  a n d  c h l o r o f o r m - a c e t o n e -  
methanol-acet ic  acid-water ( 1 0 0 : 4 0 : 2 0 : 2 0 : 1 0 )  
was used in the vertical  development .  The spots 
were made visible by exposure to iodine vapor  
or  by spraying with  one of  the fol lowing 
reagents: sulfuric acid-potassium dichromate  
(8), the specific phosphol ipid  spray of  Di t tmer  
and Lester (9), and ninhydrin  reagent (0.2% in 
e thanol)  for compounds  containing amino 
groups. Individual polar lipids were ident i f ied 
by their  react ion with specific spray reagents 
and by comparing their  Rf  values wi th  those of  
reference standards and polar  lipid extracts  
f rom bovine milk. 

Gas Liquid Chromatography 

Fat ty  acid methy l  esters were made by 
saponif icat ion of  the neutral  and polar  fract ions 
in 0.5% KOH in methanol  and ref luxing in 
BF3-methanol  (Applied Science Laboratories) .  
Methyl  esters were ext rac ted  and chromato-  
graphed on a Hewlet t-Packard 5750 Gas Chro- 
matograph equipped with  a hydrogen  flame 
ionizat ion detector .  Separations were effected 
with  a column packed wi th  10% die thylene 
glycol adipate containing 2% H3PO 4 on Gas 
Chrom A (Applied Science). Re ten t ion  t imes of  
unknown  methyl  esters were compared  with  
those of  authent ic  methyl  esters to make  a 
tentat ive ident i f icat ion.  Quant i ta t ive  standards 
K-106 and K-108 (Applied Science) were used 
to determine  the l ineari ty of  peak area wi th  
concentra t ion.  The standard deviations of  the 

NL 

PE 
PC 

PS 

PI 

o 

FIG. 2. Two-dimensional separation of sporophore 
polar lipids. O, origin; PI, phosphatidyl inositol; PS, 
phosphatidyl serine; PC, phosphatidyl choline; PE, 
phosphatidyl ethanolamine; NL, neutral lipid (PI, PS 
and NL formed very faint spots and were not visible 
on this photograph). 

concent ra t ions  as de termined  by measuring 
peak area (height x width  at 1/2 height)  were 
not  greater than +- 1.6%. 

Gas Liquid Chromatography-Mass Spectrometry 

Ident i f ica t ion of fa t ty  acid methy l  esters was 
accomplished on an LKB Model  9000 Gas 
L i q u i d  Chromatograph-Mass  Spec t rometer  
equipped with  a chromatographic  co lumn of  
the packing material  previously described. The 
peaks f rom sporophore  mycel ial  extracts  wi th  
re tent ion  t imes equal  to palmitic,  stearic, oleic 
and linoleic acid methy l  esters were superim- 
posable upon spectra f rom authent ic  fa t ty  acid 
methyl  esters. 

Infrared Spectrophotometry 

IR spectra were recorded on a Perkin-Elmer 
Model  137. Infracord Spec t ropho tomete r .  The 
samples were analyzed as thin films on KBr 
discs. 

RESULTS 

The percentage contr ibut ions  to the total  
lipid by the neutral  and polar  fract ions for 
sporophore  and myce l ium is shown in Table I. 

TABLE I 

The Per Cent of the Neutral 
and Polar Lipids in A.  Bisporus  a 

Strain Sporophore extract Mycelial extract 

310 32.6 Neutral 66.1 Neutral 
67.3 Polar 33.8 Polar 

314 40.3 Neutral 54.3 Neutral 
59.6 Polar 45.6 Polar 

320 51.1 Neutral 79.2 Neutral 
48.7 Polar 20.8 Polar 

322 49.4 Neutral 76.3 Neutral 
50.3 Polar 23.6 Polar 

aValues are expressed as per cent of total. 
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Lipid Metabol ism of Agaricus bisporus (Lange) Sing.: 
I. Analysis of Sporophore and Mycelial Lipids 1 
R. BARRY HOLTZ and LEE C. SCHISLER, 
Departments of Food Science and Plant Pathology, 
The Pennsylvania State University, University Park, Pa. 16802 

ABSTRACT 

The lipid components of four strains 
of Agaricus bisporus (Lange) Sing., the 
cultivated mushroom, were analyzed. 
Both sporophore and mycelial samples 
were obtained from beds in normal 
production. A method for obtaining 
mycelium free of compost was developed. 
Neutral lipids were separated from polar 
lipids by silicic acid column chromato- 
graphy. Each fraction was separated by 
thin layer chromatography. Fatty acid 
methyl esters were analyzed by gas liquid 
chromatography and mass spectrometry. 
S p o r o p h o r e  extracts contained free 
sterol, free fatty acid, triglycerides, phos- 
p h a t i d y l  chol ine  and phosphatidyl 
ethanolamine. High amounts of linoleic 
acid were found in both neutral and polar 
lipid fractions. Mycelial extracts con- 
tained free fatty acids, triglycerides, phos- 
p h a t i d y l c h o l i n e  and  phosphat idy l  
ethanolamine. No free sterol could be 
detected. Linoleic acid was also present in 
large amounts. 

INTRODUCTION 

A preliminary analysis of the lipid com- 
ponents of the sporophore of Agaricus bisporus 
(Lange) Sing., the cultivated mushroom, was 
conducted by Hughes (1). He reported a large 
amount of free sterol, smaller quantities of 
sterol ester, triglyceride, free fatty acids and 
phospholipids. Ten fatty acids were identified 
and linoleic acid was found to account for 63% 
to 74% of the amount of fatty acids present, 
depending on the mushroom variety. Maggioni 
et al. (2) reported that the total lipid fraction 
of sporophores growing on nitrogen supple- 
mented compost contained 71% linoleic acid 
and 15% palmitic acid. 

I t  has b e e n  shown that mushroom 
production increased when lipid material was 
added to compost (3), and that mushroom 
mycelial growth was increased when lipids were 
added to basal nutrient media (4). To better 

1paper 3798 in the Journal Series of The Pennsyl- 
vania Agricultural Experiment Station. 

understand lipid metabolism in A. bisporus, a 
more detailed analysis of the lipid components 
was felt desirable and the present study was 
initiated. Lipid components of both sporophore 
and mycelium were analyzed. Neutral and polar 
lipids were separated. Strains 310 (white), 314 
(off white), 320 (brown) and 322 (off white) 
were compared. Strains 310, 320 and 322 are 
used in commercial spawn making and account 
for at least 70% of the mushrooms produced in 
the United States and Canada. Strain 314 was 
included as it was the strain which failed to 
respond with increased mycelial growth to lipid 
addition. 

MATERIALS AND METHODS 

Isolation of Sporophore and Mycelial Lipids 

Strains 310, 314, 320 and 322 were 
obtained from the culture collection of The 
Pennsylvania State University. The compost 
was prepared as described by Schisler (3)with- 
ou t  the addition of any supplementary 
nutrients at casing. Mycelial samples were 
harvested by a special method designed to get 
mycelium free from compost material. Com- 
post was filled into wooden trays (61 x 61 x 14 
cm). When filled the trays contained 25-28 kg 
of compost. Trays were filled with compost and 
spawned (seeded with mushroom mycelium) to 
one half their depth. A layer of fiberglass fly 
screen was placed on top of the compost. A 1 
cm layer of water saturated Superlite (Perlite 
Products, Primos, Pa.) was spread on top of the 
screening and covered by a second piece of 
screening. The tray was then filled and spawned 
to its capacity. The screens were removed from 
the compost after three weeks. The Superlite 
clinging to the screen due to the mycelial 
growth was scraped off into flasks and 
extracted. A portion of the same compost was 
spawned for sporophore harvest. After three 
weeks spawn growth the trays were cased 
(covered with a layer of topsoil to induce 
fruiting). Mushrooms were harvested from the 
first fruiting. Lipids in both sporophore and 
mycelial samples were extracted according to 
the method of Folch et al. (5). The neutral lipid 
fraction was separated from the polar lipid frac- 
tion using a silicic acid column as described by 
Hirsch and Ahrens (6). 
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TABLE III 

Fatty Acid Composition of the Neutral and Polar Lipids of Mycelium a 

179 

Acid Strain 310 Strain 314 Strain 320 Strain 322 

Neutral lipids 

CI0:0 4.1 t 12.1 t 
C12:0 5.2 14.6 6.2 7.8 
C14:0 8.3 2.9 t 5.2 
C16:0 22.1 25.0 19.6 27.6 
C16:1 6.6 4.3 9.8 6.1 
C17:0 t 10.4 9.0 9.0 
C18:0 10.0 7.5 6.7 8.4 
C18:1 16.9 18.7 18.6 16.2 
C18:2 26.3 16.2 17.6 19.4 

Polar lipids 

C10:0 t t t t 
C12:0 t 2.0 2.4 1.8 
C14:0 t 6.8 5.1 2.4 
C16:0 18.8 16.7 18.0 15.2 
C16:1 8.5 8.8 6.7 3.7 
C17:0 5.1 4.7 3.8 4.5 
C18:0 3.7 4.5 2.8 5.5 
C18:1 14.1 13.7 12.5 11.1 
C18:2 49.8 42.4 48.4 55.3 

aValues are expressed as per cent of total. Those values marked (t) are less than 1% of 
the total. 

h igh  p r o p o r t i o n  of  l inoleic  acid. Shaw f o u n d  
t h a t  the  polar  l ipid c o n t a i n e d  mos t  of  the  
l inoleic acid. 

The resul ts  of  th i s  s tudy  c o n f i r m e d  those  of  
Shaw;  however ,  t he  advantage  of  the  s t u d y  
r e p o r t e d  here  was t h a t  a valid c o m p a r i s o n  of  
mycel ia l  and  s p o r o p h o r e  l ipids of  a single 
species was possible.  Spo r opho r e s  and  mycel ia  
were harves ted  in n o r m a l  p r o d u c t i o n  u n d e r  a 
con t ro l l ed  e n v i r o n m e n t  and  no t  in  vi t ro  on  
art if icial  media .  I t  was no t  necessary  to corre- 
late da ta  f rom diverse species to  compare  
mycel ia l  to  s p o r o p h o r e  lipids. 

Ben t ley  et al. (11)  r epo r t ed  t h a t  the  ra t io  of  
neu t ra l  lipid to  polar  l ipid in the  f ru i t ing  b o d y  
of  Clitocybe illudens was 1:2 and  t h a t  the  
neu t ra l  f rac t ion  was pr imar i ly  free sterol .  I t  can 
be seen in Table I t h a t  of  t he  four  s t ra ins  of  A. 
bisporus used in th is  s tudy  on ly  s t ra in  310  had  
a s imi la r  ra t io  of  neu t ra l  to  polar  l ipids in  the  
f ru i t ing  bodies .  Free  s terol  was, however ,  t he  
p r e d o m i n a n t  l ipid in the  s p o r o p h o r e  neu t ra l  
f rac t ion .  

Ut i l iza t ion  of  l ipid by  A. bisporus has  been  
s h o w n  to be a key fac to r  in the  n u t r i t i o n  of  the  
commerc ia l  m u s h r o o m .  Schisler  (3)  showed  
t h a t  l ipid s u p p l e m e n t a t i o n  to  com pos t  resu l ted  
in increased s p o r o p h o r e  yield.  Wardle and  
Schisler  (4) showed  t h a t  l ipid add i t ions  to  basal  
media  gave increased mycel ia l  g rowth .  E t h y l  
esters of  oleic and  l inoleic acids were s h o w n  to 
be  p r imary  s t imu la to ry  c o m p o n e n t s .  

I t  is in te res t ing  to specula te  on  t he  implica-  
t ions  of  some of  the  d i f ferences  in l ipid compo-  
s i t ion  of  the  myce l i um and  s p o r o p h o r e  as 
f o u n d  in this  s tudy  on  the  lipids of  A. bisporus. 
Dist inc t  d i f ferences  in the  weight  per  cent  of  
the  neu t ra l  and  polar  l ipids b e t w e e n  the  sporo-  
pho re  and  the  myce l i um were s h o w n  (Table  I). 
The  absence  of  s terol  in the  m y c e l i u m  and  its 
appea rance  in q u a n t i t y  in the  s p o r o p h o r e  sug- 
gests t h a t  free s terol  is the  end  p r o d u c t  of  
s y n t h e t i c  events  dur ing  the  f ru i t ing  process.  

The  fa t ty  acids of  the  s p o r o p h o r e  ex t rac t s  
f rom the  var ious s t rains  were cons i s ten t  in pro- 
file, w i th  the  e x c e p t i o n  of  314  wh ich  was sig- 
n i f ican t ly  lower  in l inoleic  acid t h a n  the  o t h e r  
th ree  strains.  This low level of  l inoleic  acid was 
c o n c o m i t a n t  w i th  the  fact  t h a t  s t ra in  314  was 
giving a low crop yie ld  at  the  t ime  of  sampling.  
Wardle and  Schisler  (4)  also r e p o r t e d  t ha t  the  
g r o w t h  of myce l i um of  s t ra in  314 was no t  
increased by  e thy l - l ino lea te  supp lemen t .  The  
inabi l i ty  of  this  s t ra in  to  ut i l ize l inoleic acid 
may  be a cause for  low yield.  Minor  d i f ferences  
in f a t t y  acid c o m p o s i t i o n  b e t w e e n  s t ra ins  f o u n d  
in this  s t udy  are p r o b a b l y  a t t r i b u t a b l e  to  the  
d i f ferences  in the  m e t a b o l i s m  of  each  strain.  
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TABLE II 

Fatty Acid Composition of the Neutral and Polar Lipids of Sporophores a 

Acid Strain 310 Strain 314 Strain 320 Strain 322 

Neutral lipids 

C10:0 t . . . . . . . . .  
C12:0 t t t t 
C14:0 t 4.9 t t 
C16:0 13.2 26.5 16.3 15.4 
C16:1 t t t t 
C18:0 4.1 7.4 6.7 2.5 
C18:1 5.4 12.2 8.9 3.3 
C18:2 77.1 49.0 68.0 78.6 

Polar Lipids 

CIO:O t . . . . . . . . .  
C12:0 t t t t 
C14:0 t t t t 
C16:0 6.1 9.2 6.5 5.7 
C16:1 t t . . . . . .  
C18:0 2.0 2.3 1.4 1.8 
C18:1 t t --- t 
C18:2 91.3 88.5 92.0 92.4 

aValues are expressed as per cent of total. Those values marked (t) are less than 1% of 
the total. 

The ratio of  neutral  to polar  lipids was higher in 
the myce l ium than the sporophore .  

A thin layer separat ion of  sporophore  
neutral  lipids showed that  free sterol and mono-  
glycerides were the major  lipid classes. Smaller 
amounts  of  free fa t ty  acids and triglycerides 
were observed (Fig. l-A).  The areas with Rf  
values equal to triglycerides,  free fa t ty  acids 
and monoglycer ides  were scraped f rom a thin 
layer separat ion of  neutral  lipids. IR spectra of  
the eluates were similar to reference standard 
compounds .  Upon  saponif icat ion and esterifica- 
t ion of  the tr iglyceride and monoglycer ide  frac- 
tions, fa t ty  acid methy l  ester patterns similar to 
those of the neutral  lipids were established by 
gas chromatography.  

Mycelial neutral  lipids conta ined free fat ty  
acids, tr iglycerides and monoglycer ides .  No free 
sterol was detected (Fig. l-B). 

P h o s p h a t i d y l  choline and phosphat idyl  
e thanolamine  were the predominant  polar lipid 
classes (Fig. 2). The compounds  had similar Rf  
values on two-dimensional  thin layer chromato-  
graphy (TLC) as phosphat idyl  choline and 
phosphat idyl  e thanolamine  f rom bovine milk 
polar lipids and authent ic  reference com- 
pounds. Both compounds  reacted with  the Dit- 
tmer-Lester  spray. The c o m p o u n d  with  an Rf  
value equal to phosphat idyl  e thanolamine  
reacted with n inhydrin.  The IR spectra of  the 
two compounds  were superimposable on those 
of  authent ic  phosphat idyl  choline and phospha- 
t idyl  e thanolamine.  Small amounts  of  phos- 
phat idyl  serine and phosphat idyl  inosi tol  were 

tenta t ively  ident i f ied in sporophore  polar  lipids 
having similar Rf  values as au thent ic  reference 
compounds  and of  those componen t s  in bovine 
milk polar lipids. Both reacted with  the Dit- 
tmer-Lester  spray. Nei ther  of  these compounds  
was detectable  in mycelial  polar  lipids. How- 
ever, the mycel ial  polar lipids had distr ibut ion 
of  phosphat idyl  choline and phosphat idyl  
e thanolamine  identical  to the sporophore  polar  
lipids. 

A typical  percentage composi t ion  of  fa t ty  
acids in sporophore  neutral  and polar lipids was 
tabulated (Table II). Palmitic,  stearic, oleic and 
l inoleic acids accounted for over 90% of the 
fa t ty  acids present.  In the neutral  lipids of  
s p o r o p h o r e s ,  l inoleic acid accounted  for 
approximate ly  70% of the fa t ty  acids. Strain 
314, however ,  had only  49% linoleic acid. 
Mycelial neutral  lipids showed more varied 
fa t ty  acid composi t ions  than did sporophore  
neutral  lipids (Table III). 

The polar lipid extracts  of  bo th  sporophore  
and myce l ium were predominant ly  palmit ic  and 
linoleic acid (Tables II and III). The sporophore  
polar  fract ion was high in l inoleic acid, 
averaging about  90%, whereas the mycel ial  
polar lipids average about  50% of this acid. 

DISCUSSION 

The lipid componen t s  of  several basidio- 
mycetes  were investigated by Shaw (10). He 
collected sporophores  growing in the wild and 
repor ted  that  fruit ing bodies and mycel ia  had a 
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TABLE III 

Fatty Acid Composition of the Neutral and Polar Lipids of Mycelium a 
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Acid Strain 310 Strain 314 Strain 320 Strain 322 

Neutral lipids 

C10:0 4.1 t 12.1 t 
C12:0 5.2 14.6 6.2 7.8 
C14:0 8.3 2.9 t 5.2 
C16:0 22.1 25.0 19.6 27.6 
C16:1 6.6 4.3 9.8 6.1 
C17:0 t 10.4 9.0 9.0 
C18:0 10.0 7.5 6.7 8.4 
C18:1 16.9 18.7 18.6 16.2 
C18:2 26.3 16.2 17.6 19.4 

Polar lipids 

C10:0 t t t t 
C12:0 t 2.0 2.4 1.8 
C14:0 t 6.8 5.1 2.4 
C16:0 18.8 16.7 18.0 15.2 
C16:1 8.5 8.8 6.7 3.7 
C17:0 5.1 4.7 3.8 4.5 
C18:0 3.7 4.5 2.8 5.5 
C18:1 14.1 13.7 12.5 11.1 
C18:2 49.8 42.4 48.4 55.3 

aValues are expressed as per cent of total. Those values marked (t) are less than 1% of 
the total. 

h igh p r o p o r t i o n  of  l inoleic  acid. Shaw f o u n d  
t h a t  the  polar  l ipid c o n t a i n e d  mos t  of  the  
l inoleic acid. 

The resul ts  of  th is  s tudy  c o n f i r m e d  those  of  
Shaw;  however ,  the  advantage  of  the  s tudy  
r epo r t ed  here  was t ha t  a valid c o m p a r i s o n  of  
mycel ia l  and  s p o r o p h o r e  l ipids of  a single 
species was possible.  Spo r opho r e s  and  mycel ia  
were harves ted  in n o r m a l  p r o d u c t i o n  u n d e r  a 
con t ro l l ed  e n v i r o n m e n t  and  no t  in  vi t ro on  
art if icial  media .  It  was no t  necessary  to corre- 
late da ta  f rom diverse species to  compare  
mycel ia l  to  s p o r o p h o r e  lipids. 

Ben t ley  et al. (1 1) r epo r t ed  t h a t  the  ra t io  of  
neu t r a l  lipid to  polar  l ipid in the  f ru i t ing  b o d y  
of  Clitocybe illudens was 1:2 and  t h a t  the  
neu t ra l  f r ac t ion  was pr imar i ly  free sterol .  I t  can 
be seen in Table  I t h a t  of  the  four  s t ra ins  of  A. 
bisporus used in th is  s t udy  on ly  s t ra in  310  had  
a s imi la r  ra t io  of  neu t ra l  to  polar  l ipids in the  
f ru i t ing  bodies .  Free  s terol  was, however ,  t he  
p r e d o m i n a n t  l ipid in the  s p o r o p h o r e  neu t ra l  
f rac t ion.  

Ut i l iza t ion  of  l ipid by  A. bisporus has  been  
shown  to be a key fac to r  in the  n u t r i t i o n  of  the  
commerc ia l  m u s h r o o m .  Schisler  (3)  showed  
t h a t  lipid s u p p l e m e n t a t i o n  to  com pos t  resu l ted  
in increased s p o r o p h o r e  yield.  Wardle and  
Schisler  (4) showed  tha t  l ipid add i t ions  to  basal  
media  gave increased mycel ia l  g rowth .  E t h y l  
esters of  oleic and  l inoleic  acids were s h o w n  to  
be p r imary  s t imu la to ry  c o m p o n e n t s .  

It is in te res t ing  to specula te  on  t he  implica-  
t ions  of  some of  the  d i f ferences  in l ipid compo-  
s i t ion  of  the  myce l i um and  s p o r o p h o r e  as 
f o u n d  in this  s tudy  on  the  lipids of  A. bisporus. 
Dist inc t  d i f ferences  in the  weight  per  cent  of  
the  neu t r a l  and  polar  l ipids b e t w e e n  the  sporo-  
p h o r e  and  the  myce l i um were s h o w n  (Table  I). 
The  absence  of  s terol  in the  m y c e l i u m  and  its 
appea rance  in q u a n t i t y  in  the  s p o r o p h o r e  sug- 
gests t h a t  free s terol  is the  end  p r o d u c t  of  
syn the t i c  events  dur ing  the  f rui t ing process.  

The  f a t t y  acids of the  s p o r o p h o r e  ex t rac t s  
f rom the  var ious s t rains  were cons i s ten t  in pro- 
file, w i th  the  excep t ion  of  314  wh ich  was sig- 
n i f ican t ly  lower  in l inoleic  acid t h a n  the  o t h e r  
th ree  strains.  This low level of  l inoleic  acid was 
c o n c o m i t a n t  w i th  the  fact  t h a t  s t ra in  314  was 
giving a low crop yie ld  at  the  t ime  of  sampling.  
Wardle and  Schisler  (4)  also r epo r t ed  t h a t  the  
g r o w t h  of  myce l i um of  s t ra in  314  was no t  
increased by  e thy l - l ino lea te  supp lemen t .  The  
inabi l i ty  of  this  s t ra in  to  ut i l ize l inoleic  acid 
m ay  be a cause for  low yield.  Minor  d i f ferences  
in f a t ty  acid c o m p o s i t i o n  b e t w e e n  s t rains  f o u n d  
in this  s t udy  are p r o b a b l y  a t t r i bu t ab l e  to  the  
d i f ferences  in the  m e t a b o l i s m  of  each  strain.  
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Chemical Reactions at Lipid-Gas Interfaces: 
Chain Elongation of Fatty Acids 
C.B. JOHNSON 1 and A.T. WILSON 2, Department of Chemistry, 
Victoria University of Wellington, P.O. Box 196, Wellington, New Zealand 

I. Terminal 

ABSTRACT 

Reactions of free methyl radicals and 
monolayers of potassium palmitate and 
of potassium n-heptadecanoate on an 
aqueous surface yielded straight chain 
saturated fatty acids containing longer 
hydrocarbon chains than those of the 
r e a c t a n t  acids. Similar results were 
obtained from the reactions of free ethyl 
radicals and potassium palmitate under 
similar conditions. The results of this 
investigation indicate that extension of 
h y d r o c a r b o n  chains by free radical 
addition reactions can be achieved if the 
growing chains are suitably packed in a 
monolayer on a surface. 

INTRODUCTION 

Fatty acids from natural sources are usually 
predominantly straight chained (1). Extension 
of a hydrocarbon chain by the random addition 
of free methyl radicals would be expected to 
yield a complex mixture of compounds, with 
straight chain isomers constituting a small frac- 
tion of the product (2). However, Wilson (3) 
has postulated that it would be possible to 
produce normal paraffins by free radical 
addition reactions if branching were prevented 
by crowding the growing chains on a surface so  
that the reactions could take place only at the 
terminal methyl groups. This mechanism was 
postulated as being the method of production 
of the straight chain fatty acids and n-alkane 
chains found in some meteorites. 

In an earlier brief communication (4) we 
reported the results of a preliminary investiga- 
tion of Wilson's chain extension mechanism by 
the reaction of free methyl radicals and mono- 
layers of palmitic acid molecules (as the potas- 
sium salt) on an aqueous surface. Under the 
conditions used in this investigation, the forma- 
tion of saturated straight chain acids was shown 
to take place to the exclusion of branched 
chain isomers. Formation of these straight 
chain compounds could only have taken place 

1present address: Applied Biochemistry Division, 
Department of  Scientific and Industrial Research, 
Private Bag, Palmerston North, New Zealand. 

2present address: School of Science, University of 
Waikato, Hamilton, New Zealand. 

by co-addition of the methyl radicals to the 
palmitate. The present paper is a report of the 
experimental details of our earlier communica- 
tion, together with further results indicating 
that similar reactions can be made to occur 
between methyl radicals and potassium n-hepta- 
decanoate and between ethyl radicals and 
potassium palmitate. 

EXPERIMENTAL PROCEDURES 

Materials 

Di-t-butyl peroxide was prepared by the 
method of Milas and Surgenor (5). Commercial 
grade lead tetraethyl was distilled under 
reduced pressure. The distillate collected 
between 66 and 68 C at 5.5 mm Hg was shown 
to be pure by gas chromatography. 

Chromatographic Analysis 

Thin layer (Reverse Phase). Chromatoplates 
(20 x 20 cm) were covered with a slurry of 
Silica Gel G (65 g) in distilled water (130 ml) 
using a Desaga applicator set at 0.75 ram. With 
this quantity of silica gel, four plates could be 
prepared for each application of the slurry. The 
plates were air-dried overnight and activated at 
120 C for 2 hr. They were impregnated by a 
single development with 5% (v/v) solution of 
undecane in petroleum ether (bp 50-60 C). 

Gas-liquid. Lead tetraethyl was analyzed 
with a Pye Argon gas chromatograph equipped 
with a Lovelock Ra D ionization detector and 
glass columns (1.2 m x 3.0 ram) containing the 
following liquid phases on Celite (80-120 
mesh): Apiezon "L" grease (10% w/w) and, 
Polyethylene glycol 400 (5% w/w). 

The columns were operated at 100 C and 
50 C respectively with an argon flow-rate of 60 
ml/min in both cases. 

Methyl esters of fatty acids were analyzed 
on the first column at 200 C. Another glass 
column (2.4 m x 6.5 mm) containing Celite 
(30-80 mesh) coated with polyethylene glycol 
adipate polyester (20% w/w) at 185 C con- 
tained in a laboratory-constructed gas chro- 
matograph (6) was used for identification of 
the esters. 

Identification of the esters was based on 
agreement of their relative retention volumes 
(VR) with those of known compounds when 
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I '  

FIG. 1. Reaction apparatus. See text for lettering. 

chromatographed on both the polar and non- 
polar columns. Percentages of the components 
in the reaction products with hydrocarbon 
chains of greater length than those of the 
reactants were calculated by measuring the 
areas under the gas chromatographic curves and 
comparing them with that obtained with a 
known weight of methyl stearate chromato- 
graphed under the same conditions. 

Reaction Apparatus and Methods 

The apparatus used for the study of the free 
radical addition reactions consisted of a hori- 
zontal glass tube (Fig. 1,A) with two 14/35 
ground glass sockets for the entry (B) and exit 
(C) of reactant gases, and a 34/45 socket (D) 
into which a tungsten filament (E) was fitted. 
The fatty acid (ca. 2 mg) was dissolved in hot 
0.1 N potassium hydroxide solution (50 ml) 
containing sufficient potassium chloride so that 
the resulting solution was saturated with the 
chloride at the temperature at which the 
reaction was to be studied. When the solution 
had cooled to room temperature, it was poured 
carefully into the horizontal tube and the 
various parts of the apparatus were assembled. 
All joints were lightly covered to half of their 
lengths with Apiezon M grease. The apparatus 
was placed in a low temperature ethylene gly- 
col-water bath that was thermostated at either 
O C or -10 C. When the apparatus had cooled to 
the desired temperature, the pressure in the 
apparatus was reduced to 2-3 mm Hg, as 
measured on a Vacustat (C), by a mechanical 
oil vacuum pump (F) and power to the fila- 
ment (E) turned on. 

Methyl radicals were generated by the 
thermal decomposition of di-t-butyl peroxide 
(5,7) near the heated filament (E) which was 
suspended approximately 5 mm above the 
solution (I). Ethyl radicals were produced by a 
similar method from lead tetraethyl (8). The 
radical source (6 ml) distilled under reduced 
pressure from the tube (J) into the vicinity of 
the heated filament. The voltage (ca. 15 volts) 

METkrfL ESTER OF STARTIN6 MATERIAL 

METHYL ESTERS OF PRODUCTS 

OC 

J 

METHYL ESTERS OF PRODUCTS 
-tO C 

~2 

' ' ~ ' ' ' " ' ~ o  ' ' 3 0  " " o 90 
TIME (MtN) 

FIG. 2. Gas chromatograms of methyl esters of 
starting material (n-heptadecanoic acid) and products 
from reactions with methyl radicals at 0 C and -10 C. 
Apiezon L column (see Experimental Procedures for 
operating conditions). 

across the filament was controlled by a variac 
so that the temperature of the filament 
remained at approximately 400 C. In this way 
decomposition of the radical sources took place 
in the vicinity of, rather than on, the filament. 
Water vapour, volatile reaction products and 
unreacted radical source, which were pumped 
out of the reaction vessel, condensed in the 
liquid air trap (H) connected between the 
reaction vessel and the vacuum pump. 

When all the radical source had distilled 
from the tube (J) (8 hr for the di-t-butyl per- 
oxide and 32 hr for the lead tetraethyl), the 
fatty acid reaction mixture was acidified with 
2 N sulfuric acid and extracted with petroleum 
ether (bp 50-60C). The fatty acids were 
esterified with diazomethane and analyzed by 
gas chromatography. 
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TABLE I 

Yields of Reaction Products a 
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Reaction products 
Bath 

Radical Acid Temp., C n-C17 n-C18 n-Cl9 n-C20 n-C21 n-C22 

Methyl n-C 16 0 0.9 2.7 
Methyl n-Cl6 -10 0.7 1.4 3.5 

Ethyl n-C16 0 0.4 5.5 
Ethyl n-C16 -10 0.5 1.0 1 1.7 

Methyl n-C17 0 0.8 3.1 
Methyl n-C17 -10 0.6 1.8 4.7 

aThe results are expressed as a weight per cent of the total petroleum ether soluble material of the 
reaction products after acidification and subsequent esterification. Four runs were completed on each 
system and the figures quoted are an average of the results from these, the variation between runs 
being -+ 10%. This variation resulted from the inability to exactly duplicate the conditions of each run. 

T h e  r e a c t i o n  of  m e t h y l  radicals  and  
pa lmi t a t e  at  - 1 0 C ,  as descr ibed  above,  was 
r epea t ed  t en  t imes  and  the  resu l t ing  mix tu re s  of  
f a t ty  acids were c o m b i n e d .  The  m i x t u r e  of  
acids (ca. 20 mg) was appl ied  as a s t reak to four  
i m p r e g n a t e d  t h in  layer  ch roma top la t e s .  To 
faci l i ta te  loca t ion  of  the  r equ i red  c o m p o u n d s ,  
pa lmi t ic ,  s tear ic  and  arachid ic  acids were 
appl ied to a spot  at  e i the r  end  of  the  streak.  
The  c h r o m a t o g r a m s  were deve loped  wi th  acet ic  
ac id-water  ( 9 6 : 4  v/v).  Af te r  the  solvent  and  the  
u n d e c a n e  had  been  r em oved  in a s t ream of 
wa rm air the  plates  were sprayed  w i th  a 0.2% 
a lcohol ic  so lu t ion  of  2 ' ,7 ' -d ich lo rof luoresce in .  
C o m p o u n d s  co r r e spond ing  to  the  pos i t ions  of 
s tearic  and  n - n o n a d e c a n o i c  acids,  loca ted  by  
viewing the  plates  u n d e r  U V  light,  were 
e x t r a c t e d  f rom the  silica gel w i th  ace tone .  Each  
ex t r ac t  was appl ied as a s t reak to  two  o t h e r  
i m p r e g n a t e d  c h r o m a t o p l a t e s  and  the  separa t ion  
r epea t ed  twice.  The pur i f ied  f a t t y  acids were 
conve r t ed  to the i r  m e t h y l  esters.  Samples  of  the  
m e t h y l  esters were ana lyzed  wi th  a Perkin-  
E lmer  mode l  137E IR s p e c t r o p h o t o m e t e r  and  
wi th  an AEI mode l  MS9 h igh  r e so lu t ion  mass 
spec t rome te r .  

RESULTS 

T h e  t e m p e r a t u r e  range in which  the  
r eac t ions  could  be  s tud ied  was l imi ted  to  
b e t w e e n  0 C and  -10 C. Below a b o u t  -10 C the  
r eac t ion  so lu t ions  froze and  above  0 C the  
wate r  evapora ted  very rapidly .  A l t h o u g h  a satu- 
r a t ed  so lu t ion  of  sod ium chlor ide  was f o u n d  to  
freeze be low -20 C, very l i t t le  sod ium pa lmi ta t e  
was r e t a ined  in the  sa tu ra t ed  sod ium chlor ide  
so lu t ion  be low 0 C. No r eac t ion  was observed  
w h e n  mix tu re s  of  e thy l ene  glycol-water  were 
used as the  aqueous  phase  ins tead  of  inorganic  
salt solut ions .  

Increas ing  the  d is tance  of  the  h e a t e d  fila- 
m e n t  f rom the  aqueous  surface resul ted  in a 
decrease  in the  ra te  of  the  chain  ex tens ion  
reac t ions  because  of  c o m p e t i n g  reac t ions ,  e.g., 
m e t h y l  radical  add i t i on  to yie ld  e t h a n e  (5).  
This d is tance ,  wh ich  was kep t  at  a m i n i m u m ,  
was such t ha t  the  f i l amen t ,  wh ich  e longa ted  
(sagged) sl ightly on  be ing  hea ted ,  was as close 
as possible to  the  surface.  The  radical  sources  
were t he r e fo re  d e c o m p o s e d  as close to  the  
aqueous  surfaces as was possible w i t h o u t  hea t  
f rom the  f i l amen t  d i s tu rb ing  the  surfaces.  

Gas c h r o m a t o g r a m s  of  the  p roduc t s ,  as 
m e t h y l  esters,  f rom the  r eac t ions  of  free m e t h y l  
radicals and  po tass ium n - h e p t a d e c a n o a t e  at 0 C 
and  -10 C are shown  in Figure 2. Similar results  
were o b t a i n e d  f rom the  reac t ions  of  m e t h y l  
radicals and  po tass ium pa lmi t a t e  (4) and  f rom 
the  reac t ions  of  e thy l  radicals  and  po tass ium 
pa lmi ta te .  Un iden t i f i ed  c o m p o u n d s  of  lesser 
chain  l eng th  t han  the  reac tan t s ,  t oge the r  w i th  
c o m p o u n d s  of  greater  chain  length ,  were 
present  in the  r eac t i on  p roduc t s .  Ins igni f icant  
quan t i t i e s  of  b r a n c h e d  chain  or  u n s a t u r a t e d  
acids con ta in ing  e i the r  more  t h a n  16 ca rbon  
a toms  f r o m  reac t ions  involving pa lmi ta t e  or  
more  t h a n  17 ca rbon  a toms  f rom reac t ions  
involving n - h e p t a d e c a n o a t e  were f o u n d  in the  
r eac t ion  produc ts .  

W h e n  m e t h y l  radicals  and  po tass ium 
pa lmi ta t e  were r eac ted  on  an aqueous  surface at  
0 C, s teara te  was the  ma in  add i t i on  p r o d u c t  of  
the  reac t ions .  The  on ly  o t h e r  add i t i on  p r o d u c t  
f rom this  r eac t ion  was n -hep t adecanoa t e .  Unde r  
similar cond i t i ons  at  -10 C n - n o n a d e c a n o a t e  
was the  main  add i t i on  p roduc t ,  a long w i th  
lesser quan t i t i e s  of  s teara te  and  n -hep tadeca -  
noa te .  Similar resul ts  were  ob t a ined  f rom the  
reac t ions  of  m e t h y l  radicals  and  po tass ium 
n - h e p t a d e c a n o a t e  u n d e r  the  same cond i t i on ,  
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i.e., the main addition product from the 
reactions at 0 C was n-nonadecanoate and, at 
-10C, arachidate. When ethyl radicals and 
potassium palmitate were reacted at 0 C the 
main addition product was arachidate and, at 
-10 C, behenate. Lignocerate was present in the 
chromatogram from a run in which ethyl radi- 
cals and potassium palmitate were reacted, 
when the temperature of the cold bath dropped 
below -10 C. 

Quan t i t a t i ve  analyses of the reaction 
products are shown in Table I. Pure palmitic 
acid was recovered by acidification of the 
reaction mixture from a control run (reaction 
of methyl radicals and potassium palmitate) 
using the procedures described above but with 
no radical source, indicating that no reactions 
took place under these conditions. 

IR spectra of methyl esters of the fatty acids 
isolated from the reaction products of methyl 
radicals and potassium palmitate at -10 C and 
those of methyl stearate were similar. Mass 
spectra of the esters were similar to the spectra 
of compounds of known structure (8). 

DISCUSSION 

The thermal decomposition of di-t-butyl 
peroxide and of lead tetraethyl have been 
shown to yield, initially, free radicals (5,7): 

[(CH3)3CO] 2--*2 (CH3) 3 CO" -~ 

2 (CH3) 2 CO + 2 CH~ I l l  

Pb (CH 3 CH2) 4-'-~Pb + 4 CH 3 CH~ [21 

Free radicals so formed may combine with each 
other or react with a hydrogen donor (A - H); 

CH~ + A -- H-+CH4 + A "  I31 

CH~ + A"  ~ C H 3 A  [41 

The hydrogen donor may be a parent molecule 
of the free radicals. In the present investigation 
the hydrogen donor is the hydrocarbon chain 
of a fatty acid. If reactions of types 3 and 4 
were allowed to take place at random along the 
hydrocarbon chain of a fatty acid, the reaction 
products would be expected to consist of a 
mix ture  of methyl-branched chain acids. 
Reactions at the terminal methyl group, that 
would result in chain extension, would take 
place only if the methylene groups were pro- 
tected from the free radicals. 

The carboxyl group of a fatty acid, being a 
polar group, is hydrophillic, whereas the hydro- 
carbon chain, which is nonpolar, is hydro- 
phobic. Thus, fatty acid molecules on an 
aqueous surface orient themselves in such a way 
that the carboxyl groups are dissolved in the 
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water while the hydrocarbon chains project up 
out of the aqueous surface (9-I 1). Attractive 
forces between long chain fatty acid molecules 
prevent the separation of the molecules and 
thus these forces contribute to the ability of 
the molecules to form compact monomolecular 
films on aqueous surfaces (12). Thus the actual 
surface of the liquid in contact with the air may 
be considered to consist of the terminal methyl 
groups of the fatty acid molecules on the 
aqueous surface. Attack by free methyl radicals 
on this surface would result exclusively in 
reactions taking place at the terminal methyl 
groups of the fatty acids unless the radicals 
could penetrate between the hydrocarbon 
chains. 

Results of the experiments described above 
support the hypothesis describing the structure 
of fatty acid films on aqueous surfaces and the 
reactions of free methyl and ethyl radicals with 
these films. Lack of methyl-branching in the 
products indicates that, for the compounds 
investigated, the surface layers of fatty acid 
molecules were so well packed that the free 
methyl and ethyl radicals could not penetrate 
between the hydrocarbon chains of the fatty 
acids. Under the experimental conditions used, 
cross-linking of the growing chains by the 
addition of two free radicals on adjacent chains 
was minimized by the low concentration of 
radicals at the surface. Increasing the concentra- 
tion of free radicals on the surface may result in 
a more rapid formation of long chain products 
than was observed during the present investi- 
gation, but the possibility of the formation of 
cross-linked products would also increase. 
These products were not detected with the 
analytical techniques that were used. 

An unusual feature of the results was that as 
the reaction temperature was lowered, the 
chain length of the main reaction product 
increased. This temperature dependence of the 
extent of the reactions is probably related to 
the average time that a fatty acid molecule (or 
ion) stays on the aqueous surface. As the tem- 
perature of the aqueous solution was decreased, 
the rate of exchange of fatty acid molecules on 
the surface with those within the solution 
would be expected to decrease. This variation 
in the rate of exchange of molecules at the sur- 
face and those in solution would result in an 
increase of the average time that an acid mole- 
cule stayed on the surface as the temperature 
was decreased, thus increasing probability of 
multiple reactions. The change in solubility of 
the initial reaction products may also affect the 
extent of the reactions. 

The  temperature range in which the 
reactions could be studied was limited by the 
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rate of evaporation of the water from the solu- 
tions and by the freezing points of the 
solutions. Use of sodium salts of the fatty acids 
or a water-soluble organic solvent in the 
aqueous phases to extend the lower limit of  the 
temperature range was unsuccessful. Addition 
of ethylene glycol to the aqueous fatty acid 
solutions probably increases the rate of 
exchange of fatty acid molecules on the surface 
with those in solution. Increases in the rate and 
extent of free radical addition to fatty acids, 
under the conditions that were used in the 
experiments reported in this paper, were 
favored by decreasing the rate of interchange of 
reactant molecules in solution with those in the 
monolayers as a consequence of lowering the 
reaction temperature and the use of inorganic 
salts, rather than an organic solvent, to effect 
solubilization of the fatty acids. Increased 
yields of products at the lower temperatures 
probably result from slower distillation of the 
radical sources under these conditions. Results 
from the control run show that products from 
the termal decomposition of the free radical 
sources were essential for the chain extension 
reactions to take place. 

Production of very long chain fatty acids 
was impractical with the apparatus and experi- 
mental conditions that were used in the investi- 
gations described in this paper. Use of extended 
reaction time or immobilized surface of their 
salts may have resulted in the formation of 
m o r e  long-chained compounds than was 
observed. The use of n-propyl or other higher 
molecular  weight radicals for the chain 
extension of fatty acid molecules was not 

studied because of the known instability of 
those radicals under the experimental condi- 
tions used in this investigation (13). 
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Chemical Reactions at Lipid-Gas Interfaces: II. 
Reactions Induced by an Electrical Discharge 
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Victoria University of Wellington, P.O. Box 196, Wellington, New Zealand 

Insolubilizing 

ABSTRACT 

Reactions caused by corona discharges 
( p a s s i n g ,  t h r o u g h  a t m o s p h e r e s  of 
methane, hydrogen or argon) striking the 
surfaces of aqueous solutions containing 
long chain fatty acid salts resulted in the 
f o r m a t i o n  of so l id  and  insoluble 
products. These results show that the 
fatty acid ions were oriented on the 
aqueous surfaces in such a way that the 
hydrocarbon chains projected out of the 
surfaces. Surface layers of long chain 
alcohols reacted similarly but short and 
branched chain compounds were not 
polymerized under the experimental con- 
ditions that were used. When methane or 
hydrogen was used as the discharge gas, 
reactions occurred along the hydrocarbon 
chains of the compounds so that the 
products consisted of networks of many 
shor t  h y d r o c a r b o n  cha ins .  These 
reactions were probably caused by the 
penetration of hydrogen atoms into the 
surface layers. Joining of terminal methyl 
groups of the hydrocarbon chains was the 
main reaction observed when argon was 
used as the discharge gas. 

I N T R O D U C T I O N  

Solid insoluble materials have been produced 
by the passage of high voltage electrical dis- 
charges through gaseous mixtures of methane 
(or ethane), ammonia and water (1,2) and of 
methane, ammonia, hydrogen sulfide and water 
(3). These materials were shown to contain 
highly cross-linked polyethylene-like structures 
(3). An unusual feature of these reactions was 
the absence of liquid products with properties 
similar to those of the solids. The condensation 
of small hydrocarbon molecules and the release 
of hydrogen, with the resultant formation of 
higher molecular weight gaseous, liquid and 
solid products, have been shown to take place 
when gaseous paraffins alone were subjected to 
various electrical discharges (4). 

I Present address: Applied Biochemistry Division, 
Department of Scientific and Industrial Research, 
Private Bag, Palmerston North, New Zealand. 

2present address: School of Science, University of 
Waikato, Hamilton, New Zealand. 

Wilson (3) has proposed that the initial poly- 
merization reactions that took place when 
water was present in the discharges resulted in 
the formation of surface active compounds that 
were cross-linked, by the discharges, on the 
aqueous surfaces. The present paper describes a 
s t u d y  of the electrical discharge-induced 
insolubilizationof known surface active com- 
pounds by a corona discharge. 

E X P E R I M E N T A L  PROCEDURES 

Potassium chloride solutions (0.1 M, 100 ml) 
containing the surface active compounds were 
prepared as follows: (a) A commercial sodium 
alkyl aryl sulfonate (10 mg), with an aliphatic 
hydrocarbon chainlength of about 12 carbon 
atoms, was dissolved in the KC1 solution. (b) 
n-Valeric acid (l 0 mg), palmitic acid (10 mg) or 
stearic acid (10 mg) was dissolved in a solution 
(1 ml) containing an excess of potassium 
hydroxide and added to the KC1 solution. (c) 
n-Heptylamine (10 mg) was dissolved in dilute 
sulfuric acid (l ml) and added to the KC1 
solution. (d) Cetyl alcohol (1 mg) was placed 
on the surface of the KC1 solution (in the dis- 
charge flask) and allowed to spread over the 
aqueous surface. 

A discharge flask, shown diagrammatically in 
Figure 1, consisted of a 5 liter flask with a gas 
inlet and two tungsten wires sealed through the 
wall of the flask as shown. The arrangement of 
the tungsten wires minimized conduction of 
electricity along the surface of the glass. Potas- 
sium chloride solution containing a surface 
active compound was carefully poured into the 
discharge flask so that it covered the lower 
tungsten wire. The surface of the solution acted 
as the lower electrode in the discharge flask, the 
upper electrode being the second tungsten wire. 

After evacuating the discharge flask with a 
mechanical oil pump via a liquid air trap and 
maintaining the vacuum for five min to remove 
traces of air, the discharge gas was introduced 
to a pressure of 750 mm Hg at 15 C. Electrical 
power for the discharge was supplied by a 
40,000 volt, 50 cycle transformer. Variations in 
the voltage were made by a "variac" in the 
primary circuit of the transformer. 

Each solution was exposed to the discharge 
(approximately 15,000 volts) for a minimum 
period of five days. Any insoluble material that 
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FIG. 1. Diagram of corona discharge flask. 

formed on the aqueous surface was removed 
from the flask, washed with dilute sulfuric acid 
then with distilled water, until all the salts were 
removed, and finally with absolute alcohol and 
dried in a vacuum desiccator. IR spectra of the 
materials in potassium bromide discs were 
recorded on a Perkin Elmer model 211 spectro- 
photometer.  

RESULTS 

Exposure of aqueous solutions of potassium 
stearate to corona discharges through either 
methane, hydrogen or argon resulted in the 
formation of white insoluble material over all 
the surfaces in the discharge flask that were 
exposed to the discharges. The polymer, con- 
taminated with small pieces of tungsten in all 
instances, was readily dislodged from the walls 
of the flask by shaking its contents. When 
newly formed, the polymer had a fine sheet-like 
appearance, folding readily and breaking into 
small pieces when the aqueous surface was dis- 
turbed. In the form of a surface layer, the poly- 
mer was almost transparent, but when dried 
and in bulk, it had a light yellowish colour, 
decomposed without melting at 270 C and 
readily took up dyes, e.g., basic magenta in 

, ~ i , I , i , i , i 
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FIG. 2. IR spectra of (from top) stearic acid, poly- 
merized stearic acid using methane as the discharge 
gas, chromic acid oxidation product of this polymer 
and polymerized stearic acid using argon as the dis- 
charge gas. 

water. When dried the polymer was not easily 
"we t"  again by either water or organic solvents 
and was insoluble in methyl and ethyl alcohol, 
acetone, glacial acetic acid, ethyl acetate, 
dimethyl formamide, diethyl ether, petroleum 
ether (bp 50-60 C), benzene, chloroform and 
carbon tetrachloride and was unaffected by 
boiling sodium hydroxide (5 N) or sulfuric acid 
(5 N) solutions. 

IR spectra of the products are shown in 
Figure 2. By comparing the absorptions at 2950 
cm-] (CH3) and 2912 cm-1 (CH2) of the poly- 
mer with those of known compounds (5) (e.g., 
n-hexane and n-valeric acid) the hydrocarbon 
chains in the polymer in which methane was 
used as the discharge gas was found to be very 
short (three to four methylene groups per 
methyl group) as compared with that of the 
original acid. Stronger absorption, at 3420 
cm -1 , than would be expected for the hydroxyl 
group of a carboxylic acid indicated that alco- 
holic groups were also present in the polymer. 
Oxidation of the polymer by refluxing it (10 
mg) with a solution of sulfuric acid (50% w/v, 
10 ml) containing potassium dichromate (50 
mg) for 5 hr produced little change in the IR 
absorption of the product at 2950 cm-1 and 
2912 cm-1 as compared to the original polymer 
(Fig. 2). Major differences in the spectrum 
resulting from the oxidation were a decrease in 
the absorption at 3420 cm-] and general 
obliteration of the structure below 1800 cm-1. 

The  passage of an electrical discharge 
through methane over aqueous salt solutions 
resulted in the formation of insoluble material 
on the aqueous surface (6), though at a slower 
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rate than when potassium stearate was present 
in the salt solution. To eliminate the possibility 
that the polymers in the present investigation 
were being formed by the condensation of 
methane, hydrogen and argon were used as dis- 
charge gases. 

Polymers from reactions in which hydrogen 
was used as the discharge gas were similar in all 
respects to those in which methane was used. 
The IR spectrum of the stearate polymer from 
the reaction in which argon was used as the 
discharge gas (Fig. 2) showed no methyl 
absorption at 2950 cm q and the methylene 
absorption at 2912 cm-1 was very strong, indi- 
cating that long unbranched hydrocarbon 
cha ins  e x i s t e d  in this polymer. Strong 
absorption at 3420 cm -1 indicated that alco- 
holic groups were also present. 

Insoluble polymers which were similar in all 
respects to those from reactions involving 
potassium stearate were recovered from corona 
discharge reactions over solutions of potassium 
p a l m i t a t e  using atmospheres of methane, 
hydrogen or argon. Polymers with physical 
properties similar to those of the fatty acid 
polymers were also recovered from reactions 
involving surface layers of cetyl alcohol. No 
water insoluble polymers were formed on the 
aqueous surfaces of solutions containing potas- 
sium n-valerate, n-heptylamine sulfate or the 
sodium alkyl aryl sulfonate when these were 
exposed to the corona discharge through either 
hydrogen or argon. 

DISCUSSION 

The present study has shown that mono- 
molecular layers of long chain fatty acid salts 
and of long chain alcohols on aqueous surfaces 
may be insolubilized by a corona discharge. 
Orientation of the salts or alcohols on the sur- 
face must be such that the hydrocarbon chains 
of the compounds project out of the surface to 
allow their reaction with the discharge or free 
rad ica ls  in the gas phase. The essential 
properties required of the compounds in the 
monomolecular layers to allow insolubilization 
of the compounds to take place under the 
corona discharge are that the terminal methyl 
groups of the long chain compounds are close 
enough in the monomolecular layers (i.e., the 
layers have a close-packed structure) to allow 
them to join and that the compounds remain in 
the layer for a sufficient time to allow the 
reactions to take place. 

Insolubilization of short chain compounds 
was probably prevented by both the high rate 
of exchange of molecules of the compounds in 
the solution with those on the surface and the 
relat ively high solubility of the reaction 

products. Attractive forces between the hydro- 
carbon chains of short chain compounds are 
insufficient to allow these compounds to form 
compact surface monolayers and the organic 
molecules in the surface may be gaseous. The 
surface active compound having an aromatic 
r ing  in its structure (sodium alkyl aryl 
sulfonate) did not form a polymer when 
solutions of it were exposed to the corona dis- 
charge because either the hydrocarbon chains 
on the aqueous surface were too far apart 
(although the surface area of the sulfonate in a 
monolayer is only slightly larger than that of a 
long chain fatty acid) or because of the high 
rate of exchange of molecules in the monolayer 
with those in solution. 

Exposure of surface layers of fatty acid salts 
to the corona discharge through methane did 
not result in chain extension of the fatty acids 
as was observed when they were reacted with 
free methyl radicals (6-8). In the present study, 
the concentration of free radicals in the gas 
phase near the aqueous surface was probably high 
enough to allow the cross-linking reactions to 
occur at the expense of reactions leading to the 
addition of methyl radicals to the monolayers. 

All attempts to prevent contamination of 
the polymers with tungsten were unsuccessful, 
even when the electrodes were cleaned between 
experiments. This contamination did not inter- 
f e re  w i t h  examinations of the physical 
properties of the polymers but prevented their 
detailed elemental analysis. 

Joining of terminal methyl groups of the 
fatty acids was found to be the predominant 
reaction taking place on the aqueous surface 
when argon was used as the discharge gas. The 
short chain lengths of the polymers when 
methane or hydrogen was used as the discharge 
gas can be explained by the following reaction 
mechanisms: (a) The discharge, on passing 
through the surface layer, caused cross-linking 
to occur along the chains, but this would not 
explain the absence of cross-linking along the 
chains when argon was used. (b) When methane 
was used as the discharge gas, the polymer was 
gradually built up from a heavily cross-linked 
portion.(c) Hydrogen atoms from the primary 
reactions; 

CH 4 + e -  (fast)--->CH3" + H ~ + e-- (slow) and 
H 2 + e-- (fast)-~2H" + e-- (slow) 

were able to penetrate between the hydro- 
carbon chains and cause cross-linking along the 
chains. Previous investigations showed that free 
methyl radicals cannot penetrate between the 
hydrocarbon  chains of compounds under 
experimental conditions similar to those that 
were used in the present project (6-8). 
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The results presented  above suggest tha t  it is 
possible to use an electrical discharge to  
p roduce  very large flat macromolecules  of  a 
specific o r ien ta t ion  by insolubil izing mono-  
molecular  layers of  suff ic ient ly  long chain com- 
pounds  on an aqueous surface. Small pieces of  
the  po lymers  may be expec ted  to  fold in such a 
way as to form microspheres  (micelles) with the 
carboxyl  groups being di rec ted  towards  the  
centres  of  the  spheres.  Small spheres  were 
observed in samples of  the react ion solut ions 
containing potass ium palmi ta te  or potass ium 
stearate when  they  were viewed under  an 
optical  microscope .  On the  basis of  o ther  
investigations (6), it is suggested that  shor t  
chain c o m p o u n d s  may also be cross-linked to 
form solvent insoluble po lymers  if the tempera-  
ture of the react ion were lowered to such an 
ex t en t  that  the t ime a molecule  s tayed on the 
sur face  was suff icient  to allow extensive 
mult iple  addi t ions  to occur.  
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ABSTRACT 

The exact position of the double bond 
and the probable branch assignments of 
each hydrocarbon isomer of Sarcina lutea 
and Sarcina flava were determined by 
derivatives and gas chromatography and 
c o m b i n e d  gas chromatography-mass 
spectrometry. It was shown by mass 
spectral data that in all isomers the 
double bond position was in or near the 
center of the molecule and, that some of 
the  resolved isomers contained an 
additional positional isomer. The hydro- 
carbons were identified as containing 
methyl branches in the iso or anteiso or 
both configurations, symmetrically and 
asymmetrically disposed on the ends of 
the isomerS. The assignment of the 
methyl branches for each tetrad of four 
isomers as the isomers emerged from the 
gas chromatographic column was iso-iso'; 
anteiso-iso; anteiso-anteiso'; and iso- 
normal for odd carbon-numbered chains, 
and iso-iso'; anteiso-iso; iso-normal; and 
anteiso-normal for even carbon-numbered 
chains. A fifth isomer was identified as a 
normal-olefin. 

INTRODUCTION 

Studies on the identification of aliphatic 
hydrocarbons of various members in the family 
Micrococcaceae have revealed tetrads of 
methyl-branched acyclic olefins for each carbon 
fraction in the range C22-C30 (1,2). Each 
tetrad is composed of four isomers, most of 
which have methyl groups in either the iso or 
anteiso configuration, both symmetrically and 
asymmetrically disposed on the ends of the 
molecules (1-3). One of the hydrocarbon 
components in the C29 fraction of Sarcina 
lutea FD 533 has been identified as having both 
iso and anteiso branch methyl configurations 
on opposite ends of the molecule (3,4). The 
exact assignment of branching and double bond 
position to the isomers in each carbon fraction 
has not yet been reported. 

Albro and Dittmer (3) have reported that 
the double bond position in the hydrocarbons 

of S. lutea is near the center of the molecule 
(3). Their information was obtained by perio- 
date-permanganate oxidation of hydrocarbon 
fractions. The present report contains evidence 
for identifying the exact position of the double 
bond in each hydrocarbon isomer of S. lutea 
and Sarcina tiara as well as probable branching 
assignments. The identifications were based on 
results obtained from derivatives and gas chro- 
matography and combined gas chromato- 
graphy-mass spectrometry. 

MATERIALS AND METHODS 

Unsaturated Hydrocarbons 

Sarcina lutea strains ATCC 533 (1,2) and FD 
533 (2,3) and Sarcina tiara ATCC 540 (2)were 
grown in trypticase soy broth (BBL) to the 
early stationary phase of growth. The cells were 
harvested by centrifugation and washed twice 
with saline solution. The methods used to 
extract the cells and to fractionate the lipids on 
silicic acid columns have been previously 
described (2). The hydrocarbons were eluted 
from the columns with n-hexane. 

Procedure for Preparing Trimethylsilyl 
Ether Derivatives of Hydroxylated Hydrocarbons 

The olefinic hydrocarbons were routinely 
oxidized to diols with osmium tetroxide (5). 
The hydrocarbons (ca. 1 mg) were suspended in 
1 ml dioxane and 0.1 ml of dioxane containing 
1 mg OsO 4 was added. The mixture was placed 
in a water bath for 1 hr at 37 C. The mixture 
was acidified with 2.5% methanolic-HC1 (made 
by passing HC1 gas through methanol) and then 
made alkaline with a few drops of 7 N NaOH 
(NaC1 crystals appear but do not interfere). The 
mixture was placed in a 37 C water bath for 1 
hr. A sufficient quantity of water (ca. 9/10 of 
the mixture volume) was added to form an 
aqueous phase and the hydroxylated hydro- 
carbons extracted with ethyl ether. After the 
solvent was removed under a stream of N2, 0.5 
ml of bis-trimethylsilyl acetamide (BSA) was 
added. The mixture was evaporated to dryness 
in vacuo and the trimethylsilyl ether (TMSE) 
derivatives redissolved in CHC13 prior to analy- 
ses. Close to 100% of the hydrocarbons were 
recovered as TMSE-derivatives. 
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FIG. 1. Mass spectrum of the trimethylsilyl ether derivative of an oxidized monounsaturated C27 
hydrocarbon. 

The procedure of Wolff et al. (6) was 
initially employed in this study for preparing 
TMSE-derivatives of hydroxylated hydrocar- 
bons. The procedure was modified by washing 
the Na2SO a sediment with ethyl ether to 
recover the higher molecular weight hydroxy- 
lated hydrocarbons. The ether extract was 
added to the original supernatant fraction and 
treated as described. 

Gas Chromatography and Mass Spectrometry 

The aliphatic hydrocarbons and the TMSE- 
derivatives of hydroxylated hydrocarbons were 
analyzed in an F & M 5750 Gas Chromatograph 
equipped with dual flame ionization detectors 
and an AEI MS-12 Mass Spectrometer con- 
nected to a Beckman GC 45 Gas Chromato- 
graph (7). The chromatographic analyses were 
carried out in 62 m x 0.05 cm stainless steel 
capillary columns coated with OV-17 (methyl 
phenyl silicone) or with Apiezon L (a high 
temperature grease). 

Mass spectra were taken as each component 
emerged from the column into the ion source 
of the mass spectrometer. Mass spectra were 
recorded repetitively from m/e 500-28 at 10 sec 
intervals using a small computer data system. 
Temperatures of the connecting lines, helium 
separator and ion source were maintained at 
270-300 C. The ionizing potential was 70 eV; 
ionizing current was 100 kta. 

Permanganate-periodate Oxidation 

Hydrocarbon fractions, isolated by prepara- 
tive gas chromatography, were converted to 
fatty acids by the oxidation of the double 
bonds according to the permanganate-periodate 
procedure described by Albro and Dittmer (3). 
The fatty acids were identified by comparing 
their chromatographic retention times to those 
obtained for S. lutea fatty acids that were pre- 
viously identified by GLC-MS analyses (1,2). 
The chromatographic analyses were carried out 
in a 91 m x 0.076 cm stainless steel column 
coated with Igepal CO 990 (nonyl phenoxy 
polyoxyethylene ethyl alcohol) under condi- 
tions previously described (1,2). 

RESULTS A N D  DISCUSSION 

Identification of Double Bond Position 
in Hydrocarbon Components 

Mass spectra of the TMSE-derivatives of oxi- 
dized monounsaturated hydrocarbons have 
been interpreted in a manner analogous to that 
described for TMSE-derivatives of oxidized 
monounsaturated fatty acid esters (8). A com- 
plete mass spectrum obtained as one compo- 
nent emerged from the gas chromatograph is 
shown in Figure 1. The spectrum is dominated 
by the (CH3)Si+ ion at m/e 73. Prominent 
peaks at m/e 271 and 285 of nearly equal 
intensity are the only structurally significant 
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TABLE II 

Relative Percentages of the Compositions of 
C27, C28 and C29 Hydrocarbons of 

Sarcina Lutea FD 533 a 

Per cent Hydrocarbons 
Proposed 

configuration C27 C28 C29 

Iso-iso'  12 .4  15.1 2 0 . 6  
Anteiso-iso 32.8 22.5 39.6 
Anteiso-anteiso' 44.3 --- 37.4 
Iso-normal 6.9 38.0 2.4 
Anteiso-normal --- 24.3 --- 
Normal (peak a) 3.6 . . . . . .  

aThe hydrocarbon composition has been previously 
presented by Tornabene et al. (2). The retention time 
values of the components are identical to those pre- 
sented for the same carbon fractions of S. tiara ATCC 
540 in Table I. 

ions observed. Unlike the mass spectra of TMSE 
derivatives of oxidized monounsaturated fatty 
acid esters, there are no detectable ions at 
higher m/e values (M+ or M-15 ions). From the 
retention times and characteristic chromato- 
graphic pattern (Table I), the component 
yielding the mass spectrum in Figure 1 was 
expected to result from a C27 parent olefin. 
Interpretation of this mass spectrum confirms 
this assignment. The ions at m/e 271 and 285 
correspond to the fragments x and y when 
n=i 1 and m=12 in the general fragmentation 
scheme: + 

c n 3  ( C H 2 ) n -  ~H - c n  - (CH2)mCH 7 " 

TMSO OTMS J 

[CH3(CH2)nCHOTMS] + x 

o r  
+ 

[CH3(CH2)mCHOTM~ " y  

Localization of the positive charge on either 
OTMS group accounts for the equal probability 
of  observing fragments x or y. The large alkyl 
residue does not influence the relative intensi- 
ties of the two principal ion products because 
the branching sites are seven or more carbons 
distant from the charge bearing atoms. 

In a similar manner, mass spectral data for 
each component permitted determination of 
double bond position. Ions x and y were found 
to be of nearly equal intensity when n does not 
equal m, and a single major ion is produced 

C 15 

' I ' I i ' I ' I ' ] ' I 

280 300 320 

FIG. 2. Partial mass spectrum showing the domi- 
nant peak representing trimethylsilyl ether fragments 
of an even carbon-numbered chain (C30). 

when n equals m. A partial mass spectrum for a 
C30 component is shown in Figure 2. The 
major peak at m/e 299 indicates the parent 
olefin had a centrally positioned double bond. 
The fragment ions x and y were thus used to 
position the double bond and indicate the 
molecular weight and carbon number of each 
component.  Molecular weight assignments of 
every component examined were confirmed by 
GLC-MS analyses of saturated alkanes resulting 
from hydrogenation of the olefins. No attempts 
were made to identify the double bond 
positions in compounds present in small 
amounts. 

A summary of the results obtained for two 
of the organisms studied is given in Table I. 
Detailed data from the analysis of S. lutea FD 
533 hydrocarbons are not presented because of 
its equivalence to the data obtained on the 
hydrocarbons of S. flava. Since the unsaturated 
position in the isomers does not play a role in 
the chromatographic profile (1) of the aliphatic 
hydrocarbons, the distribution patterns of the 
TMSE-derivatives and the aliphatic hydrocar- 
bons (1,2) are identical. Therefore, the peak 
numbers assigned correspond to the peak 
numbers  of the hydrocarbons previously 
described (2). 

It is apparent from Table I that the hydro- 
carbon compositions consist of multiple iso- 
mers that are readily separated by gas chro- 
matography. It was shown by mass spectral 
data that the isomers have the same carbon 
number and that the double bond position is 
near the center of the molecule; and, that some 
of the isomers, separated by GLC as sym- 
metrically shaped peaks, contain an additional 
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TABLE III 

Per Cent Distribution of the Structures of the Aliphatic Terminae of the 
C27, C28 and C29 Hydrocarbons ofSareina Lutea FD 533 

Per cent distribution a Expected per cent distribution b 
Branch 

Configuration C27 C28 C29 C27 C28 C29 

Iso 34.8 45.0 41.5 32.25 45.35 41.60 
Anteiso 57.8 25.2 57.3 60.70 23.40 57.20 
Normal 7.3 29.8 1.1 7.05 31.15 1.20 

aDetermined from the fatty acids produced by periodate-permanganate oxidation of the 
double bonds. 

bDetermined by calculating the percentages of the branch configurations that would be 
obtained if the hydrocarbon components presented in Table II, containing the branching 
configurations assigned, were fragmented at the double bonds. 

positional isomer. The occurrence of unresolved 
mixed positional isomers has been observed 
only in even carbon-numbered chains (Table I). 
Although the relative percentages of the mixed 
positional isomers were not calculated, a letter 
g was placed alongside the carbon fragments in 
Table I to indicate which positional isomer was 
predominant. Resolved positional isomers are 
present in the C24 fraction of S. lutea ATCC 
533 and the C27 and C28 fractions of S. tiara. 
On the other hand, the position of the double 
bond in all five resolved isomers of  the C29 frac- 
tion of S. flava is between carbons 14 and 15. 

The fragmentation of the TMSE-derivatives 
of the molecules in the ranges C23-  C27 and 
C25-  C30 resulted in two moieties that were 
different only by a maximum of three carbon 
atoms in any one hydrocarbon composition. 
These results are consistent with the different 
modes of entry of a few selected fatty acid 
molecules proposed by Albro and Dittmer 
(9-11) for the head to head biosynthesis of 
hydrocarbons in S. lutea. 

The hydrocarbon composition of S. lutea 
FD 533, comparable to that of S. flava except 
for the relative per cent proportion of the indi- 
vidual components, has been presented before 
in considerable detail (2,3). Mass spectra have 
shown that the positions of the double bond in 
the hydrocarbons of S. lutea FD 533 are also 
the same as those described above for S. flava. 
The only major difference between the hydro- 
carbon compositions (2) of S. lutea ATCC 533 
and those of S. flava and S. lutea FD 533 is in 
the range of the hydrocarbons. The nature of 
the components and the positions of the double 
bond are basically the same. Since this exact 
type of hydrocarbon pattern has been found to 
be distributed among members of the family 
Micrococcaceae, the positional isomers reported 
here may also be representative of the hydro- 
carbons of other Sarcina and Micrococcus 
species (2). 

Assignment of Methyl Branches 
The identities assigned to the individual ali- 

phatic hydrocarbon isomers by Tornabene et al. 
(1,2) as olefins containing iso or anteiso methyl 
branching on either one or both ends of the 
molecules cannot explain the difference in the 
chromatographic separation of the isomers 
found in the hydrocarbon fractions of even and 
odd  carbon-numbered chains. Previously, 
methyl branching assignments were made on 
the basis of mass spectral data indicating the 
following character for the emerging tetrad 
patterns: even numbered chains were iso, 
anteiso, iso, anteiso; odd carbon-numbered 
chains were iso, anteiso, anteiso, iso. Dif- 
ferences in retention times were assumed to be 
due to symmetrically and asymmetrically dis- 
posed branches (1,2; Table I). Evidence for the 
occurrence of iso and anteiso methyl branches 
on opposite terminae of the chains, however, 
has been reported for one of the hydrocarbon 
components in the C29 fraction of S. lutea FD 
553 by Albro and Dittmer (3) creating a 
discrepancy in the identification of the C29 
components in the two reports (2,3). Unam- 
biguous assignment of the exact position of the 
methyl branches from the present mass spectral 
data could only be possible by comparing the 
data to that of authentic standards (12). How- 
ever, from the retention time values and identi- 
fication of the oxidation products of the hydro- 
carbons, together with the previously presented 
mass spectral data (1), it is possible to assign 
identities to the isomers in each tetrad. 

The relative retention times of the isomers in 
the even carbon-numbered fractions are dif- 
ferent from those in the odd carbon-numbered 
fractions (Table I). The difference is seen in the 
chromatographic retention times of the last two 
components in each group; the four isomers in 
the even carbon-numbered fractions are divided 
into dyads while the four isomers of the odd 
carbon-numbered fractions are more closely 
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grouped together (the differences between the 
two groups are exemplified in the chromato- 
g r a p h i c  profiles previously presented in 
References 1 and 2). The relative chromato- 
graphic retention time values of the isomers in 
each carbon group reveal that the third isomer 
in both the even and odd carbon-numbered 
chains are not the same structural components. 
In fact, the relative position of the fourth 
isomer in the odd carbon-numbered fractions is 
comparable to the position of the third isomer 
in the even carbon-numbered fractions. It 
appears that three of the isomers are common 
to both even and odd carbon-numbered chains. 
On the basis of the relative retention time 
values of the isomers and eluting sequences of 
components containing methyl branches in the 
iso and anteiso configurations, the branching 
configurations of the isomers were proposed to 
be for odd carbon-numbered chains iso-iso', 
anteiso-iso, anteiso-anteiso', and iso-normal; 
and, for even carbon-numbered chains iso-iso', 
anteiso-iso, iso-normal and anteiso-normal. The 
time differentials between the iso-iso" and 
anteiso-iso components and between the 
anteiso-iso and iso-normal components are com- 
parable in both even and odd carbon-numbered 
chains (Table I). The identifications assigned to 
the components are still in general accordance 
with the branching configurations previously 
assigned by mass spectral analyses of these com- 
ponents (1), with the exception of the second 
component in each tetrad being a molecule 
containing both iso and anteiso methyl 
branches on opposite ends of the chain rather 
than the anteiso configuration previously 
assigned to it (1,2). 

Components designated as peaks a and b 
(Table I) have been identified by their mole- 
cular weights, determined by GLC-MS, as the 
fifth isomers in the C27 and C29 fractions of 
the hydrocarbons of S. flava. These compo- 
nents were tentatively identified as normal- 
olefins. The retention time values support these 
assignments. These two peaks were not identi- 
fied in the hydrocarbon compositions pre- 
viously reported (2). The fifth isomers have 
only been found in substantial quantities in a 
few of the organisms studied (2). 

Evidence supporting the proposed identities 
of the components was obtained from com- 
paring the relative per cent composition of the 
individual components to the relative per cent 

composition of the fatty acids produced by 
per ioda te -permangana te  oxidation of the 
double bond of the hydrocarbons in isolated 
C27, C28 and C29 fractions. The proposed 
identities and per cent composition of the 
major hydrocarbon fractions of a representative 
organism, S. lutea FD 533 (2), are presented in 
Table II. The per cent distribution of the 
branch configurations in the C27, C28 and C29 
hydrocarbons is presented in Table III. The 
most probable configurations of the individual 
hydrocarbons that can be calculated from the 
percentage composition of the hydrocarbons 
and the percentage distribution of  the branch 
configurations are the branching assignments 
presented in Table II. 

The fact that only odd carbon-numbered 
fatty acids contain anteiso methyl branches (1) 
together with the proposed hydrocarbon bio- 
synthetic mechanism of head to head condensa- 
tion of two fatty acids, with one molecule of 
fatty acid undergoing decarboxylation (9-1 1), is 
fully consistent with the proposal that anteiso- 
anteiso' branched hydrocarbons occur only in 
the odd carbon-numbered tetrads. 
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Role of the Bases and Phosphoryl Bases of Phospholipids 
in the Autoxidation of Methyl Linoleate Emulsions1 
LEE-SHIN TSAI and LLOYD M. SMITH, 
Department of Food Science and Technology, 
University of California, Davis, California 95616 

ABSTRACT 

Methy l  l inolea te ,  emuls i f ied  in bo ra t e  
buf fe r  w i t h  sod ium lauryl  sulfate ,  was 
used to s tudy  the  pro- or  a n t i o x i d a n t  
ef fec t  of  0 - p h o s p h o c h o l i n e ,  0 -phospho-  
e t h a n o l a m i n e ,  0 -phosphose r ine ,  as well  as 
the  co r r e spond ing  n o n p h o s p h o r y l  com- 
pounds .  Oxygen  u p t a k e  was ca lcula ted  
f rom ra te  data  o b t a i n e d  at  37 C wi th  an  
oxygen  e lec t rode .  The  resul ts  were similar  
for  the  co r re spond ing  p h o s p h o r y l  and  
n o n p h o s p h o r y l  bases. 0 - Phos phocho l i ne  
and chol ine  had  l i t t le  ef fec t  at  e i the r  pH 
7.9 or  10.2. 0 - P h o s p h o e t h a n o l a m i n e  and  
e t h a n o l a m i n e  s igni f icant ly  increased 
oxygen  up take  at  pH 7.9, b u t  signifi- 
cant ly  decreased u p t a k e  at  pH 10.2. 
0 -Phosphoser ine  and  serine decreased 
oxygen  u p t a k e  at  b o t h  pH values. T h e  
ca ta ly t ic  activi t ies of  the  bases investi-  
ga ted  m a y  be a t t r i b u t e d  to the i r  func-  
t i o n a l  groups.  The  p h o s p h o r y l  and  
/3-hydroxy groups  exh ib i t ed  no  ca ta ly t ic  
act ivi ty  in the  a u t o x i d a t i o n  of  m e t h y l  
l inolea te  emuls ions  at  e i the r  pH 7.9 or  
10.2. The  a - c a r b o x y l  amino  group o f  
0 -phosphose r ine  and  serine dece le ra ted  
a u t o x i d a t i o n  a t + b o t h  pH values. The  
amino  g roup  H3 N of  the  p r imary  amine  
acce lera ted  a u t o x i d a t i o n ,  bu t  the  H2N:  
group  had  the  reverse effect .  Since the  

1Submitted as partial requirement for a Ph.D. de- 
gree in Agricultural Chemistry. Presented in part at 
the AOCS Meeting, San Francisco, April 1969. 

q u a t e r n a r y  amino  g roup  (CH3)3~1 did n o t  
af fec t  a u t o x i d a t i o n  at  e i the r  pH 7.9 or  
10.2, we conc luded  t h a t  the  presence  of  
the  N-H b o n d  may  be necessary  for  the  
p r o o x i d a n t  ac t iv i ty  of  an  amine ,  and  t h a t  
the  presence  of a pair  of  free e lec t rons  o n  
the  n i t rogen  of  an  amine  is necessary  for  
i ts  a n t i o x i d a n t  act ivi ty.  Kinet ica l ly ,  t he  
a u t o x i d a t i o n  o f  m e t h y l  l ino lea te  
emul s ion  w i t h o u t  added  base  was in 
a g r e e m e n t  w i t h  F a r m e r ' s  p roposed  
m e c h a n i s m  involving a b imo lecu l a r  dis- 
soc ia t ion  of h y d r o p e r o x i d e s .  However ,  
m e t h y l  l inolea te  emuls ion  at pH 7.9 and  
37 C in the  presence  of  e t h a n o l a m i n e  or  
0 - p h o s p h o e t h a n o l a m i n e  was au tox id i zed  
b y  a m e c h a n i s m  involving a c o m b i n e d  
m o n o -  and  b imolecu la r  d issoc ia t ion  o f  
hyd rope rox ide s .  

I NTRODUCTION 

The unsa tu r a t ed  f a t t y  acids t h a t  occu r  in 
l ipids are suscept ib le  to  undes i rab le  changes  
caused by  au tox ida t i on .  I t  is general ly  recog- 
n ized  t h a t  the  u n s a t u r a t e d  acids are au tox id i zed  
pr imar i ly  by  a free radical  chain  r eac t ion  as first  
pos tu l a t ed  by  F a r m e r  et  al. (1-3).  New free 
radical  in i t i a t ions  are largely der ived f rom 
p r o d u c t  h y d r o p e r o x i d e s  via a m o n o m o l e c u l a r  
a n d / o r  a b imolecu la r  decompos i t i on .  

A u t o x i d a t i o n  of  phospho l ip id s  is far  m o r e  
compl i ca t ed  t h a n  in the  case of  the  neu t r a l  
t r iglycerides.  The  bases or  p h o s p h o r y l a t e d  bases 
of  phospho l ip id s  have long  b e e n  suspec ted  to  
af fec t  the  a u t o x i d a t i o n  of  the  u n s a t u r a t e d  f a t t y  

TABLE I 

Coefficients ao, a I and a 2 of Equation 1, Which Represents 
Rate of Oxygen Uptake as a Function of Time 

ao al a2 

Base added pH 7.9 pH 10.2 pH 7.9 pH 10.2 pH 7.9 pH 10.2 

Control 3.0599 1 .S 184 O. 1478 0.3890 0.0064 0.0105 
Choline 2.4406 1.4091 0.1308 0.3336 0.0051 0.0087 
Ethanolamine 3.5303 0.5124 0.7448 -0.0799 -0.0004 0.0259 
Serine 1.9928 0 a -0.1226 0 a 0.0041 0 a 
O-Phosphocholine 3.3837 2.1044 0.2700 0.5307 0.0055 0.0097 
O-Phosphoethanolamine 3.4160 0.4511 0.6008 0.0264 -0.0038 0.0018 
O-Phosphoserine 1.9052 0 a 0.0345 0 a 0.0071 0 a 

aNo oxygen absorption observed up to 33 hr. 

196 



A U T O X I D A T I O N  O F  L I N O L E A T E  E M U L S I O N S  197 

acids present (4). The bases may "remove" free 
radicals or product hydroperoxides from the 
system and act thereby as antioxidants, or they 
may decompose product hydroperoxides to 
new radicals and thus act as prooxidants. Some 
studies of the effect of phosphoryl bases on 
autoxidation of homogeneous oil systems have 
been reported previously (5). 

The purpose of this study was to explore the 
effects of functional groups of the phosphoryl 
bases of phospholipids on the autoxidation of 
unsaturated lipids in aqueous emulsion. Methyl 
linoleate emulsions were used in the presence 
and absence of various phosphoryl bases. 
0-Phosphocholine, 0-phosphoethanolamine and 
0-phosphoserine, which are the phosphoryl 
bases of phosphatidylcholine, phosphatidyl- 
e t h a n o l a m i n e  and  p h o s p h a t i d y l s e r i n e ,  
respectively, were selected for this study. These 
compounds were selected not only because 
they are the phosphoryl bases of the glycerol 
phospholipids most widely distributed in 
nature, but also because of the similarity of 
their chemical structures�9 In addition, the 
catalytic effects of choline, ethanolamine and 
serine on the autoxidation of methyl linoleate 
emulsion were investigated. 

M A T E R I A L S  A N D  METHODS 

M a t e r i a l s  

Materials used were boric acid, sodium 
borate and sodium hydroxide (Baker Chemi- 
cals); sodium lauryl sulfate (Sigma); methyl 
linoleate (chromatographically pure), 0-phos- 
p h o s e r i n e ,  serine, 0-phosphoethanolamine, 
ethanolamine hydrochloride, 0-phosphocholine 
in the form of 0-phosphocholine calcium chlo- 
ride, and choline in the form of chloride salt 
(Calbiochem). Each was used without further 
purification except 0-phosphocholine calcium 
chloride. Since calcium ion would precipitate in 
borate buffer, this compound was converted to 
its sodium salt by passage through a Dowex 50 
ion exchange column. 

Aqueous solutions of each of the above com- 
pounds were analyzed for copper and iron con- 
t a m i n a t i o n  with a Perkin-Elmer Atomic 
Absorption Spectrophotometer, Model 303. 
Negative results were obtained for all com- 
pounds except serine, which was contaminated 
with 0.06 ppm copper, and 0-phosphoserine, 
which was contaminated with 0.05 ppm copper 
and 0.11 ppm iron. Attempts to remove the 
contaminants by recrystallization and by 
elution through a Dowex 50 column were un- 
successful. 

Each original 1 g vial of methyl linoleate was 
fractionated into five Pasteur pipets. These 
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FIG. 1. Rate of oxygen uptake by reference 
methyl linoleate emulsion at pH 7.9. The circles repre- 
sent experimental data. The best fit curve was calcu- 
lated from the corresponding equation in Table I. 

were sealed on both ends with a torch after 
flushing with nitrogen, and were then stored at 
-20 C until used. The methyl linoleate had an 
average peroxide value of 3.4 -+ 0.6 mEq/kg as 
determined by the method of Hills and Thiel 
(6), and the value did not change with storage 
time. 

Apparatus 

A Biological Oxygen Monitor Model 53 
(Yellow Springs Instrument Co., Inc., Yellow 
Springs, Ohio) was used to measure oxygen 
absorption by methyl linoleate emulsions. The 
apparatus consists of two modified Clark-type 
oxygen electrodes, an electronic amplifier, a 
bath stirrer assembly with four reaction vessels, 
and a constant temperature circulator (Lauda 
Model K-2). The reaction vessels hold 3 to 8 ml 
of solution stirred synchronously by a teflon- 
coated stirring bar in each. The electrodes are 
fitted into two lucite plungers whose outside 
diameter closely matches the inside diameter of 
the reaction vessels. It is assumed that a closed 
system is obtained when a plunger is inserted 
into a reaction vessel. 

A thin (0.001 in.) teflon membrane isolates 
the anode and cathode from the experimental 
solution but allows diffusion of oxygen into the 
electrode. When a known polarizing current is 
applied across the cell, oxygen reacts at the 
cathode, causing a current to flow through the 
cell at a rate proportional to the amount of 
oxygen diffusing across the membrane. The dif- 
fusion of oxygen is directly proportional to the 
pressure differential and a linear relationship 
exists between the external oxygen pressure 
and the cell current. 
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FIG. 2. Amounts of oxygen absorbed at pH 7.9 
and 10.2 by methyl linoleate emulsions containing 0- 
phosphocholine, choline, 0-phosphoethanolamine, eth- 
anolamine, 0-phosphoserine or serine. O - -  Control 
at pH 7.9; O - -  base added at pH 7.9; A - -  control 
at pH 10.2; A- -base  added at pH 10.2. 

The change in oxygen tension can be read 
directly from the meter on the amplifier. How- 
ever, in our study, the signal was fed con- 
tinuously from the electrode to the amplifier 
and to a 100 mv recorder (Varian Aerograph 
Model 20) which was operated at a speed com- 
patible with the rate of oxygen uptake. Thus 
the rate of oxygen uptake by the emulsion 
could be calculated from the slope of recorded 
curve, provided that the electrode was cali- 
brated with water under identical conditions. 

Preparation of Emulsions 

Approximately 0.50 M solutions of 0-phos- 
phocholine, 0-phosphoethanolamine, 0-phos- 
phoserine, choline, ethanolamine and serine 
were prepared with water. The pH value of one 
portion of each solution was adjusted to 7.9 
and the other portion to 10.2 with sodium 
hydroxide. Then, each base solution was 
diluted to a concentration of 0.21 M. 

Boric acid-borate buffer (0.10 M, pH 7.9) 
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FiG. 3. Rate of autoxidation of methyl linoleate 
emulsions in relation to extent of oxygen absorption. 
A; Reference methyl linoleate emulsion containing 
0.02 M methyl linoleate and 0.002 M sodium lauryl 
sulfate in 0.1 M borate buffer at pH 7.9. B; Methyl 
linoleate emulsion containing compounds in A plus 
0.01 M 0-phosphoethanolamine. C; Methyl linoleate 
emulsion containing compounds in A plus 0.01 M 
ethanolamine. 

and borate-sodium hydroxide buffer (0.10 M, 
pH 10.2) were prepared according to Dawson et 
al. (7). Sodium lauryl sulfate solutions (0.002 
M) were prepared from each of the two borate 
buffer solutions. 

The lauryl sulfate buffer solutions at each 
pH were emulsified with methyl linoleate to 
give emulsions of known composition. Emulsifi- 
cation was done in a 25 ml widemouth glass vial 
with a Sonifier Cell Disruptor (Model W-185D, 
Heat Systems Co., Melville, N.Y.). The power 
output of the Cell Disruptor was 60 to 65 
watts, and a 0.5 in. tip was used. The mixture 
was emulsified for 30 sec and then cooled in an 
ice bath for 1 min. Emulsification was repeated 
twice more. The resulting emulsion was stable 
for at least four days at room temperature. 

Immediately after emulsification, 4.0 ml of 
emulsion and 0.2 ml of one of the 0.21 M base 
solutions at the same pH were mixed in a 
reaction vessel of the Biological Oxygen 
Monitor. Water (0.2 ml) was mixed with 4.0 ml 
of emulsion as a control. The concentration of 
each compound in the final emulsions was the 
following: methyl linoleate, 0.02 M; base, 0.0l 
M; borate, 0.095 M; and sodium lauryl sulfate, 
0.002 M. 

0.015 

I 0 . 0 1 0  

0 -t.- W ~  
0.005 

d.t o~.z o~.a 

[Oz] '/z 

FIG. 4. A plot of d[02]/dt-K2[02] versus [02] 1/2 
for methyl linoleate emulsions containing ethanol- 
amine (C) or 0-phosphoethanolamine (B). Composi- 
t.ion of emulsions was the same as in Figure 3. 

Calculation of Rate of Oxygen Uptake 
by Methyl Linoleate Emulsions 

The Oxygen Monitor was calibrated at 
atmospheric pressure in water saturated with air 
at 37 C. Emulsions were constantly stirred at 
37 C in contact with air in the reaction vessels. 
The oxygen tension of each emulsion was 
measured over a suitable interval, beginning 15 
min after the base solution was mixed into the 
emulsion. The rate of  oxygen uptake was calcu- 
lated from the slope of the curve of the 
recorded oxygen tension. The relation between 
rate of oxygen uptake and oxidation time was 
expressed with a quadratic equation: 

d[O2]/dt = a 0 + a l t + a 2  t2 [1] 

where d [02] /d t  = rate of oxygen uptake by 
emulsion in #1 02/ml emulsion/hour and t = 
oxidation time in hours. The coefficients ao, a 1 
and a 2 were calculated for each emulsion from 
the experimental data according to the method 
of least squares (8). The generation of three 
normal equations from the experimental data 
for a least squares fit to the quadratic equation, 
and the solution of these equations to obtain 
constants ao, a 1 and a 2 were carried out with 
an Olivetti-Underwood Programa 101 Desk 
Computer. The computer programs used were 
obtained from the library of Olivetti-Under- 
wood. 

Calculation of Amount of Oxygen Absorbed 
by Methyl Linoleate Emulsions 

The amount of oxygen absorbed by each 
emulsion was calculated by integration of the 
corresponding rate equation with respect to 
time. 
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1o2] = fd[O2]dt �9 = C + aot + alt2/2 + a2t3/3 

[O21 = blt +b2 t2+b3t3 [21 

where b 1 = ao; b 2 = a l /2 ;  b 3 = a2/3. The 
integration constant C was evaluated to be zero 
with the initial condition that no oxygen was 
absorbed by the emulsion at the starting 
instant. 

LEE-SHIN TSAI AND LLOYD M. SMITH 

RESULTS 

Reproducibility of Method 

The reproducibility of the method was 
examined by following six replicate runs of 
oxygen uptake by methyl linoleate emulsion at 
pH 7.9. When the best fit curve was obtained 
for these data (Fig. 1), the deviation of indivi- 
dual experimental results from the curve did 
not exceed 10%. 

Effect of Various Bases on Oxygen Absorption 

Values of the constants a0, a l ,  and a 2 of 
Equation I, which represents the rate of oxygen 
uptake by various methyl linoleate emulsions as 
a function of time, are listed in Table I. 

The amounts of oxygen absorbed by the 
various emulsions as a function of time are 
plotted in Figure 2. At pH 7.9, ethanolamine 
significantly increased oxygen absorption as 
compared to the control. In contrast, oxygen 
absorption was slightly decreased by the 
addition of choline and significantly decreased 
by the addition of serine. At the same pH, 
0-phosphoethanolamine significantly increased 
absorption, while absorption was only slightly 
increased by addition of 0-phosphocholine and 
appreciably decreased by the addition of 
0-phosphoserine. 

The effects of the bases at pH 10.2 were as 
follows: Oxygen absorption by methyl linoleate 
emulsion was slightly decreased by the addition 
of choline. Addition of ethanolamine signifi- 
cantly decreased oxygen absorption, while 
addition of serine practically completely inhi- 
bited oxidation for at least 22 hr. 0-Phospho- 
choline slightly increased absorption, while 
addition of 0-phosphoethanolamine signifi- 
cantly decreased absorption. Addition of 
0-phosphoserine resulted in practically com- 
plete inhibition for at least 22 hr. 

Effect of pH on Oxygen Absorption 

Effects of pH on oxygen absorption by 
methyl linoleate emulsions in the presence and 
absence of added base are also shown in Figure 
2. An increase of pH from 7.9 to 10.2 did not 
significantly change absorption by the control 
emulsions.  Also, the curves for oxygen 

absorption by methyl linoleate emulsions con- 
taining choline or 0-phosphocholine were 
similar to that of the control emulsions. How- 
ever, the increase in pH changed both ethanol- 
amine and 0-phosphoethanolamine from pro- 
oxidants to antioxidants. The increase in pH 
increased the antioxidant activity of both serine 
and 0-phosphoserine. 

The chemical structure at pH 7.9 and 10.2 
and the pro- or antioxidant activity of the six 
bases tested are summarized in Table II. 

DISCUSSION 

The six compounds studied have the same 
carbon skeleton (Table II). Choline, ethanol- 
amine and serine also have the same/%hydroxy 
group; but choline is a quaternary amine, 
ethanolamine a primary amine and serine an 
a-amino acid. Since each of these compounds 
contains one or more ionizable groups, their 
chemical  structures in aqueous solutions 
depend on the pH of the solution. The pre- 
dominant forms of these compounds in emul- 
sions at pH 7.9 and 10.2 can be predicted, since 
the dissociation constants of the ionizable 
groups are known (9). 

Effects of Pbospboryl and Hydroxy Groups 

Each phosphoryl derivative of choline, 
ethanolamine and serine has the same catalytic 
effect as the parent compound when compared 
at the same pH (Table I1). This indicates that 
the phosphoryl group has the same effect as the 
hydroxy group it replaced. However, the 
/3-hydroxy group probably does not influence 
autoxidation of methyl linoleate emulsions. 
Marcuse (I0)  found that alanine, serine and 
glycine had similar antioxidant activity in 
linoleic acid emulsions. The structures of serine 
and alanine are identical except that serine has 
a hydroxy group instead of a hydrogen at the 
/3-carbon position. It is therefore reasonable to 
conclude that the catalytic activities in the 
present study are not related to either the 
~-hydroxy or the phosphoryl group. 

Effects of Amino Group 

The predominant forms of ethanolamine and 
0-phosphoethanolamine at pH 7.9 are different 
from their corresponding forms at pH 10.2 
(Table II). At pH 7.9, the amino group of these 
amines is positively charged; at pH 10.2 it 
becomes neutral with a pair of free electrons on 
the nitrogen, since the pK value of the amino 
group of ethanolamine is 9.5 (9). 

Ethanolamine and 0-phosphoethanolamine 
increased oxygen uptake at pH 7.9, indicating 
that the positively charged amino group H3N of 
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these two amines is capable of accelerating aut- 
oxidation of emulsion. In contrast, ethanol- 
amine and 0-phosphoethanolamine at pH 10.2 
retarded oxygen uptake, indicating that the 
H2N: group of these two amines is capable of 
decelerating autoxidation. Since choline and 
0-phosphocholine, both quaternary amines, did 
not affect autoxidation of methyl linoleate 
emulsion at pH 7.9 or 10.2, it may be presumed 
that the presence of the N-H bond is necessary 
for the prooxidant activity of an amine, and 
that the presence of a pair of free electrons on 
the nitrogen of the amine is necessary for the 
antioxidant activity. 

Effects of a-Carboxyl Amino Group 
The antioxidative activity of serine and 

0-phosphoserine at both pH 7.9 and 10.2 is 
evident from Figure 2. The antioxidant activity 
of both compounds is greater at pH 10.2 than 
at pH 7.9. Marcuse (10) reported that several 
amino acids, including serine, have a potential 
a n t i o x i d a t i v e  effect in methyl linoleate 
emulsions prepared with phosphate buffer and 
Tween (emulsifier). He also reported the anti- 
oxidative activities of these amino acids were 
higher at pH 9.5 than at pH 7.5. 

In the present study, the change at pH 7.9 
from a prooxidant to an antioxidant when a 
carboxyl group was introduced to the a-carbon 
of amine is of particular interest. The a- 
carboxyl amino group has many unique chemi- 
cal properties that distinctly differ from those 
of a simple amino or carboxyl group. For 
example, a-carboxylamines, but not 3-carboxyl- 
amines, undergo oxidative deamination under 
light and have synergistic action with phenolic 
antioxidants (11 ). Also a-amino acids were oxi- 
dized by hydrogen peroxide to a-keto acids but 
6- and e-amino acids were inert to oxidative 
deamination (12). 

The serine used in the present study was 
contaminated with 0.06 ppm copper, while the 
0-phosphoserine had 0.05 ppm copper and 0.11 
ppm iron. Because of the chelating ability of 
serine and 0-phosphoserine, we were unable to 
eliminate these contaminants. In general, 
copper and iron at low concentrations function 
as powerful prooxidants of lipid autoxidation. 
However, in our study, the chelated metal ions 
did not accelerate autoxidation of methyl 
linoleate emulsion (Fig. 2). This may indicate 
that serine and 0-phosphoserine function as 
metal deactivators as well as autoxidation 
inhibitors. 

Mechanism of Autoxidation of 
Methyl Linoleate Emulsion 

The rate of oxygen uptake by emulsion con- 
taining only methyl linoleate is proportional to 

the first order of oxygen absorbed as indicated 
by curve A of Figure 3. The linear relationship 
indicates that a bimolecular decomposition of 
hydroperoxides may be involved in the autoxi- 
dation (13). Marcuse and Fredrikson (14) 
reported a similar relationship between the rate 
of oxygen uptake and its absorption by 
linoleate emulsions prepared with phosphate 
buffer and Tween 20 (emulsifier) in the range 
of pH 5 to 7. 

The linear relationship between the rate of 
oxygen uptake and the amount of oxygen 
absorbed can be expressed by the equation: 

dlO2l/dt = K2[O2] + b [3] 

where d[02] /d t  = rate of oxygen uptake by 
methyl linoleate in mole 02/mole linoleate/hr; 
[02] = oxygen absorption by methyl linoleate 
in mole 02/mole linoleate; K 2 = rate constant 
of bimolecular reaction in hourd ;  and b = 
initial rate of autoxidation in mole 02/mole 
linoleate/hr. The rate constant K 2 of the aut- 
oxidation of methyl linoleate in emulsion at pH 
7.9 and 37 C, calculated from Curve A of 
Figure 3, is 0.056/hr. This value is in good 
agreement with the bimolecular rate constant, 
0.065/hr at 37 C, reported by Mabrouk and 
Dugan, Jr. (15). They used phosphate buffer 
(0.1 M) and starch (emulsifier, 0.25%) to pre- 
pare emulsions, and measured oxygen uptake 
manometrically. 

The bimolecular rate constant of the autoxi- 
dation of neat ethyl linoleate at 37 C is 
0.045/hr, as calculated from the data reported 
by Bolland and Gee (16). Thus the rate con- 
stant of autoxidation of the neat linoleate cor- 
responds closely to that of linoleate in emulsion 
(0.056/hr) when both are calculated on the 
basis of unit mole of linoleate. This provides 
further support for the hypothesis (17) that 
linoleate either neat or in emulsion is autoxi- 
dized according to the same mechanism during 
the early stages. 

Mechanism of Autoxidation of Methyl Linoleate 
Emulsion With Added Ethanolamine or 
0-Phosphoethanolamine at pH 7.9 

As indicated in Figure 3, the rate of oxygen 
uptake by the methyl linoleate emulsions con- 
taining ethanolamine or 0-phosphoethanol- 
amine at pH 7.9, is linearly proportional to the 
first order of oxygen absorption after 0.1 mole 
of oxygen has been absorbed. This indicates 
that the autoxidation of methyl linoleate 
emulsions in the presence of ethanolamine or 
0-phosphoethanolamine, takes place by a bi- 
molecular decomposition of hydroperoxides 
only after 0.1 mole of oxygen has been 
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absorbed. The bimolecular  rate constant  K 2 of  
Equat ion  3 is also about  0 .056/hr ,  since the 
linear por t ions  of  Curves B and C tend to 
paraUel that  of  Curve A. 

At  early stages of  the autoxida t ion ,  however ,  
the value of  d [ 0 2 ] / d t - K 2 [ 0 2 ]  of  methy l  
hnoleate  emulsions containing e thanolamine  or  
0-phosphoethanolamine  is l inearly propor t iona l  
to the square root  of  oxygen  absorbed (Fig. 4). 
This linear relat ionship may be represented by 
the equat ion:  

d [O2l /d t .  K2[O2] = K1 [O211/2 + b 

or d[O2]/dt=K2[O2] + K l [ O 2 ] l / 2 + b  [41 

where K 1 = rate constant  of monomolecu la r  
react ion in (mole 02 /mole  l ino lea te ) l /2 /h r .  

Equat ion  4 is a general rate law represent ing 
a combina t ion  of mono-  and b imolecular  aut- 
oxidations.  The straight lines o f  Figure 4 indi- 
cate that ,  f rom the kinet ic  point  o f  view, 
me thy l  l inoleate is oxidized by a mechanism of  
combined  inono- and bimolecular  reactions.  The 
parallelism of  the two straight lines confirms 
the similarity of  the react ion mechanism for 
e thanolamine  and its 0-phosphoryl  derivative. 

Ini t iat ion of  a significant monomolecu la r  
decompos i t i on  of  hydroperox ides  by the 
addi t ion of  e thanolamine  or 0-phosphoethanol-  
amine may be explained by the electronega- 
t ivi ty of  the ni t rogen a tom of  the amines. When 
e thanolamine  or  0-phosphoethanolamine  is 
added to me thy l  l inoleate  emulsions at pH 7.9, 
complexes  of  pr imary amine-hydroperoxide  
may form through hydrogen  bonding be tween  
hydrogen  of the amino group an~t oxygen  of 
the hydroperox ide  (R 'H2~-H . . . .  OOR). Such 
complexes  may decrease thr~ hydroperoxide-  
hydroperox ide  (ROOH . . . . .  OOR) complex  
format ion  and may be fo l lowed by ini t ia t ion of  
the pseudomonomolecu la r  decompos i t ion  of  
hydroperoxide .  Bateman and Hughes (18 )have  
repor ted  the modif ica t ion  of  order of  hydroper-  
oxide  decompos i t ion  f rom second to first by 
the addi t ion of hydrogen bonding compounds  
in homogeneous  systems. 

Mechanism of Autoxiflation of Methyl 
Linoleate Emulsions With Added Ethanolamine 
or 0-Phosphoethanolamine at pH 10.2 

Oxygen uptake by me thy l  l inoleate emulsion 
at pH 10.2 was decreased by addi t ion of  
e thanolamine  or 0-phosphoethanolamine ,  but  
no induc t ion  period was observed (Fig. 2). This 
indicates that  these amines are not  primari ly 
free radical inhibitors,  but  are hydroperox ide  
decomposers  as previously suggested by Ingold 
(19). The decompos i t ion  react ion probably  
involves the complexing  of  amine and hydro-  

LLOYD M. SMITH 

peroxide  by a hydrogen bond through the pair 
of  free electrons of  the ni t rogen a tom and 
the hydrogen  of  the  peroxide  group 
(R3N:  . . . .  HOOR) ,  fo l lowed by reduc t ion  of  
hydroperox ide  to the corresponding alcohol  
through a nonradical  pa thway,  Similar react ions 
in homogeneous  systems have been repor ted  by 
previous investigators (20,21). The one- to-one 
adduct  of  amine and hydroperox ide  bonded  
together  by a hydrogen  bond through the free 
electrons of  the ni t rogen a tom and the hydro-  
gen of  the peroxide has been demons t ra ted  by 
IR  spectroscopy (22,23). 
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Ratio of in Vivo Incorporation of 3H Arachidonic Acid 
and 1 4 C Linol.eic Acid Into Liver Lipids From Normal 
and Diabetic Rats 
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ABSTRACT 

Normal  and s t rep tozotoc in  diabetic 
rats were injected via the por ta l  vein wi th  
a l ab  e l e d  so lu t ion  containing 3H 
arachidonic acid and 14C linoleic acid 
(3H/14C ratio,  0.5) during a 1 rain 
period. Livers were quickly  frozen,  
pulverized, and the lipids ext rac ted  and 
fract ioned by thin layer chromatography.  
The incorpora t ion  of 3H and 14C into 
liver lipids was measured and the per- 
centage dis t r ibut ion of  radioact ivi ty  into 
the different  lipid fract ions was deter- 
mined.  The incorpora t ion  of 14 C linoleic 
acid and 3H arachidonic acid into liver 
lipids is apparent ly  reduced in rats wi th  
severe diabetes. The higher 3H/14C ratio 
found in the 1,2 diglycerides f rom 
diabetic rats may be explained by the  
apparent ly  smaller incorpora t ion  of 14C 
linoleic acid or by an isotopic  di lut ion 
at t r ibutable  to the great availability of  
this acid in diabetic rats. On the o ther  
hand,  the higher 3H/14C ratio observed 
in triglycerides and phospholipids f rom 

1Member of the Carrera del Investigador Cientifico 
of the Consejo Nacional de Investigaciones Cientificas 
y Tecnicas - Republica Argentina. 

diabetic rats, due to a relatively large 
incorpora t ion  of 3H arachidonic acid into 
this f ract ion,  may be explained by the 
aff ini ty of  the enzymes  involved in their  
synthesis for some 1,2-diglyceride units. 
Insulin was unable to correct  the changes 
observed in the diabetic rats. 

INTRODUCTION 

S t u d i e s  in  severa l  laboratories have 
established that  diabetic rats are unable to 
desaturate fa t ty  acids at the same rate as 
normal  rats (1-4). This fact accounts  for a low 
synthesis of  arachidonic acid in the diabetic rat,  
demonst ra ted  in vivo by Fr iedman et al. (5), 
and the possible role of  this defect  in the 
physiopathological  disturbances observed in 
diabetes. Peluffo et al. (6) were able to demon-  
strate in vivo a depression of  the conversion of  
linoleic acid to arachidonic acid by rat testes 
with severe diabetic a t rophy.  Brenner et al. (7) 
repor ted  that  the testicular a t rophy developed 
by rats wi th  severe diabetes could be prevented 
by arachidonic acid. Since it has been observed 
previously (8) that  arachidonic acid is the 
principal polyunsatura ted  fa t ty  acid componen t  
of the different  lipids isolated f rom cellular 
particles, it was of  interest  to de termine  the 
ratio of  incorpora t ion  of this acid and its pre- 

TABLE I 

Incorporation of 3H Arachidonic Acid and 14C Linoleic Acid 
Into Total Lipids of Livers From Normal, 
Diabetic and Diabetic Plus Insulin Rats 

Counts/min/g liver a 

Experimental 3H Arachidonic Ratio 
group acid 14C Linoleic acid 3H/14C 

Normal (5)c, d 124,355 - 64,475 b 265,820 + 95,000 0.46 

Diabetic (4) 34,370 -I- 13,550 60,830 • 22,250 0.56 
P <0.05 P <0.05 

Diabetic + 25,930 • 11,500 47,485 • 19,250 0.54 
P<0 ,0S  P<0 .05  

aThe radioactivity is expressed as counts/min/g liver. 
bValues are the means + standard deviations of the means. 
Cprobability (P) values are related to normal animals. 
dFigures in parentheses represent number of animals. Experimental conditions are indi- 

cated in Methods. 
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TABLE II 

Ratio of Counts/Min/G Liver From 3H Arachidonic Acid and 
14C Linoleic Acid Incorporated Into Lipid Fractions 

Ratio 3H/14C 

3-sn-Glyeero- 
Experimental 3-sn-Glycero- phosphoryl- 

group 1,2 Diacylglycerol Triacylglycerol phosphorylcholine ethanolamine 

Normal (5)a, b 0.16 + 0.03 c 0.38 -I- 0.02 0.78 + 0.14 1.35 --- 0.13 

Diabetic (4) 0.27 --- 0.07 0.79 + 0.07 1.27 -+ 0.28 1.41 4- 0.41 
P ~0.05 P ~0.001 P ~0.01 NS d 

Diabetic + 0.35 -+0.12 0.75 -+0.03 1.07 -1"0.08 1.18 4"0.32 
insulin (4) P ~0.05 P ~0.001 P ~0.001 NS 

aNumbers in parentheses indicate the number of animals in each group. 
bDate are the means --- standard deviations of the means. 
eprohability (P) values are related to normal animals. 
dNot significant. 

cursor, linoleic acid, into the lipid components 
of liver cells from diabetic and normal rats. 

EXPERIMENTAL PROCEDURES 

Material and Methods 
1-14C Linoleic acid (52,9 mC/mmole)was  

purchased from Radiochemical Center (Amer- 
sham, England). It was 98% radiochemically 
pure and had <2% cis-trans unsaturated acid. 
3H Arachidonic acid (280 ktC/mg) was provided 
by P. Hoffman, La Roche, Basle, Switzerland. 
It was >99% radiochemically pure as proved by 
gas liquid chromatography. Phospholipase-A 
was obtained from the Ross Allen Institute 
(USA). Insulin (40 U/ml) was purchased from 
the Lilly Laboratories of Argentina, and 
streptozotocin was provided by Upjhon Labora- 
tories (USA). Silica Gel G was purchased from 
Merck (Germany). 

Animals 
Male albino Wistar rats weighing 150-170 g 

and fed a balanced diet were used. Strepto- 
zotocin diabetes was induced by intravenous 
injection of 50 mg of streptozotocin per kilo- 
gram of body weight. Only those animals 
showing a fasting blood glucose level of 300 
mg/100 ml or more were used. The animals 
were fasted during 6 hr prior to the experiment. 

Preparation of Injection Solution 
1-14C Linoleic acid and 3H arachidonic acid 

were dissolved in 0.1 ml 0.1 N KOH and the 
solution was heated at 25 C until a nearly clean 
soap solution was obtained (9); then 1.5 ml of 
rat serum was added. After standing overnight 
in N 2 atmosphere, at room temperature with 
magnetic stirrer, this solution was used directly. 
0.1 ml Contained 10 /~C of 14C linoleic acid 
and 5 pC of 3H arachidonic acid. 

Injection of Labeled Solution 

A group of five rats was anesthetized with 
ether and their portal vein exposed. The labeled 
solution, 0.1 ml per rat, was injected at a fairly 
constant rate during a 1 min period. 
Immediately following the injection, the liver 
was frozen between two aluminum blocks that 
had been precooled in liquid N 2 and then 
pulverized in a precooled mortar. The powder 
was extracted by the method of Folch et al. 
( i0) .  

One group of five diabetic rats was injected 
in the same way and another group of  four 
diabetic rats was injected with the labeled 
solution plus 1 U of insulin per rat. The livers 
of both groups were processed as described 
above. 

The lipids were recovered from the original 
chloroform-methanol extract and separated by 
thin layer chromatography (TLC). 

Separation of Lipids 

Phospholipids were separated into their com- 
ponents by TLC using chloroform-methanol- 
water (65:25:4 v]v/v) (11). The spots, identi- 
fied by comparison with authentic standards 
and visualized by 12 vapors, were scraped off, 
transesterified with methanolic HC1 (12), 
extracted with light petroleum, evaporated and 
assayed for radioactivity. 

Neutral lipids were also separated into their 
components by TLC in petroleum ether-ethyl 
ether-acetic acid (80:20:1 v/v/v) (13) and 
assayed as mentioned above. However, since, in 
liver extracts, cholesterol stains too deeply to 
permit direct observation of diglyceride, this 
whole region was routinely scraped off  as one 
band and saponified with 5% KOH in methanol. 
Cholesterol was extracted with petroleum 
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TABLE IV 

Positional Distribution of Radioactive Fatty Acids Incorporated Into 
3-sn-Phosphatidylcholine and 3-sn-Phosphatidylethanolamine 

3-sn-Phosphatidylcholine 
Experimental Fatty 

group acid 1 Position, % 2 Position, % 

3-sn-Phosphatidylet hanolamine 

1 Position, % 2 Position, % 

18:2 7.20 ---0.25 c 92.80 -+0.25 
Normal (5)a, b 

20:4 4.00 -+0.71 96.00 -+0.71 

18:2 14.00 -+ 3.80 86.00 -+ 3.80 
Diabetic (4) P ~ 0.1 P < 0.1 

20:4 4.90-+1.15 95.10-+ 1.15 
NS d NS 

18:2 14.00 -+ 6.22 86.00 -+ 6.22 
Diabetic + P <0 .05  P <0 .05  
insulin (4) 20:4 5.66 -+ 3.03 94.34 -+ 3.04 

NS NS 

7.20 + 0.80 92.80 --+ 0.80 

6.20 -+2.09 93.80 -+2.10 

18.25 -+9.80 81.75 -+9.80 
P < 0 . 1  P < 0 . 1  

7.50 -- 3.50 92.50 -+ 3.30 
NS NS 

25.33 -+ 3.90 74.67 -+ 3.90 
P <0.001 P <0.001 
6.33 -+ 3.50 93.67 + 3.50 

NS NS 

aNumbers in parentheses indicate the number of animals in each group. 
bprobability (P) values are related to normal animals. See methods in the text. 
CData are the means + standard deviations of the means. 
tiNS, not significant. 

e ther .  The  wate r  soluble  layer  was acidif ied and 
the  free f a t ty  acids der ived f rom diglycerides 
which  had  been  ex t rac ted  wi th  l ight pe t ro l eum,  
were evapora ted  and  assayed for  radioac t iv i ty .  

Hydrolysis of Phospholipids 

P h o s p h a t i d y l c h o l i n e  and  phospha t i dy l -  
e t h a n o l a m i n e ,  separa ted  by  TLC as descr ibed,  
were ex t r ac t ed  f r o m  the  silica gel using the  two 
phase  sys tem of  Arv idson  (14) .  Af te r  evapora-  
t ion  of  the  solvent ,  t he  phospho l ip ids  were dis- 
solved in 5 ml of  d ie thy l  e the r  and  1 mg of  
Crotalus adamanteus v e n o m  in 0.2 ml 0.1 M 
bora te  buf fe r  pH 7.0, con ta in ing  0 .04 M 
calc ium ace ta te ,  was added .  The  e ther  buf fe r  
sys tem was shaken  vigorously  overn ight  at 
r o o m  t empera tu re .  Fo l lowing  the  hydro lys i s ,  
the  mix tu r e  was dried u n d e r  r educed  pressure.  
The  dried lipids were dissolved in ch lo ro fo rm-  
m e t h a n o l  (9:1 v/v) and  the  free f a t t y  acids and  
lysoder ivat ive  were separa ted  by  TLC as 
descr ibed previously ,  and  assayed for  radio-  
act ivi ty .  

Radioactivity Measurements 

Radioac t iv i ty  m e a s u r e m e n t s  were p e r f o r m e d  
in a Packard  tr i-Carb Sc in t i l la t ion  spec t rome te r ,  
Model  3003.  Unde r  the  cond i t ions  used, 3H 
showed an eff ic iency of  a b o u t  40% and 14C 
a b o u t  53% wi th  a spil lover of  14C in to  the  3H 
channe l  of 28%. The  14C channe l  was free of  
t r i t i um counts .  T r i t i um act ivi t ies  were cor- 
rec ted  for  the  spil lover of  14C. 

RESULTS AND DISCUSSION 

The capaci ty  of  the  liver to  ester i fy the  
in jec ted  3H a rach idon ic  acid and  14C linoleic 

acids is summar i zed  in Table  I. 
The  to ta l  r ad ioac t iv i ty  i n c o r p o r a t e d  per  

gram of  n o r m a l  liver is a b o u t  five t imes  grea ter  
t han  tha t  of the  livers f r o m  d iabe t ic  rats,  and 
insul in  was no t  able to  m o d i f y  this  s ignif icant  
change,  at least  in i ts early stages. A l t h o u g h  the  
d i lu t ion  of the  in jec ted  labeled acids, dur ing  
the i r  t r anspo r t  in the  b lood  or dur ing  the i r  
in t eg ra t ion  in to  the  liver acyl  CoA pool ,  could  
accoun t  for  this  f inding,  changes  in the  act iv i ty  
of enzymes  leading to  the  b iosyn thes i s  of  phos-  
phol ip ids  and  neu t r a l  l ipids c a n n o t  be  ruled 
out .  

While the  3H/14C ra t io  for  the  to ta l  radio-  
act ivi ty  i n c o r p o r a t e d  in to  liver l ipids remains  
pract ical ly  cons t an t  in the  th ree  groups  of  ra ts  
and  similar to  the  co r r e spond ing  3H/14C rat io  
of  the  in jec ted  labeled so lu t ion ,  the  d i s t r ibu t ion  
of  rad ioac t iv i ty  f rom 3H a rach idon ic  acid and  
14C linoleic acid i n c o r p o r a t e d  in to  the  dif- 
fe rent  l ipid f rac t ions  leads to  qui te  d i f fe ren t  
3H/14C ra t io  values (Table  II). 

As shown  in Table  II, the  3H/14C ra t io  for  
the  rad ioac t iv i ty  i n c o r p o r a t e d  in to  1,2-diacyl- 
glycerol  is s ignif icant ly  h igher  in the  d iabe t ic  
ra ts  t h a n  in the  n o r m a l  rats.  This  obse rva t ion ,  
as will be seen later ,  could  be due to a smaller  
i n c o r p o r a t i o n  of  14C l inoleic acid in the  
d iabet ic  groups.  

The  increase of  the  3H/14 C ra t io  observed  in 
the  t r iaglycerol  f rac t ions  suggest e i ther  a pre- 
ferent ia l  es te r i f ica t ion  of  the  free pos i t ion  of  
1,2-diacylglycerol  by  a rach idon ic  acid or the  
selective acy la t ion  by  the  enzyme ,  acyl-CoA- 
1,2-diacylglycerol-0- t ransferase  in cer ta in  digly- 
ceride units .  

The  3H/14C ra t io  in the  neu t r a l  f rac t ions  

LIPIDS, VOL. 6, NO. 3 
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were s ignif icant ly  h igher  in the  d iabet ic  rats.  
Table  II also shows the  3 H / 1 4 C  ra t io  for  the  

rad ioac t iv i ty  i n c o r p o r a t e d  i n to  the  major  phos-  
pho l ip id  f ract ions .  

Accord ing  to  K e n n e d y  (16) ,  the  pr inc ipa l  
b i o s y n t h e t i c  rou te  to  3 - sn -phospha t idy l -cho l ine  
a n d  3 - s n - p h o s p h a t i d y l e t h a n o l a m i n e  ut i l ized 
diglyceride as an in t e rmed ia t e .  The  3 H / 1 4 C  
rat io  f o u n d  in n o r m a l  ra ts  was 0 .16 for  the  
diacylglycerol  and  0.78 for  t he  phospha t idy l -  
chol ine.  This  f ind ing  suggests t h a t  f a t t y  acid 
r ed i s t r i bu t ion  by  the  deacy la t ion - reacy la t ion  
cycle (17)  or the  relat ive subs t ra t e  specif ic i ty  of  
t h e  e n z y m e  C D P - c h o l i n e .  1,2-diglyceride 
chol ine  phospho t r ans f e r a se  (E.C. 1.7.8.2) (18)  
could  be respons ib le  for  the  d i f ference .  

The  3 H / 1 4 C  ra t io  in the  3-sn-glycerophos-  
pho ry l cho l ine  f r ac t ion  was s ignif icant ly  h igher  
in the  d iabe t ic  rats.  

Table  III summar i zed  the  relat ive d is t r ibu-  
t ion  of the  to ta l  r ad ioac t iv i ty ,  expressed as per- 
centage  of 3H a rach idon ic  acid and  14 C l inoleic 
acid i n c o r p o r a t e d  in to  the  pr inc ipa l  l ipid frac- 
t ions .  

I t  may  be n o t e d  t h a t  the  similar  d i s t r ibu t ion  
of  3H coun t s  in 1,2-diacylglycerol  f rom norma l ,  
d iabe t ic  and  d iabet ic  plus insul in  rats,  coinci-  
den t  wi th  a relat ively smal ler  i n c o r p o r a t i o n  of 
14 C c o u n t s  in to  th is  f rac t ion  f r o m  d iabe t ic  rats,  
can accoun t  for  the  h igher  3H/14C ra t io  f o u n d  
in 1,2-diacylglycerol  f rom these  ra ts  (Table  II). 

The  observed  increase of  the  relat ive incor-  
po ra t i on  of  a r ach idon ic  acid in to  t r iglycer ides  
f rom the  th ree  groups of  ra ts  can expla in  the  
increase  in the  3H/14C ra t io  f rom diglycerides  
to  t r iglycer ides  (Table  II). 

As is shown in Table  III,  t he  relat ively h igher  
pe rcen tage  of 3H a rach idon ic  acid t h a n  14C 
l inoleic acid i n c o r p o r a t e d  in to  3-sn-phospha-  
t i d y l c h o l i n e  and  3 - sn -phospha t idy l e thano l -  
amine ,  can expla in  the  h ighes t  3H/14C rat io 
observed  in all t he  l ipid f r ac t ions  s tud ied  and  
co r robora t e s  the  resul ts  given in Table  II. 

Table  IV summar izes  the  pos i t iona l  d is t r ibu-  
t ion  of 3H a rach idon ic  acid and  14C l inoleic 
acid in 3 - sn -phospha t idy lcho l ine  and  3-sn-phos- 
p h a t i d y l e t h a n o l a m i n e .  

It  is in te res t ing  to no te  the  increased a m o u n t  
of  14C l inoleic acid i n c o r p o r a t e d  in to  the  1 
pos i t ion  of the  p h o s p h o l i p i d  f rac t ions  f rom 
d iabe t ic  and  d iabe t ic  plus insul in  rats  c o m p a r e d  
w i th  con t ro l  rats  (19) .  

On the  o the r  h a n d ,  no  s ignif icant  d i f fe rences  
were observed on  the  pos i t iona l  d i s t r i bu t ion  of  
a rach idon ic  acid in phospho l ip ids  f rom d iabe t ic  
rats  as c o m p a r e d  wi th  the  n o r m a l  rats.  

In conclus ion ,  we can say t ha t  the  incorpora -  
t ion  of l inoleic acid and  a rach idon ic  acid in to  

liver lipids is a p p a r e n t l y  r educed  in ra ts  wi th  
severe diabetes .  The  relat ively h igher  incorpora -  
t ion  of 14C l inoleic acid in to  the  1 pos i t ion  of  
phospho l i p id  moiet ies  could  be a t t r i b u t e d  to 
the  h igh ra te  of  exchange  of  this  acid in the  
d iabe t ic  rats,  and  th is  fact  could  also explain ,  
by  an  i so topic  d i lu t ion ,  the  a p p a r e n t  re lat ively 
smaller  i n c o r p o r a t i o n  of  th is  acid in to  1,2 
diglycerides.  The  relat ively h igher  i n c o r p o r a t i o n  
of  3H a rach idon ic  acid in to  t r iglycer ides  and  
phospho l ip ids  could be exp la ined  t h r o u g h  the  
af f in i ty  of  the  enzymes  involved in the i r  
synthes is  for  cer ta in  diglyceride uni ts .  U n d e r  
the  cond i t i ons  of  this  e x p e r i m e n t ,  insul in  was 
unab le  to  correc t  the  changes  observed  in the  
d iabet ic  rats.  Studies  on  the  f a t t y  acid composi -  
t ion  of  the  acyl-CoA pool  f rom n o r m a l  and  
d iabet ic  ra t  liver, a imed at resolving these  
ques t ions ,  are cu r ren t ly  in progress.  
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Mono- and Polyenoic Acid Distribution in Plasma 
Nonesterified Fatty Acids in Kwashiorkor 
A.A. HAFIEZ,  K. KHALIFA,  L, SOLIMAN, I. FAYAD,  
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ABSTRACT 

Plasma NEFA levels were determined 
in Kwashiorkor (17 cases) and normal 
infants (13 cases) by Dole's method. The 
distribution of mono- and polyenoic acids 
was  i n v e s t i g a t e d  by Abdel-Wahab's 
method. Plasma NEFA levels were found 
to be significantly lower in Kwashiorkor 
infants (445 /JEq/L -+ 32) than in normals 
(591 /aEq/L + 66). Plasma oleic, linoleic 
and linolenic acids were detected in 
measurable amounts in both Kwashiorkor 
and normals, but were significantly higher 
in Kwashiorkor. Arachidonic acid was 
hardly detectable in either group. The 
high levels of mono- and polyenoic acids 
in Kwashiorkor can be attributed to 
demands on them for the synthesis of fat 
and/or preferential utilization of the un- 
saturated fatty acids in mobilization of 
other lipid components. 

INTRODUCTION 

A diet leadirlg to Kwashiorkor is known to 
be rich in carbohydrate, low in fat and poor in 
protein. Such a diet was reported to produce 
low levels of blood lipids (1,2). This hypolipid- 
emia together with the intense accumulation of 
fat in the liver and abundance of fat in the 
depots suggest the presence of a defect in lipid 
metabolism affecting its transport from depots 
and liver to the blood stream. Hypoprotein- 
emia, namely albumin and B-globulin, was 
reported to coincide with the increase of fat in 
the liver in Kwashiorkor (3). 

This study was planned to investigate fat 
mobilization in Kwashiorkor as reflected on the 
plasma nonesterified fatty acids as well as the 
distribution of mono- and polyenoic acids in 
this lipid fraction (NEFA). 

MATERIALS AND METHODS 

Seventeen cases of classical Kwashiorkor 
infants of low social class attending the Cairo 
University Children Hospital were selected for 
the study. Their age was between 1-4 years. 
Thirteen normal children of the same age group 
were also studied. Fasting blood samples were 

collected from the internal jugular vein on the 
day following their admission to the hospital. 
The samples were kept in ice, analyzed for 
plasma NEFA by Dole's method (4) and frac- 
tionated for mono- and polyenoic acids by 
Abdel-Wahab's method (5) as follows: 0.3 ml 
aliquots of the heptane extracts containing the 
NEFA (equivalent to 0.1 ml plasma) were 
spotted on Whatman No. 1 filter paper strips 
previously impregnated with 5% (w/v) solution 
of silicone in ether according to the method 
of Schlenk et al. (6). The chromatograms 
were developed in acetic acid-H20 
system for 16 hr, dried and iodinated in a 
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FIG. 1. Mono- and polyenoic fatty acid distribu- 
tion in plasma nonesterified fatty acids in Kwashior- 
kor and normal infants, u Normal; D Kwashiorkor. 
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POLYENOIC FATTY ACIDS IN KWASHIORKOR 

TABLE I 

Mono- and Polyenoic Fatty Acid Distribution in Plasma 
Nonesterified Fatty Acids in Kwashiorkor and Normal 

209 

No. of cases Total NEFA Oleic Linoleic Linolenic 

#Eq/L uEq/L % uEq/L % #Eq/L % 

Normal 591 39.72 7.33 18.58 3.45 27.44 5.23 
(13) -+66 4-3.38 - + 0 . 9 6  "1"0.50 - + 0 . 4 6  -+2.64 -+ 1.00 

Kwashiorkor 445 48.74 12.22 24.64 6.30 35.63 8.46 
(17) -+32 +3.19 - + 1 . 3 6  +1.56 - - - 0 . 7 0  - + 2 . 4 5  -+0.69 

P < 0.05 0.005 0.0025 0.01 

mixture of KIO 3 and KI containing 100/JCi of 
K131I. The iodinated strips were dried in hot 
air to allow for evaporation of excess radio- 
active iodine and scanned in an automatic 
scanner (Frieske and Hoepfner GMB 452). 
Standard solutions of oleic, linoleic, linolenic 
and arachidonic acids (Sigma) were similarly 
treated. The data obtained were analyzed by 
the Student's t test. 

RESULTS 

The data obtained are given in Table I and 
Figure 1. Plasma NEFA levels were found to be 
much lower in Kwashiorkor infants (445 gtEq/L 
+ 32) than in normals (591 /~Eq/L + 66). The 
difference amounted to 146 /IEq/L which is 
statistically significant (P < 0.05). Oleic, lin- 
oleic and linolenic acids were detected in 
measurable amounts in plasma NEFA fractions 
obtained from Kwashiorkor and normal infants, 
but were much higher in Kwashiorkor. The 
differences are highly significant. Arachidonic 
acid was hardly detected in either group and 
the radioactivity was always somewhat higher 
than the background. 

DISCUSSION 

The data presented in this study showed a 
statistically significant diminution in the total 
plasma NEFA concentration in Kwashiorkor 
than in normal infants. This is contradictory to 
the claim of Lewis et al. (7,8), who gave ele- 
vated NEFA levels in Kwashiorkor. 

In Kwashiorkor the diet is very rich in carbo- 
hydrate, usually low in fat and very poor in 
protein. Such conditions favor fatty infiltration 
as they induce a fault in the transport of fat 
from the liver to the peripheral tissues due to 
reduced synthesis of lipoproteins or their pre- 
cursors apoproteins. Such findings were con- 
firmed by Monckeberg (3). 

Various hormonal changes were reported in 

Kwashiorkor by several workers. Pathological 
and biochemical evidences for depression of 
suprarenal function were reported (9-12), 
i n c l u d i n g  l o w  blood eosinophil counts, 
diminished urinary excretion of 17-ketosteroids 
and 17-hydroxysteroids and glandular atrophy. 
E v i d e n c e  o f  p i tu i ta ry  hypofunction in 
Kwashiorkor and protein malnutrition in 
general was also described (13,14). The thyroid 
gland is also affected in Kwashiorkor but not to 
the degree of producing clinical evidence of 
hypothyroidism (14). Low BMR, reduced 1311 
uptake and low serum PBI were reported. 

Thus, in Kwashiorkor it is possible that the 
depression of suprarenal, pituitary and thyroid 
functions, together with the possibility that 
there is inadequate plasma albumin for NEFA 
carriage may be the cause of the recorded 
decrease of plasma NEFA levels in our cases, 
than normal infants. 

The distribution of mono- and polyenoic 
fatty acids in the plasma NEFA showed also a 
wide variation from normal, the differences 
from normal were always highly significant. 
The raised levels of the polyenoic fatty acids in 
Kwashiorkor can be attributed to the needs for 
these acids for the synthesis of fat, and/or be 
due to the preferential utilization of polyun- 
saturated fatty acids in the mobilization of 
other lipid components. 

The higher levels of the polyenoic fatty acids 
encountered in our series are contradictory to 
the claim of other authors (15,16) who 
reported lower values or even values more or 
less similar to the normal. In our series NEFA 
fraction was examined while in other reports 
the serum total lipids were analyzed. 

One can conclude from the previously dis- 
cussed data that the excess carbohydrate in the 
diet of Kwashiorkor in addition to the state of  
hyperinsulinism, whether absolute or relative 
due to the deficiency of the pituitary, supra- 
renal and thyroid hormones, are responsible for 
the adequate lipogenesis and abundant of adi- 
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p o s e  t i s sue  fa t  w i t h  c o n s e q u e n t  d e c r e a s e  in  
N E F A  levels  in  p l a s m a .  Stil l  t h e  e n d o c r i n a l  
i m b a l a n c e  e v i d e n t  in  K w a s h i o r k o r  m a y  a f f e c t  
t h e  d i s t r i b u t i o n  o f  s a t u r a t e d  a n d  u n s a t u r a t e d  
f a t t y  a c id s  b y  s t i m u l a t i o n  o f  d i f f e r e n t i a l  r e l ea se  
o f  d e p o t  f a t t y  ac ids  i n h i b i t i n g  t h e  r e l ease  o f  
s a t u r a t e d  ac ids .  
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SHORT COMMUNICATIONS 

Free Fatty Acid Production in Cerebral White 
and Grey Matter of the Squirrel Monkey 
ABSTRACT 

The free f a t t y  acid level of  squirre l  
m o n k e y  b ra in  was s h o w n  to rise very 
rap id ly  af te r  the  b lood  supply  to the  
b ra in  was cut  off,  in ag reemen t  w i t h  pre- 
viously r epo r t ed  data  for  ra t  brain.  

In previous  c o m m u n i c a t i o n s  we descr ibed a 
rapid ,  l inear  and  un ique  en la rgemen t  of  the  ra t  
b ra in  free f a t t y  acid ( F F A )  poo l  as a con- 
sequence  of  a few mi nu t e s  of  i schemia  and  
convuls ions  (1,2) .  

To ascer ta in  w h e t h e r  th is  is a pecul iar  phe-  
n o m e n o n  l inked  to  the  ra t  b ra in  or it is also 
p resen t  in o t h e r  species, we have inves t iga ted  
the  b ra in  F F A  pool  size a f te r  varying per iods  of  
p o s t d e c a p i t a t i o n  in the  squirre l  m o n k e y ;  at  the  
same t ime  we have d e t e r m i n e d  the  F F A  con- 
t e n t  of  grey and  whi te  ma t t e r .  

Squirrel  m o n k e y s  (Saimiri sciurens) were 
used in this  s tudy.  They  were decap i t a t ed  as 
soon  as possible a f te r  cap ture  f rom the  hous ing  
cage. The  samples  were excised wi th  a scalpel 
and  h o m o g e n i z e d  in CHC13-CH3OH 2:1 (v/v)  at 
prese lec ted  t ime  intervals  (Table  I). The  first 
g roup  of  samples  represen t s  the  fastest  t ime  
in terva l  possible.  The  p rocedures  fo l lowed for  
the  e x t r a c t i o n  of  the  lipids, and  isola t ion  and  
d e t e r m i n a t i o n  of  F F A  have previously  b e e n  

descr ibed in detai l  (2,3).  Since the  t issue 
s a m p l e s  were rapid ly  h o m o g e n i z e d  af te r  
r emova l  and  no  t ime  was spent  in weighing,  the  
resul ts  are expressed as mic rograms  of  free f a t t y  
acids per  600 ~g of  phospho l i p id  P. The  la t t e r  
was measured  by  the  m e t h o d  of  Bar t le t t  (4).  

The  resul ts  s h o w n  in Table  I ind ica te  t h a t  
dur ing  the  first few minu t e s  fo l lowing shu t t i ng  
off  the  b lood  supply ,  a s t r ik ing  and  l inear  
p r o d u c t i o n  of F F A  occurs  in m o n k e y  grey 
ma t t e r .  The  data  also show a m u c h  slower 
appearance  of  F F A  in whi t e  ma t t e r .  This  sug- 
gests t h a t  the  i schemia  i nduced  p h e n o m e n o n  is 
p resent  in two  widely d i f fe ren t  an imals  and  
t ha t  there  is a highly s ignif icant  d i f fe rence  in 
the  capabi l i ty  of  p r o d u c t i o n  of  F F A  in two  
parts  of  the  nervous  tissue analyzed.  These  
results  suppor t  ou r  previous  suggest ion t h a t  
mye l in  is no t  the  ma in  source  of  b ra in  F F A  (2). 

Even when  the  whi te  m a t t e r  i n c r e m e n t  is 
s lower  t h a n  t h a t  occur r ing  in grey ma t t e r ,  t he  
F F A  p r o d u c t i o n  of the  f o r m e r  seems to be  
h igher  t han  the  expec t ed  ra te .  Since the  pre- 
d o m i n a n t  F F A  genera ted  in ra t  b ra in  were un-  
sa tu ra ted  and  a rach idon ic  acid was a ma in  com- 
p o n e n t ,  it was t h o u g h t  t ha t  some act ive polar  
l ipids of  s t ruc tu res  o t h e r  t h a n  mye l in  may  well 
be the  major  source of  the  free acids (2). The 
i n c r e m e n t  of the  F F A  in i schemic  m o n k e y  
whi t e  m a t t e r  may well be re la ted  to  o t h e r  

~ t r u c t u r e s  t h a n  mye l in  such  as axona l  and  mi to-  

TABLE I 

Effect of Postdecapitation Ischemia on the Free Fatty Acid Content of 
Grey and White Cerebral Matter 

Samples a 

Tissue samples 92(88-94) 143(140-145) 205(200-208) 470(466-473) 

Cerebral cortex b 108 c + 4.1 d(6)e 151 -I- 4.3(5) 198 + 5.3(4) 248 --- 5.8(6) 
White matter f . . . . . .  53 ---6.1(5) 114 + 7.6(6) 

aEach number represents the time intervals in seconds between decapitation and homogenization 
in CHCI3-CH3OH 2:1 (v/v). The numbers between parenthesis are the range. 

bCerebral cortex obtained from the parietal lobe. 
CThe results are expressed in micrograms of free fatty acids per 600 #g of phosphorus. 
dValues are means + standard error of mean. 
eFigures between parenthesis indicates the number of samples. 
fWhite matter excised from beneath the above mentioned cortical sample. 
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chondr ia l  m e m b r a n e s .  I t  was r e p o r t e d  t h a t  
a u t o l y s i n g  h u m a n  whi t e  m a t t e r  con ta ins  
increased levels of  F F A  several hou r s  a f te r  
d e a t h  while  f resh whi t e  m a t t e r  have on ly  t races  
(5). On the  o t h e r  hand ,  foci  of  encepha lo-  
malac ic  areas of h u m a n  b ra in  showed  an aug- 
m e n t a t i o n  of  F F A  (5,6)  as in  t he  case of  malig- 
nan t  t u m o r s  of h u m a n  b ra in  (7).  Rouse r  et  al. 
(8)  have ind ica t ed  t h a t  t he  F F A  c o n t e n t  of  a 
t issue lipid ex t r ac t  may  be  used as an  i nd i ca t i on  
of  the  e x t e n t  of  deg rada t ion  and  autolysis .  In  
a n o t h e r  s tudy ,  Rouser  et  al. (9)  p resen t  f igures 
of  the  F F A  c o n t e n t  of  h u m a n  b ra in  samples  
t h a t  r ep resen t  values m u c h  h igher  t h a n  those  
o b t a i n e d  for  an imal  bra ins  (1-3).  F r o m  these  
r epor t s  and  the  present  s t udy  it is conc luded  
t h a t  a very rapid  p r o d u c t i o n  of  F F A  takes  place 
in i schemic  m a m m a l i a n  b ra in  and  t h a t  such  
p h e n o m e n a  take place ma in ly  in grey ma t t e r .  

A clear d i s t inc t ion  shou ld  be made  b e t w e e n  
t he  very early phase  of  i schemia ,  w h e n  such  
rapid  p r o d u c t i o n  occurs ,  and  the  p o s t m o r t e m  
au to ly t i c  degrada t ion  of  l ipids dur ing  the  
irreversible phase  of  oxygen  depr iva t ion .  
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The Fatty Acid Composition of Depot Fat in Childhood" 
II. A Comparison of Superficial and Deep Fat 

ABSTRACT 

The fa t ty  acid c o m p o s i t i o n  of  the  trigly- 
cerides in samples  of  d e p o t  fat  o b t a i n e d  
f rom superficial  a b d o m i n a l  wall  and  f rom 
deep p r o p e r i t o n e a l  sites in ch i ld ren  has  b e e n  
de t e rmined .  A l t h o u g h  no  clear p a t t e r n  was 
observed,  d i f ferences  in ind iv idua l  subjec ts  
could usually be d e m o n s t r a t e d  b e t w e e n  
c o m p o s i t i o n  at  the  two  sites. A l t h o u g h  the  

d i f ferences  in mos t  ins tances  were re la t ively  
small, these  f indings  p rov ide  f u r t h e r  evi- 
dence  against  t he  concep t  of  the  u n i f o r m  
c o m p o s i t i o n  of  h u m a n  depo t  fat .  

In  1901,  Henr iques  and  Hansen  (1)  showed  
tha t  in the  hog,  fat  f r o m  superf icial  depo t s  was 
more  u n s a t u r a t e d ,  and  t h e r e f o r e  less hard ,  t h a n  
fat  f r om deep b o d y  cavities such  as per i renal ,  

TABLE I 

Individual Differences in Percentage Fatty Acid Composition 
Between Superficial and Deep Fat in 1,7 Subjects a 

Fatty acid 

12:0 14:0 16:0 16:1 18:0 18:1 18:2 18:3 

Super. ~Deep  1 2 4 6 4 7 4 3 
No difference 10 8 7 8 8 7 8 11 
Deep ~Super .  6 7 6 3 5 3 5 3 

aSignificance is p ( 0 . 0 1 ,  
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The Fatty Acid Composition of Depot Fat in Childhood" 
II. A Comparison of Superficial and Deep Fat 

ABSTRACT 

The fa t ty  acid c o m p o s i t i o n  of  the  trigly- 
cerides in samples  of  d e p o t  fat  o b t a i n e d  
f rom superficial  a b d o m i n a l  wall  and  f rom 
deep p r o p e r i t o n e a l  sites in ch i ld ren  has  b e e n  
de t e rmined .  A l t h o u g h  no  clear p a t t e r n  was 
observed,  d i f ferences  in ind iv idua l  subjec ts  
could usually be d e m o n s t r a t e d  b e t w e e n  
c o m p o s i t i o n  at  the  two  sites. A l t h o u g h  the  

d i f ferences  in mos t  ins tances  were re la t ively  
small, these  f indings  p rov ide  f u r t h e r  evi- 
dence  against  t he  concep t  of  the  u n i f o r m  
c o m p o s i t i o n  of  h u m a n  depo t  fat .  

In  1901,  Henr iques  and  Hansen  (1)  showed  
tha t  in the  hog,  fat  f r o m  superf icial  depo t s  was 
more  u n s a t u r a t e d ,  and  t h e r e f o r e  less hard ,  t h a n  
fat  f r om deep b o d y  cavities such  as per i renal ,  

TABLE I 

Individual Differences in Percentage Fatty Acid Composition 
Between Superficial and Deep Fat in 1,7 Subjects a 

Fatty acid 

12:0 14:0 16:0 16:1 18:0 18:1 18:2 18:3 

Super. ~Deep  1 2 4 6 4 7 4 3 
No difference 10 8 7 8 8 7 8 11 
Deep ~Super .  6 7 6 3 5 3 5 3 

aSignificance is p ( 0 . 0 1 ,  
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pericardial or omental tissues�9 They concluded 
that the temperature of the tissue was the 
determining factor, since unsaturated fats have 
a lower melting point�9 Further studies by Dean 
and Hilditch (2) confirmed this, although it was 
found that the increase in unsaturation was 
confined to the most superficial subcutaneous 
layers�9 The subject is reviewed by Hilditch and 
Williams (3). Accordingly it has been customary 
to consider that such variations in composition 
occur in all mammals, perhaps excluding man. 

We have recently demonstrated that there is 
a continuing change in the fatty acid compo- 
sition of human subcutaneous abdominal wall 
fat from birth towards puberty (4). Since we 
have shown age-dependence in superficial fat 
composition, it is necessary to avoid this 
variable in a comparative study by utilizing 
paired samples from individual subjects�9 

Small (0.1 to 0.5 g) samples of subcutaneous 
abdominal wall and deep properitoneal (sub- 
serous) fat were obtained at the time of 
surgery, usually for elective hernia repair�9 Con- 
sequently there were 13 male but only 4 female 
subjects�9 Ages ranged from early infancy to 17 
years�9 The tissue was cleaned of gross blood and 
stored in 0.9% saline containing 0.5% hydro- 
quinone as an antioxidant; it was frozen as soon 
as possible, always within 1 hr. Two or usually 
three portions weighing from 30 to 60 mg were 
prepared for fatty acid analysis by gas liquid 
chromatography as described previously (4). 

While each sample may not necessarily be as 
representative of the tissue as separately col- 
lected samples might, this method provides 
some estimate of variation due to analytical 
technique�9 As will be noted, such variation was 
extremely small�9 

A summary of our results is presented in 
Table I. Since we have shown that at least 
superficial fat composition is age-dependent in 
childhood, it is not possible to study group 
findings (4). Accordingly, the mean and 
standard error of the mean for individual super- 
ficial and deep samples were calculated, making 
use of the duplicate or triplicate analyses�9 The 
means were then compared using the "t" test�9 

Between superficial and deep composition, 
every subject showed a significant difference in 
percentage composition of at least one fatty 
acid. In 32% of instances the difference was 
highly significant (p<0.001) ,  and in 68% it was 
probably significant (p<0.05).  However the dif- 
ferences appear to be random, in that they are 
not related to the age or sex of the subject, and 
in a given fatty acid the level in superficial fat 
may be greater or less than in deep fat. Differ- 
ences were most common in linoleic acid (18:2) 
and least common in linolenic (18:3). 
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The  deta i led  f indings  in th ree  represen ta t ive  
subjects  are shown  in Table  II. The  level of  
stearic acid in the  th i rd  subjec t  is lower  t h a n  
any  in our  previous  series (4)  a l t h o u g h  the  
range in pos t -ado lescen t  females  (2-8%) was 
wide:  this  is p r e sumab ly  of  d ie ta ry  origin 
a l t h o u g h  no h i s to ry  of  unusua l  d ie tary  hab i t s  
was evident .  

The  l i te ra ture  w i th  regard to  the  ef fec t  of  
sample site in h u m a n  adipose  f a t t y  acid compo-  
s i t ion is re lat ively scarce, in par t  due to the  
t e n d e n c y  to sample f rom only  one  site in 
surveys. The  use of  the  Hirsch  asp i ra t ion  tech-  
n ique  has  focused a t t e n t i o n ,  in the  living 
subject ,  on  b u t t o c k  fat .  Most  papers  do no t  
provide  data  on  chi ldren.  In those  s tudies  where  
mul t ip le  sites were sampled ,  mos t  au tho r s  
f o u n d  no d i f fe rence  b e t w e e n  the  f a t ty  acid 
p r o p o r t i o n s  in superf icial  ( t runka l )  and  deep 
(mesenter ic ,  o m e n t a l  or p rope r i t onea l )  adipose  
t issue (5-8). 

Kingsbury  et  al. (9) r epo r t ed  a sl ightly 
h igher  level of  s tearic  acid ( 1 8 : 0 )  in pe r inephr i c  
fat  as compared  w i th  t issues f rom the  abdomi -  
nal wall  or b u t t o c k  regions in adul ts ,  bu t  con- 
s idered the  d i f fe rence  a lmos t  ins ignif icant .  

Hegs ted t  et al. (10) ,  in a s t udy  of  f a t t y  acid 
pa t t e rns  in var ious b o d y  sites in subjec ts  f rom 
various par ts  of  the  wor ld ,  showed  t h a t  the re  
was a l i t t le  var ia t ion  wi th  site in some adul t  
samples,  bu t  no par t icu lar  p a t t e r n  emerged.  

McLaren  et al. (11)  showed  tha t  in general  
fat  f r om deep i n t r a - a b d o m i n a l  sites c o n t a i n e d  
more  stearic  ( 1 8 : 0 )  and  less pa lmi to le ic  ( 1 6 : 1 )  
acid t h a n  samples  f rom superficial ,  main ly  l imb 
sites. However  there  is def in i te  ev idence  sug- 
gesting t h a t  fat  f r om the  distal  l imb (5 ,6 ,11 ,12)  
or in t ra-ar t icular  (11)  sites is of  qui te  d i f fe ren t  
f a t t y  acid compos i t i on  t h a n  f rom the  rest  of  
the  body .  

Baker  (13)  has s h o w n  a h igher  level of  
l inoleic ( 1 8 : 2 )  acid in per i rena l  fat  c o m p a r e d  to 
s u b c u t a n e o u s  fat  in p r e m a t u r e  in fan ts ,  bu t  no t  
in n o r m a l  n e w b o r n s  or o lder  chi ldren.  

In general  the  data  in adul t s  has  suggested no  
real compos i t i ona l  d i f f e r e n c e s  in t r iglycer ides  
f r o m  various t r unka l  sites. The presen t  resul ts  
def in i te ly  show such  d i f ferences  in indiv idual  
subjects ;  however ,  t he  data  give no  lead as to  
the  mechan i sms  of  such dif ferences ,  as t h e y  do 
no t  seem to be re la ted  to age or sex, and  vary 
f rom one  individual  to  ano the r .  

J .A. B I R K B E C K  
D e p a r t m e n t  of  Pedia t r ics  
Univers i ty  of  Br i t i sh  Co lumbia  
Vancouver ,  Canada  
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Sterols in Chloroplasts: A Description of Two 
Qualitatively Distinct Forms 1 
B.A. KNIGHTS, Department of Botany, 
University of Glasgow, Glasgow, W,2., Scotland 

ABSTRACT 

Chloroplasts from eight plant species 
have been extracted sequentially with 
petroleum ether (PE) and acetone (A) 
and the extracts analyzed for sterols. 
Cholesterol was a component of all frac- 
tions analyzed but it was found that the 
A fraction of each species contained rela- 
tively much more cholesterol than the PE 
fraction. Other components of the PE 
sterol fractions were plant sterols typical 
of the species examined and were quanti- 
tatively marl(edly different from those in 
the corresponding A fractions. The yield 
of sterol from chloroplasts was found to 
be 0.02-0.03% and the ratio of the PE/A 
fractions to be 5:1-19:1. 

INTRODUCTION 

Several earlier references, detailed by Mercer 
and Treharne (1), indicated that the occurrence 
of sterols in chloroplasts had been a subject for 

1One of 12 papers to be published from the 
"Sterol Symposium" presented at the AOCS Meeting, 
New Orleans, April 1970. 

ISOLATION 
HOMOGENIZE LEAF IN I% NaCl 

CENTRIFUGE [1500 rprn. M.S.E. MISTRAL] 

~ eLtet + Supernatant 

1)SUSPEND 2)CENTRIFUGE 10rain. 

400rpm [RCF. 24g]  

P, ~S~ 

'" 900rprn [ RCF 110g] 

. P' i ' :300 r p m [.RCF 220g] 
4. 4, 
P~. S~. 

FIG. 1. Pellets P3 and P4 contained chloroplast 
and were recentrifuged three times to remove contami- 
nating particles. All other fractions were discarded. 

dispute. However they were able to demon- 
strate clearly the presence of sterols in highly 
p u r i f i e d  c h l o r o p l a s t  preparations from 
Phaseolus vulgaris and to show that, while 
sterols were apparently leached out by hexane 
during the isolation process, further sterols 
could still be extracted, using acetone, after five 
washings with hexane. The acetone extracted 
sterols apparently consisted predominantly of 
cholesterol, wltile the hexane extracted fraction 
consisted largely of C-28 and C-29 sterols (1,2). 
It has also been found, using gas liquid chro- 
matography (GLC), that chloroplasts from 
Spinacia oleracea contain cholesterol together 
with ot-spinasterol and AT-stigmastenol (3) and 
that chloroplasts from Zea mays may be 
divided into two fractions (4). In the first of 
these, esterified sterols, cholesterol constituted 
50% of the mixture and/3-sitosterol 35%, while 
in the second fraction, unesterified sterols, the 
composition was: cholesterol 2-3%, carnpesterol 
ca. 13%, stigmasterol ca. 25% and /3-sitosterol 
ca. 59%. No attempt was made with these two 
species to extract the chloroplasts sequentially 
with solvents of differing polarity. 

It has been reported that sterols are synthe- 
sized outside the chloroplast and subsequently 
transferred to the developing organeUe during 
greening of etiolated seedlings (5) and that this 

LYCOPERSICON ESCULENTUM 

A C34H70 

ACETONE ]11] L C32H66 

~ T A T E S  
A CHOLESTEROL 

~ ~201Jg B 
C CAMPESTEROL 

A D STIGMASTEROL 
PETROLEUM ETHER / E I~-SITOSTEROL 

70}Jg F AVENAST EROE 
D G CYCLOARTE NOL 

E 37#g ]1/ 
F3~ 32~g /~ C B ~x2 

.7e5. 4. ~,2 , ,~ . , . 
60 48 MIN. 36 2; 12 

FIG. 2. Acetylated sterols from chloroplasts. 
C32H66 was added as internal standard and C34H70 
was an impurity in this compound. Quantities of each 
sterol, in #g, are indicated. Mass spectral scans were 
taken at the points indicated by Arabic numerals 
below the peaks. 
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TABLE I 

Sterols in Chloroplasts 

Sterols b, % 

Species Extract a 1 2 3 4 5 6 7 8 

S. alba PE 4.0 Trace I 1.2 --- 72.5 . . . . . .  11.5 
A 23.0 25.0 Trace Trace 34.0 --- 10.6 7.4 

L. sativa PE 12.0 --- 6.4 27.8 49.2 . . . . . .  4.2 c 
A 43.6 -- 17.0 8.7 26.2 . . . . . .  4.5 c 

. P. vulgaris PE d 2.0 -- 9.0 30.0 59.0 . . . . . . . . .  
A 11.0 --- 5.2 25.0 58.8 . . . . . . . . .  

B. vulgaris PE 7.2 --- Trace 7.3 52.6 e 52.6 e 32.9 Trace 
A 53.6 --- Trace 8.5 22.6 e 22.6 e 15.3 Trace 

S. oleracea PE 30.0 . . . . . . . . .  60.5 e 60.5 e --- 9.5 c 
A 50.0 --- 10.0 --- 40.0 e 40.0 e Trace Trace 

S. tuberosum PE 30.3 14.6 Trace 13.1 42.0 . . . . . . . . .  
A ~ 4 0 . 0  ? --- ? ~ 4 0 . 0  . . . . . . . . .  

L. esculentum PE 36.5 4.8 3.9 19.1 17.2 --- 17.4 17.4 f 
A 80.0 . . . . . .  Trace 20.0 . . . . . . . . .  

N. tabacum PE 11.4 5.9 16.5 29.0 30.5 . . . . . .  6.7 
A 61.7 --- 11.8 6.8 19.7 . . . . . . . . .  

apE, petroleum ether extract; A, acetone extract. 
bSterols: 1, cholesterol; 2, brassicasterol; 3, campesterol; 4, stigmasterol; 5, /3-sitosterol; 6, ~-spinasterol; 7, 

AS-avenasterol; 8, AxT-stigmastenol; and cycloartenol. 
cs 
dChloroplasts from this species were only extracted 6 x PE. 
ei3-Sitosterol and ~-spinasterol were only partially resolved by GLC. The latter predominated in PE extracts 

and the former in A extracts. 
fCycloartenol. 

p rocess  is con t ro l led  by  the  p h y t o c h r o m e  
s y s t e m  (2). Dur ing  s tud ies  in the  Cruci ferae  it 
was f o u n d  tha t ,  in t h o se  cases where  choles te ro l  
was absen t  f r o m  the  seed,  this  s terol  was bio- 
s y n t h e s i z e d  very rapidly  fo l lowing g e r m i n a t i o n  
(6). Choles te ro l ,  w h i c h  is k n o w n  to  occur  in 
several p lan t  species (7,8) ,  m a y  play  a role in 
the  d e v e l o p m e n t  and  f u n c t i o n  of  ch loroplas t s .  
This  paper  descr ibes  an  inves t iga t ion  in to  the  
s terol  c o m p o s i t i o n  o f  ch lo rop las t s  i sola ted f r o m  
a n u m b e r  of  sources .  

EXPERIMENTAL PROCEDURES 

The  m e t h o d  is i so la t ing  ch lo rop las t s  is ou t -  
f ined in Figure  1. Ch lorop las t s  were f o u n d  in 
b o t h  the  P3 (110  g) and  P4 (220  g ) f r a c t i o n s  
and  were f u r t h e r  c leaned by  s u s p e n d i n g  and  
recen t r i fug ing  the  pellets  in 1% s o d i u m  chlor ide  
so lu t ion  th ree  more  t imes .  The  ch lorop las t  
pel lets  were e x a m i n e d  mic roscop ica l ly  for  con-  
t a m i n a n t s ;  few bacter ia  could  be d e t e c t e d  
(<1%)  and  the  pr incipal  c o n t a m i n a n t  was 
a lways  f o u n d  to be s t a rch  grains.  The  grana 
were clearly visible in all cases and  the  chloro-  
plas ts  appea red  to  have largely r e t a ined  thei r  
shape  and  co n t en t s .  Ch lo rop las t s  were ob t a ined  

in the indica ted  f rac t ions  f r o m  the  fo l lowing 
species:  Sinapis alba, 110 g, (Hurs t ,  G u n s o n ,  
Cooper ,  Taber ;  W i t h a m  Essex);  Lactuca sativa, 
110 g, cv Grand  Rapids  (Page Seed Co.,  Greene ,  
New York ,  U.S.A.) ;  Phaseolus vulgaris, 110 g, 
cv K e n t u c k y  Wonder  (Hurs t ,  G u n s o n ,  Cooper ,  
Taber ;  Wi tham,  Essex) ;  Beta vulgaris, 110 and  
220 g, cv Sp inach  Beet (Hurs t ,  G u n s o n ,  Cooper ,  
Taber ;  W i t h a m  Essex);  Spinacia oleracea, 110 

and  220 g (McPhee,  Moss Street ,  Paisley,  Ren-  
f rewshire) ;  Solanum tuberosum,  1 10 g, m i x t u r e  
of  five variet ies;  Lycopers icon esculentum,  110 
and  220 g, cv M o n e y  Cross  (Pine Tree 
Nurser ies ,  Pair ,  Cornwal l ) ;  and  Nicontiana 
tabacum, 110 g, cv White  Bur ley  (Dobbie  and  
Co. Ltd . ,  P.O. Box No. 113, Ed inburgh) .  

P lants  were cul t iva ted  as fo l lows:  S. alba in 
po ts  in a g r o w t h  e n v i r o n m e n t  c h a m b e r  (6) 
unde r  a l te rna te  per iods  o f  8 hr  c o n t i n u o u s  
i l l umina t ion  and  16 hr  da rkness  to  p reven t  
f lower  i n d u c t i o n ;  B. vulgaris was g row n  ou t s ide  
in the  d e p a r t m e n t a l  e x p e r i m e n t a l  garden;  all 
o the r  species were g rown  in po t s  in a green-  
h o u s e  us ing  s u p p l e m e n t a r y  f ight ing dur ing  the  
win te r  (L. sativa and  S. tuberosum).  Water ing  
was carried ou t  us ing  a m o d i f i e d  H o a g l a n d ' s  
n u t r i e n t  so lu t ion  (6).  Plant  mate r ia l  o f  var ious  
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ages was stored frozen or used freshly 
harvested. 

Sterols were isolated as follows: (a) dry 
chloroplasts: vacuum, Na 2 SO 4 ; (b) extraction: 
15 x petroleum ether and 6 x acetone; (c) 
saponify (NaOH); (d) digitonin precipitation of 
nonsaponifiable fraction; (e) add nC32H66 , 
BSA; (f) GLC. It was felt that the best drying 
technique for the chloroplasts was to vacuum 
desiccate until  most of the occluded water had 
been removed from the pellet and then to add 
petroleum ether (PE) and anhydrous sodium 
sulfate with stirring (spatula) until a fine 
powder was formed. Vacuum desiccation alone 
produced a hard pellet which was not easily 
broken up for extraction. Extraction with PE 
(b p 40-60 C) was achieved by heating for 5 
min at 40-50C followed by centrifugation 
(1000 g) and decantation. The process was 
repeated 15 times to give the PE fraction and 
was followed by six extractions with acetone (A) 
to give the A fraction. It was necessary to extract 
these numbers of times because material was 
still being extracted after 10 extractions with 
PE (as indicated by the results for P. vulgaris in 
Table I where only six extractions were used to 
produce the PE fraction). 

Sterols were isolated by previously described 
techniques (6,9) and were analyzed by GLC 
using 3% OV-17 coated on Gas Chrom Q 
( A p p l i e d  Science  Laboratories pretested 
packing) as stationary phase at 255 C. Prior to 
GLC a known amount of nC32H66 was added 
as an internal standard for the analysis, fol- 
lowed by bistrimethylsilyl acetamide (BSA) to 
prepare trimethylsilyl ethers. Samples were 
ready for analysis after 10 min. Using standard 
mixtures, cholesteryl trimethylsilyl ether and 
nC32H66 produced similar response-weight 
ratios in the flame ionization detector (Pye 104 
model 14) and the ratio of responses 
remained constant over a wide range of sample 
sizes. For the purpose of quantitative analyses, 
it was assumed that all sterols were eluted from 
the column with equal efficiency and that they 
all exhibited similar responses in the detector 
(10). 

GLC-mass spectrometry was carried out 
using an LKB 9000 mass spectrometer fitted 
with a 1% OV-17 column at 250 C operated 
under previously described conditions (11). For 
this analysis, sterols from chloroplasts of L. 
esculentum were used and were converted to 
acetates prior to analysis (Fig. 2). 

RESULTS 
Table I contains a list of the percentages of 

each sterol detected by GLC in both the PE and 
A fractions from chloroplasts isolated from 

TABLE II 
Quantitative Analyses 

Sterol 
yield 

PE A Ratio, 
Species (#g) (/~g) PE/A Yield a, % 

N. tabacum 76 4 19 --- 
S. tuberosum 39 2 19 --- 
L. esculentum 188 30 6.3 "~ 0.02 
S. oleracea S3 10 6.3 "-0.03 

aDry weight of chloroplasts. 

eight species, representatives of five families, 
studied in this work, and a representative result 
obtained as the acetates, from L. esculentum is 
illustrated in Figure 2. The assignments in Table 
I are based upon known GLC properties and 
known sterols in species examined. They were 
confirmed by combined GLC mass spectro- 
metry for L. esculentum.  It is apparent that 
cholesterol is present in all fractions in both 
series and represents a consistently higher pro- 
portion of the total sterol in the A fractions 
when compared with the corresponding PE 
fractions. The range of proportion of choles- 
terol in the PE fractions (4-36%) approximately 
parallels that observed by GLC for cholesterol 
in various green tissues which have been subject 
to PE extraction and analysis by GLC (9). 
Although lower than described in the literature 
for Ph. vulgaris, the general range of cholesterol 
proportions in the A fractions is comparable to 
that noted by Mercer and Treharne (1). It 
should be stressed that in the present work, 
chloroplasts from Ph. vulgaris were not com- 
pletely extracted with PE prior to acetone 
extraction and therefore this result must be set 
aside in any detailed discussion. S. alba is 
remarkable in having the least cholesterol in the 
A fraction and for having a significant quantity 
of a sterol presumed to be brassicasterol (a 
sterol typical of the tribe bassicinae in the 
family Cruciferae and known (6) to be present 
in seed of S. alba). It is noteworthy that brassi- 
casterol is not detectable in oven-dried leaf 
material of some members of the Cruciferae 
after the seedling stage of growth until the 
plants have flowered and start to fruit. Thus it 
is possible that this component of chloroplasts 
from S. alba may originate in the sterols stored 
in the seed and be incorporated into the A 
fraction of the developing chloroplast along 
with AS-avenasterol, which is also present in 
the seed of this species. This hypothesis might 
be verified using another species of the 
Cruciferae with a differing seed sterol fraction 
(e.g. Lepidium sativum, Cheiranthus cheiri (6). 
Also, brassicasterol is the only sterol from 
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higher plants known to have the (24S) configu- 
rat ion but that  o ther  (24S) sterols are of ten  
found in green algae. While this also represents 
a possible area for fur ther  s tudy,  at the present 
t ime, GLC is not  a suitable me thod  for dis- 
tinguishing the s tereochemis t ry  at C-24 in most  
sterols; the structural  assignments in this work  
have been made with  this l imita t ion in mind.  

Campesterol ,  or its C-24 isomer,  22-dihydro- 
brassicasterol, was only a minor  componen t  of  
all fractions examined but  C29 sterols were 
c o m m o n l y  present in all fractions.  The 
principal C29 sterol was/3-sitosterol except  for 
the PE fract ions of  the two members  of  the 
Chenopodiaceae ,  B. vulgaris and S. oleracea, 
where the main sterol was c~-spinasterol. While 
stigmasterol was of ten detected,  AS-avenasterol 
[(24Z)-stigmasta-5,24(28)-dien-3/3-01] (12) was 
only de tec ted  in measurable quant i ty  in the A 
fract ion f rom S. alba and bo th  fractions f rom 
B. vulgaris. It  was also de tec ted  in a partially 
resolved, mixed  peak f rom L. esculentum when 
the second componen t  was shown,  by GLC 
mass spec t romet ry ,  to be cycloar tenol .  GLC 
mass spec t romet ry  conf i rmed the ident i ty  of  
most  of  the compounds  present in b o t h  frac- 
t ions of this species; scans were obta ined at the  
points  indicated in Figure 2. 

Table III lists the results of  quant i ta t ive  
analyses which give an indicat ion of  the  relative 
propor t ions  of  the PE and A fractions.  The 
ratios PE/A are comparable  to that  obta ined  by 
Mercer and Treharne for Ph. vulgaris, but  the 
overall  yield of  sterol appears to be appreciably 
lower than theirs (1). 

The PE/A ratios and the general  compos i t ion  
of the two fractions obta ined  in the present 
results parallel closely the  results quo ted  by 
Kemp and Mercer for Z. mays (4). Their  un- 
esterified sterol f ract ion corresponded approxi-  
mate ly  in relative amount  and composi t ion  to 
the PE fract ions and their  esterified sterol frac- 
t ion corresponded closely to the A fractions.  
This correspondence p rompted  the idea that  
the PE fract ion of chloroplast  sterols might  be 
unesterif ied and readily accessible to ext rac t ion  
by l ipophilic solvents and that  the A fract ion 
might  be a deeply embedded  ester f ract ion sur- 
rounded  by a hydrophi l ic  layer and therefore  
comparat ively resistant to ex t rac t ion  by lipo- 
philic solvents. To test this theory ,  chloroplasts 
f rom P. vulgaris were ext rac ted  and subjected 
to separate analysis for free and esterified 
sterol. Contamina t ion  with  fungal spores made  
the isolation difficult  and reduced the yield so 
that  analysis was not  complete .  However ,  the 
results suggested that  the above theory  did not  
hold,  as sterols were de tec ted  in bo th  the 
esterified and unesterif ied parts of  the PE frac- 

t ion.  The esterified sterol seemed to be largely 
cholesterol  and fur ther  work  along these lines 
may provide addi t ional  in format ion .  

It has recent ly  been repor ted  (13) that  
sterols in the organism Euglena gracilis exist in 
four  forms. In bo th  the  green (light grown) and 
white  (dark grown) forms of  this organism 
sterols occurred in unesterif ied,  esterified, 
water  soluble-acid hydrolyzable  and water  
soluble-alkaline pyrogallol  labile (14) forms;  the 
two latter forms are not  extractable  wi th  ace- 
tone or ch lo roform-methano l  solvents. In the 
white form,  all four  fract ions contained about  
15% ot cholesterol ,  but  in the green fo rm there 
was a high specific binding of  cholesterol  con- 
st i tuting 80% of  the sterols in the alkaline 
pyrogallol  fo rm (37% of the to ta l )  and only 1% 
of the unesterif ied sterols (57% of the total) .  It 
is clear that  light has a marked effect  upon the 
binding of  sterols in E. gracilis. It appears also 
that  the selectivity of  this effect  is at least as 
marked as the selective locat ion of  cholesterol  
in the esterified sterol f ract ion of  chloroplasts  
f rom Z. rnays (4) and in the A fract ions of  the 
present investigation. While nei ther  the locat ion 
of  sterols in organelles f rom Euglena nor  the 
occurrence of water  soluble forms of  sterol in 
chloroplasts have been described, fur ther  s tudy 
may provide much  in format ion  on the binding 
of sterols in general and on the occurrence of  
sterols in chloroplasts in particular.  
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Regulation of the Sequencing in Sterol Biosynthesis 1 

WILLIAM R. NES, Department of Biological Sciences, 
Drexel University, Philadelphia, Pennsylvania 19104 

ABSTRACT 

The evolutionary development and 
sequencing of events in the biosynthetic 
pathway leading to sterols is reviewed and 
illustrated by recent experiments from 
the author's laboratory. 

It has now become apparent that the de 
novo biosynthesis of sterols occurs by essen- 
tially the same pathway regardless of the 
organism in which it takes place. Some of the 
reasons are: (a) mevalonic acid serves as the 
precursor of sterols in mammals (1), fungi 
(2,3), and lower and higher photosynthetic 
plants, e.g., phytoflagellates (4), brown algae 
(5), ferns (6), gymnosperms (7), and angio- 
sperms (8,9); (b) squalene is formed in and 
metabolized to sterols in both the animal 
(10,12) and nonphotosynthetic (2,13) and 
photosynthetic (14,15) plant kingdoms; (c) the  
labeling pattern in squalene is the same in both 
a n i m a l s  (16,17) and plants (18), when 
2-14C-mevalonate is used as substrate, indi- 
cating similarities both in the gross character of 
the pathway and in the stereochemistry of the 
isomerization of A3_ to A2- isopentenyl pyro- 
phosphate (18); (d) in the course of the latter 
isomerization as well as in the polymerization 
of the Cs-units, which leads to farnesyl pyro- 
phosphate and then to squalene, an H-atom is 
eliminated from the same side of the molecule 
in both nonphotosynthetic (19) and photosyn- 
thetic (20) plants and in animals (21), since in 
both cases (4R)-4-3Hl-mevalonate leads to 
retention of the label. Therefore, the biosynthe- 
tic problem has resolved itself into questions 
relating to the development and regulation of 
the sequence of events in this general pathway. 

About a decade ago, at the time when most 
of the available evidence was taken from the 
most highly evolved of the animals, i.e., mam- 
mals, we began an examination of the sterol 
pathway in fish to determine whether there 
were any obvious differences at this much 
lower level of vertebrate development. We were 
able to show (22) that mevalonate, squalene 
and lanosterol were intermediates and that, as 

1One of 12 papers being published from the 
"Sterol Symposium" presented at the AOCS Meeting, 
New Orleans, April 1970. 

had been found with rats, mevalonate was uti- 
lized much faster than its precursor, hydroxy- 
methylglutarate. More recently we (23), as well 
as Reitz and Hamilton (24), have demonstrated 
that sterols are present in blue-green algae 
which have been grown on a salt medium 
lacking in steroidal components. The sterols 
isolated must clearly have been biosynthesized 
in the algae. Blue-green algae are believed 
(25,26) to have arisen as much as two billion 
years ago, and show, by being procaryotic (27), 
a very primitive type of intracellular organiza- 
tion. In addition the isopentenoid trimer, 
farnesane, which probably is derived from 
farnesol, has been detected, along with other 
isopentenoids, (26,28,29) in the Soudan shale, 
dated at 2.5 billion years ago. It therefore 
seems very likely that the steroid pathway 
evolved more or less coincidentally with the 
evolution of life itself. In examining steroid 
biosynthesis in organisms presently extant, 
whatever the differences might be, we are likely 
to find that they are differences only in detail. 

Several major kinds of detail can vary. In the 
first place, there can be alternative portions of 
the same general pathway in a manner some- 
what analogous to the shunt so well described 
in glycolysis. Secondly, there can be additions 
to or deletions from the pathway producing, 
respectively, new metabolites or a dietary 
requirement for precursors or intermediates. 
The latter is especially well documented in 
insects (30,31 and references cited therein). 
Thirdly, there can be differential control at a 
quantitative level, i.e., the number of molecules 
which pass through a given point in the path- 
way per unit time may be different from tissue 
to tissue, from organism to organism, and from 
time to time, and the manner in which this 
regulation is imposed may vary. 

The first and most obvious influence on con- 
trol at either the qualitative (structural) or 
quantitative (kinetic) level is the intrinsic 
chemistry of the substrate. In the steroid field 
this was perhaps first vividly demonstrated by 
the finding in Bloch's laboratory (32) that 
during conversion of lanosterol to cholesterol 
position 3 is oxidized to a carbonyl group and 
then reduced back to a carbinol group. The 
reason for this is clearly a mechanistic one in 
which loss of a C-atom from C-4 requires an 
electron sink in the ~-position (C-3). Since good 
evidence for the intermediacy of the carboxyl 
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Scheme 1. Role of 3-ketone in elimination. 
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Scheme 2. Conformations under consideration for 
dehydrogenation at C-22,23. 

stage of oxidation has been presented by 
Gaylor and his associates (33), one can write 
the elimination as shown in the accompanying 
scheme (stereochemistry being ignored), which 
focuses attention on the role of the 3-ketone. 
The demethylated ketone is then reduced back 
to the equatorially oriented hydroxy com- 
pound which again, since the equatorial isomer 
is the more stable, probably has its origins (at 
least in an evolutionary sense) in the substrate's 
preferential chemistry. In collaboration with 
the group of investigators at Bryn Mawr 
College, we (34) have been able to present 
another example of how steroid metabolism 
can be controlled in this way. It is concerned 
w i t h  the  s t e r e o c h e m i s t r y  a b o u t  the 
A24(28)-bond and with its influence on de- 
hydrogenation at C-22,23. 

The A22-bond is quite commonly present in 
plant sterols (stigmasterol, ergosterol, etc.). 
Conner, et al. (35) have now found that, along 
with a AT-bond, it is also introduced into cho- 
lesterol by the protozoan Tetrahymena pyri- 
formis. Since our own laboratory had available 
various derivatives of cholesterol in which C-24 
was substituted as a result of studies on the 
mechanism of alkylation at this position (7,36 
and references cited therein), we undertook an 
examination of the influence the substituent 
might have on the 22,23-dehydrogenation. We 
found that 24-methylenecholesterol readily 
undergoes dehydrogenation in the protozoan 
both at C-7,8 and C-22,23 to yield trans- 
A5,7,22,z4,(28)-ergostatetraene-3fl-ol. Its struc- 
ture was demonstrated by mass spectroscopy, 
by the presence of appropriate absorption for 
the two conjugated diene systems in the UV 
region of the spectrum, by the presence of 
absorption at 967 cm-1 corresponding to a 
trans-A22-bond, and by agreement of its 
melting point with that of the same compound 
previously isolated (37) from yeast. Conner et 
al. (35) had already shown that with 
cholesterol itself, the A22-bond introduced has 
the trans-configuration. On the assumption that 
the dehydrogenation proper, i.e., removal of 

the H-atoms, takes place faster than do con- 
formational changes, we can infer from the 
configurational data that the side chain must 
assume the s-trans-conformation about the 
C-22,23 bond. From other data available on the 
stereochemistry of elimination (38), it becomes 
apparent that the two H-atoms leaving C-22 and 
C-23 must lie on the same side of the plane 
passing through C-20, C-22, C-23 and C-24. If 
this is true, substituents on C-24 (C-25 and 
C-28) must also lie in this plane if minimal 
interference is to occur in formation of the 
enzyme-substrate complex. Conversely, any 
effect which forces these groups out of the 
plane should destabilize the complex and 
reduce the rate of hydrogenation. Scheme 2 
shows that 24-methylene-cholesterol (R = R' = 
H) can readily assume this favorable condition 
in Conformer-I. However, its isomer, Con- 
former II, which is derived by a rotation of 
180 ~ around the C-23,24 bond and by an 
adjustment of the rotational angle between 
C-24 and C-25, so that the H-atom in C-25 lies 
between those on C-22, ought to be less 
favorable because the gem-dimethyl groups 
project on either side of the central plane. 
Adjusting the C-24,25 angle so that one of the 
methyl groups lies between the H-atoms on 
C-22 would destabilize the system because of 
the strong interaction of the methyl H-atoms 
with those on C-22 which would force C-25 and 
C-28 out of the plane and, in turn, would 
destabilize the substrate-enzyme complex. The 
favorable conformation (Conformer-I) can 
occur even if R' is CH 3 (e.g., in 28-isofuco- 
sterol), but not if R is CH 3 (e.g., in fucosterol). 

Therefore 28-isofucosterol, but not fuco- 
sterol, would probably undergo the dehydro- 
genation at C-22,23, but both should undergo 
dehydrogenation at C-7,8, since this con- 
formational problem should be irrelevant with 
respect to ring B. We submitted bo th  of these 
substrates to incubation with T. pyriformis. As 
anticipated, while 28-isofucosterol led to trans, 
trans-A 5,7,2 2,24 ,(28)-stigmastatetraen-3fl-ol, 
fucosterol led to cis-AS,V,24,(28)-stigmasta- 
trien-3fl-ol. The structures of the two metabo- 
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SEQUENCING IN STEROL BIOSYNTHESIS 

REACTION 5 C D 

REACTION 2 REACTION ~ REACTION 5 A E - C D 

Scheme 3. Alternative sequences by rearrangement 
of ordering of reactions. 

rites, previously unknown,  were demonstrated 
by mass and light spectroscopy in an unequi- 
vocal fashion. Both showed typical A5,7_ 
absorption at 272, 282 and 294 nm, but only 
the metabol~te from 28-isofucosterol showed 
the presence of the A22,24(28)-chromophore 
by absorption at 237 nm. 

The influence of the configuration about 
C-28 on the dehydrogenation is but one more 
facet in the larger constellation of chemical 
effects on metabolism. However, it may have 
a more specific meaning in steroid bio- 
synthesis. There are reasons for believing (7,39) 
that the trans- rather than the cis-isomer of the 
24-ethylidenesterols are involved in the path- 
way leading to 24-ethylsterols. If introduction 
of the A22-bond were a prerequisite to 
reduction of the A24(28)-bond, then the inter- 
mediacy of the trans-isomer (Conformer-I, R' = 
CH3) would be understandable, since it, rather 
than the cis-isomer, can readily proceed to the 
A22-derivative. The fact that dehydrogenation 
of ~-sitosterol to stigmasterol can be demon- 
strated (40) in a small yield does not contradict 
this suggestion, but the report that fucosterol 
yields clionasterol in a species of Chlorella (41) 
does. A final analysis of the pathway and of the 
influence of the configuration at C-28 on it will 
therefore have to await further investigation. 

In addition to the intrinsic chemistry of the 
substrate, the chemistry and concentration of 
the enzyme is a factor in determining the out- 
come of a biochemical reaction and, conse- 
quently, the precise sequence in which the 
reactions occur. In the simplest case, alternative 
sequences can arise by placing a given set of 
reactions in a different order. This is illustrated 
in Scheme 3 in which Reaction 1 and Reaction 
2 occur in that order in one sequence and in the 
reverse order in a second sequence. An example 
of this in the sterol field is the conversion of 
lanosterol to desmosterol and then to choles- 
terol or, alternatively, the conversion of lano- 
sterol to 24,25-dihydrolanosterol and then to 
cholesterol. Reaction 1 is a set of transforma- 
tions involving changes in the ring system, while 
reaction 2 is the reduction at C-24,25. This 
problem has been greatly expanded in the hor- 
mone field. We (42) have also been able to 
show that it exists in the early part of the 
pathway by demonstrating that free geraniol is 

221 

3ATP 
MVA ~ As-I'PP ~ A=-I-PP " GER-PP 

5ADP§ ~ 2 A D P  

2 ATP'J I 
A3-I GER 

Scheme 4. Possible physiologic significance of utili- 
zation of free geraniol (MVA = mevalonate, I = iso- 
pentenol, PP = pyrophosphate, and Ger = geraniol). 

phosphorylated and converted to squalene in a 
cell free system from germinating peas. Baisted 
(43) has also shown that free geraniol proceeds 
to squalene in vivo in this organism. A pathway 
involving free geraniol is different from the one 
believed to take place in, for instance, mammals 
because of the position of the kinase in the 
sequence. In mammals, mevalonate is phospho- 
rylated (44) and the geraniol produced already 
bears the pyrophosphate group. If the utiliza- 
tion of free geraniol, which has also been 
observed in the carotenoid field (45), has any 
real significance, the pathway involving it is 
more complicated than that envisioned in 
Scheme 3, because A2-isopentenol, its pre- 
cursor and C-source for the gem-dimethyl end 
of the molecule, must be phosphorylated for 
energetic and mechanistic reasons. A possible 
pathway is shown in Scheme 4 in which the 
upper sequence is the normal one and the lower 
sequence the alternative one. It is also possible 
that the presence of a kinase for geraniol is 
nature's way of preventing loss of an inter- 
mediate by inadvertent hydrolysis, i.e., a sort of 
scavenging process. 

A somewhat different type of alternative 
sequence may occur by the substitution of a 
new reaction for one in the original sequence 
instead of just a change in the order of the 
existing reactions. This is illustrated in Scheme 
5 where Reaction 4 substitutes for Reaction 1. 
To proceed to the same end product in both 
sequences, still another reaction (Reaction 5 in 
Scheme 5) must be introduced. We may call 
this a "crossover" reaction, since it is a cor- 
rection for the first substitution and directs the 
molecules from the second into the first 
sequence. A very important example of this has 
recently come to light. 

In many cases, which appear to by photo- 

REACTION I REACTION 2 REACTION 3 
A B C [ 

REACTION 5 [ REACTION 5 1 REACTION5 1 

A REACTION 4 1 E REACTION 2 F REACTION .'3 G 

Scheme 5. Alternative sequences in which a new 
reaction is substituted. 
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synthetic (46-50) rather than nonphotosynthe- 
tic (13,51), cycloartenol substitutes for lano- 
sterol as the metabolite of epoxysqualene in the 
sterol pathway (Scheme 6). We (52) were able 
to show that in Pinus pinea, lanosterol proceeds 
to 28-isofucosterol which in turn proceeds (7) 
to 24-ethylcholesterol. However, we also 
showed (53) that both lanosterol and cyclo- 
artenol underwent alkylation in a cell free 
system from peas to yield the respective 
24-methylene derivatives. Subsequently it was 
shown in other laboratories that tobacco leaves 
(54) and the photosynthetic microorganism, 
Ochromonas malhamensis (55), will convert 
either lanosterol or cycloartenol to 24-alkyl- 
sterols. Since mammalian tissue, and fungi (51), 
uses the lanosterol route, and photosynthetic 
plants appear to use the cycloartenol route, the 
question of how the routes are controlled 
arises. We therefore prepared 2-tritio-lanosterol 
and 2-tritio-cycloartenol and submitted both to 
incubation with a rat liver homogenate (G.F. 
Gibbons and W.R. Nes, unpublished data). 
Labelled cholesterol, which lost label upon con- 
version to the 3-ketone and submission to 
keto-enol equilibration, was formed in a 10% 
yield, but the labeled cycloartenol yielded 
neither labeled pollinastanol nor labeled choles- 

terol. This demonstrates that the enzymes in 
the sequence following lanosterol are quite 
specific and that no crossover enzyme (an iso- 
merase) exists. Consequently, not only does 
primary control of the pathway reside in the 
nature of the epoxysqualene cyclase (Reaction 
1, Scheme 5 as opposed to Reaction 4), but 
secondary control resides in the specificity of 
the enzymes later in the pathway as well as in 
the absence of the isomerase (Reaction 5, 
Scheme 5). On the other hand, in collaboration 
with a group of investigators at the University 
of Liverpool (Gibbons et al., unpublished data), 
we were able to show by stem feeding that in 
corn seedlings, which were shown to biosynthe- 
size only cycloartenol, both lanosterol and 
cycloartenol (labeled in both cases either with 
tritium at C-2 to with 14C by biosynthesis) 
served as substrates for the biosynthesis of the 
plants '  dominant sterols (24-methyl- and 
24-ethylcholesterol). In this case the control of 
the pathway must reside exclusively at the 
cyclization of epoxysqualene. 

The problem of two competing reactions 
leading to a sequence in which no crossover 
reaction exists is also found in the reduction 
(56,57) vs. alkylation (7,36 and references cited 
therein) of the A24-bond. While both reactions 
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Scheme 7. Equilibrium reaction for alkylation of  
the A24-bond. 

occur in plants, since both cholesterol and 
24-alkylcholesterol are present (60), in mam- 
mals the presence of only cholesterol indicates 
that only reduction occurs. How is this lack of 
alkylation controlled? In principle, it could be 
due to several factors of which two are for- 
most: the lack of an alkylase or control of the 
availability of an appropriate cofactor which in 
this case would be S-adenosylmethionine (59) 
or both. Since the first step (53) in alkylation is 
the formation of a 24-methylenesterol, we have 
injected synthetic 28 -14C-24-methylenecholes- 
terol intraperitoneally into rats (60; also, 
Thampi et al., unpublished data). If an enzyme 
for alkylation is absent, no reversal of alkyla- 
tion can occur. On the other hand, if the 
alkylase is present and the equilibrium position 
is maintained on the side of dealkylation by 
cofactor control at the enzymatic site (by main- 
tenance of the S-adenosylmethionine-S-adeno- 
sylhomocysteine equilibrium on the side of the 
latter), dealkylation should occur. In fact, 
28-14C-24-methylenecholesterol led in a 19% 
yield to labeled cholesterol. This was demon- 
strated by a variety of techniques including gas 
liquid (GLC) and argentation chromatography 
both of which readily separate the substrate 
and product. The yield was much too high to 
be accounted for by removal of C-28 and resyn- 
thes i s .  Furthermore,  the metabolism of 
28-14C-24-methylene-cholesterol was inhibited 
by triparanol which is a known inhibitor of 
dealkylation (61). The process is currently 
interpreted as shown in Scheme 7 and involves 
reversal of alkylation with scrambling of the 
methyl groups on C-24,25 in the positively 
charged transition state such that 26-t4C-cho - 
lesterol was obtained. The process can also be 
viewed as a 1,2-methyl transfer to give a 25-tri- 
methyl transition state with equivalence and 
consequent scrambling of the label. If further 
work, especially the precise location of the 
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label by degradation which is underway, proves 
that this interpretation is correct, it means that 
mammals fail to have 24-alkylsterols not 
because of the absence of an enzyme, the 
alkylase, but because of the control of the 
sub s t r a t e pro duct equilibrium, probably 
through cofactor control. 

It has been seen that steroid biosynthesis 
arose very early in evolution and that the 
general pathway is the same throughout nature. 
However, various alternatives, which lead to 
variations in how a given steroid arises and in 
the structure of the final product, are both 
possible and actually observable. 

ACKNOWLEDGMENTS 

Supported in part by Grants AM-09100 and 
AM-I 2172 from the National Institutes of Health. 

REFERENCES 

1. Tavormina, P.A., M.H. Gibbs and J.W. Huff, J. 
Amer. Chem. Soc. 78:4498 (1956). 

2. Lynen, F., H. Eggerer, U. Henning and I. Kessel, 
Angew. Chem. 70:738 (t958).  

3. Stone, K.J., and F.W. Hemming, Biochem. J. 
96:14C (1965). 

4. Smith, A.R.H., L.J. Goad and T.W. Goodwin, 
Chem. Commun. 1968:926,1259. 

5. Goad, L.J., and T.W. Goodwin, European J. Bio- 
chem., in press. 

6. Ghisalberti, E.L., N.J. de Souza, H.H. Rees, L.J. 
Goad and T.W. Goodwin, Chem. Commun. 
1969:1403. 

7. van Aller, R.T., H. Chikamatsu, N.J. de Souza, 
J.P. John and W.R. Nes, J. Biol. Chem. 244:6645 
(1969). 

8. Nicholas, H.J., Ibid. 237:1476 (1962). 
9. Baisted, D.J., E. Capstack, Jr., and W.R. Nes, 

Biochemistry 1:537 (1962). 
10. Langdon, R.G., and K. Bloch, J. Biol. Chem. 

200:129 (1953). 
11. Popjak, G., Arch. Biochem. Biophys. 48:102 

(1954). 
12. Langdon, R.G., and K. Bloch, J. Biol. Chem. 

200:135 (1953). 
13. Schwenk, E., and G.L. Alexander, Arch. Biochem. 

Biophys. 76:65 (1958). 
14. Capstack, E., Jr., D.J. Baisted, W.W. New- 

schwander, G.A. Blondin, N. Rosin and W.R. Nes, 
Biochemistry 1:1178 (1962). 

15. Bennett, R.D., and E. Heftmann, Phytochemistry 
4:475 (1965). 

16. Cornforth, J.W., R.H. Cornforth, G. Popjak and 
I.Y. Gore, Biochem. J. 69:146 (1958). 

17. Dituri, F., S. Gurin and J.L. Rabinowitz, J. Amer. 
Chem. Soc. 79:1650 (1957). 

18. Capstack, E., Jr., N. Rosin, G.A. Blondin and 
W.R. Nes, J. Biol. Chem. 240:3258 (1965). 

19. Stone, K.J., and F.W. Hemming, Biochem. J., 
104:43 (1967). 

20. Rees, H.H., E.I. Mercer and T.W. Goodwin, Ibid. 
99:726 (1966). 

21. Cornforth, J.W., R.H. Cornforth, C. Donninger, 
G. Popjak, Y. Shimizu, S. Ichii, E. ForchieUi and 
E. Caspi, J. Amer. Chem. Soc. 87:8224 (1965). 

22. Blondin, G.A., J.L. Scott, J.K. Hummer, B.D. 
Kulkarni and W.R. Nes, Comp. Biochem. Physiol. 
17:381 (1966). 

LIPIDS, VOL. 6, NO. 4 



224  WILLIAM R. NES 

23. de Souza, N.J., and W.R. Nes, Science 162:363 
(1968). 

24. Reitz, R.C., and J.G. Hamilton, Comp. Biochem. 
Physiol. 25:401 (1968). 

25. Barghoorn, E.S., and S.A. Tyler, Science 147:563 
(1965). 

26. Calvin, M., Perspect. Biol. Med. 1969:(3)45. 
27. Echlin, P., and J. Morris, Biol. Rev. 40:143 

(1965). 
28. Belsky, T., R.B. Johns, E.D. McCarthy, A.L. Bur- 

lingame, W. Richter and M. Calvin, Nature 
206:446 (1965). 

29. McCarthy, E.D., and M. Calvin, Tetrahedron 
23:2609 (1967). 

30. Clark, J., and K. Bloch, J. Biol. Chem. 234:2589 
(1959). 

31. Svoboda, J.A., and W.E. Robbins, Science 
156:1637 (1967). 

32. Lindberg, M., F. Gautschi and K. Bloch, J. Biol. 
Chem. 238:1661 (1963). 

33. Miller, W.L., and J.L. Gaylor, Ibid. 245:5369 
(1970). 

34. Nes, W.R., P.A.G. Malya, F.B. Mallory, K.A. Fer- 
guson, J.R. Landrey and R.L. Conner, Ibid., 
246:561 (1971). 

35. Conner, R.L., F.B. Mallory, J.R. Landrey and 
C.W.L. lyengar, Ibid. 244:2325 (1969). 

36. Lederer, E., Quart. Rev. Chem. 1969:453. 
37. Petzoldt, K., M. Kuhne, E. Blanke, K. Kieslich 

and E. Kaspar, Liebig's Ann. Chem. 709:203 
(1967). 

38. Bimpson, T., L.J. Goad and T.W. Goodwin, Bio- 
chem. J. 115:857 (1969). 

39. Goad, L.J., G.F. Gibbons, L.H. Bolger, H.H. Rees 
and T.W. Goodwin, Ibid. 114:885 (1969). 

40. Bennett, R.D., and E. Heftmann, Steroids 14:404 
(1969). 

41. Patterson, G.W., and E.P. Karlander, Plant 
Physiol. 42:1651 (1967). 

42. van Aller, R.T., and W.R. Nes, Phytochemistry 

7:85 (1968). 
43. Baisted, D.J., Ibid. 6:93 (1967). 
44. Tchen, T.T., J. Biol. Chem. 233:1100 (1958). 
45. Varma, T.N.R., and C.O. Chichester, Arch. Bio- 

chem. Biophys. 96:419 (1962). 
46. yon Ardenne, M., G. Osski, K. Schreiber, K. Stein- 

felder and T. Rummier, Kulturpflanze 13:101 
(1965). 

47. Benveniste, P., L. Hirth and G. Ourisson, C. r. 
hebd. Seanc. Acad. Sci. (Paris), 258:5515 (1964); 
Ibid. 259:2284 (1964). 

48. Benveniste, P., A. Durr, L. Hirth and G. Ourisson, 
Ibid. 259:2005 (1964). 

49. Benveniste, P., L. Hirth and G. Ourisson, Phyto- 
chemistry 5:31,45 (1966). 

50. Goad, L.J., and T.W. Goodwin, Biochem. J. 
99:735 (1966). 

51. Mercer, E.I., and M.W. Johnson, Phytochemistry 
8:2329 (1969). 

52. Raab, K.H., N.D. de Souza and W.R. Nes, Bio- 
chim. Biophys. Acta 152:742 (1968). 

53. Russell, P.T., R.T. van Aller and W.R. Nes, J. Biol. 
Chem. 242:5802 (1967). 

54. Hewlins, M.J.E., J.D. Erhardt, L. Hirth and G. 
Ourisson, Eur. J. Biochem. 8:184 (1969). 

55. Hall, J., A.R.H. Smith, L.J. Goad and T.W. 
Goodwin, Biochem. J. 112:129 (1969). 

56. Avigan, J., D.S. Goodman and D. Steinberg, J. 
Biol. Chem. 238:1283 (1963). 

57. Stokes, W.M., F.C. Hickey and W.A. Fish, Ibid. 
232:347 (1958). 

58. L.J. Goad in "Terpenoids in Plants," Edited by 
J.P. Pridham, Academic Press, New York, 1967, 
p. 159-190. 

59. Parks, J.W., J. Amer. Chem. Soc. 80:2023 (1958). 
60. Nes, W.R., N.S. Thampi and J.W. Cannon, Fed. 

Proc. 29:911 (1970). 
61. Svoboda, J.A., and W.E. Robbins, Science 

156:1637 (1967). 
[Rece ived  J u n e  5, 1970]  

LIPIDS, VOL. 6, NO. 4 



The Biosynthesis of Cholesterol and Other Sterols by 
Brain Tissue: II. A Comparison of in Vitro and in Vivo Methods 1 
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Institute of Medical Education and Research, and Department of Biochemistry, 
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ABSTRACT 

When microsomal + soluble prepara- 
tions of adult or 15-day-old rat brains 
were incubated with 2 -14C-mevalonic 
acid, 14C_squalene accumulated. A meta- 
boric block at the squalene to cholesterol 
stage was indicated. This prompted a 
comparison of all methods currently used 
to study cholesterol biosynthesis by brain 
tissue. Brain cell-free preparations from 
newborn, 15-day-old or adult rats accu- 
mulated 14C-squalene in a similar man- 
ner ,  w i t h  e i t h e r  2 -14C-acetate or 
2-1 4C_mevalonic acid as substrates. 
Homogenates and minced preparations 
from newborn or 15-day-old rats accumu- 
lated some 4,4-dimethyl sterols, but con- 
siderable conversion to free 4-desmethyl 
sterols (cholesterol) was evident. Sterol 
esters were also present in all the in vitro 
studies. In general, increased disruption 
of tissue resulted in decreased free 4- 
desmethyl sterol formation in vitro. Intra- 
peritoneal injection of labeled acetate or 
mevalonate to newborn or 15-day-old rats 
produced labeled brain 4-desmethyl sterol 
with little accumulation of squalene or 
4,4-dimethyl sterols, but the yields in 
brain were small compared to total 
amount of labeled material administered. 
At  al l  ages intracerebral injection 

1One of 12 papers being published from the Sterol 
Symposium, presented at the AOCS Meeting, New 
Orleans, April 1970. 

produced the best yield of labeled cho- 
lesterol for the amount of nonsaponifi- 
able material formed. 

INTRODUCTION 

Brain microsomal + soluble fractions from 
young (15 days old) and adult rats accumulate 
14C-squalene when incubated with U-14C-glu - 
cose, 2 -14C-sodium acetate or 2 -14C-mevalonic 
acid (1). This would appear to be a defect in 
the preparations since minced newborn brain is 
noted for its capacity to synthesize cholesterol 
(2). These results prompted a study of  methods 
currently used for studying cholesterol biosyn- 
thesis by brain tissue. 

MATERIALS AND METHODS 

Animals 

Rats used were purchased from National 
Laboratory Animal Co., St. Louis. Adult rats 
weighed at least 250 g. The newborn animals 
were 1-day-old and weighed from 5 to 7 g. The 
young rats were 15 days old and weighed from 
30 to 35 g. Animals of both sexes were used. 

Tissue Manipulations and Lipid Isolation 

Minced tissue was prepared in 6 ml of 0.15 
M sodium-potassium phosphate buffer (pH 7.4) 
per brain. The brain was repeatedly cut with 
scissors until of uniform consistency. 

Cell-free extracts were prepared by homo- 
genization and low speed centrifugation as pre- 
viously described (3). 

TABLE I 

Incorporation of 2-14C-Mevalonic Acid Into Nonsaponifiable and 
Digitonin-Precipitable Fractions of Adult Rat Brain a 

Per cent of 14C-incorporation 
Total 

Type of nonsaponifiable, Digitonin- 
preparation dpm Nonsaponifiable precipitable 

Minced 21,100 7.6 ( 0 . 1  
Cell-free 82,700 29.8 9.5 
Microsomes 140,200 50.0 3.0 
+ soluble 

aEach incubation contained 0.25 /~c 2-14C-mevalonic acid plus tissue preparation equi- 
valent to 1.0 g of wet brain tissue. Incubations were continued for 20 hr. 
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TABLE II 

Incubations of 2-14C-Sodium Acetate o r  

2-14C-Mevalonic Acid With Various Types of 
1-Day-Old Rat Brain Preparations 

Type of Nonsaponifiable, 
Precursor a preparation dpm 

Mevalonic 
acid 

Sodium 
acetate 

Minced 285,000 

Homogenate 79,400 

Cell-free 101,000 

Microsomes 
+ soluble 41,700 

Minced 20,200 

Cell-free 1,400 

Microsomes 
+ soluble 7,400 

aAmounts were 0.25 ttc 2-14C-mevalonic acid; 
2.00 gc 2-14C-sodium acetate. Each incubation ex- 
cept the microsomes + soluble contained tissue equi- 
valent to 1.0 g of wet brain tissue. The microsomes + 
soluble incubations contained tissue equivalent to 
0.75 g of wet brain tissue. The incubations were con- 
tinued for 20 hr. Each experiment conducted in tripli- 
cate. 

Homogenates were prepared in the same 
manner as the cell-free extracts but without the 
centrifugation step. 

Subcellular fractions were isolated as pre- 
viously described (1). 

Incubation conditions and the isolation of 

TABLE III 

Incubations of 2-14C-Sodium Acetate or 
2-14C-Mevalonic Acid With Various Types of 

15 Day-Old Rat Brain Preparations 

Type of Nonsaponifiable, 
Precursor a preparation dpm 

Mevalonic Minced 255,000 
acid 

Homogenate 60,000 

Cell-free 220,000 

Microsomes 184,000 
+ soluble 

Sodium Minced 48,200 
acetate 

Cel l - f r ee  1 0 , 5 0 0  

Microsomes 34,500 
+ soluble 

aAmounts were 0.25 #c 2-14C-mevalonic acid; 
2.00 #c 2-14C-sodium acetate. Each incubation ex- 
cept the microsomes + soluble contained tissue equi- 
valent to 1.0 g of wet brain tissue. The microsomes + 
soluble incubations contained tissue equivalent to 
0.5 g of wet brain tissue. The incubations were con- 
tinued for 20 hr. Each experiment was conducted in 
triplicate. 
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F I G .  1. Animals were injected with 0.4 ~zc 
2-14C-mevalonic acid in a volume of  0.08 ml and 
killed at the times indicated. After isolation and deter- 
mination of the amount  of 14C-nonsaponifiable 
material present, a portion of  the nonsaponifiable was 
taken for digitonide formation. The ratio of  14C- 
digitonide to 14C_nonsaponifiable in each time period 
was then determined and is shown above. 

lipid fractions were as previously described 
(1,3). 

Injections 
The 1 4 C - p r e c u r s o r s  injected intracerebrally 

or intraperitoneally were contained in an 
aqueous solution of 0.05 ml volume. The exact 
techniques used in the intracerebral injections 
have been described (4). 

Ch romatography 
Nonsaponifiable fractions were applied to a 

10 g alumina column with a small amount of 
benzene and the column eluted with 30 ml of 
ethanol. This eluate was taken to dryness under 
N 2 and redissolved in benzene for thin layer 
c h r o m a t o g r a p h y  (TLC) .  

TLC for  the  s e p a r a t i o n  o f  squa l e ne  p lus  

s tero l  es ters ,  4 , 4 - d i m e t h y l  s te ro ls  (C3o and  C 29 
s te ro ls ) ,  4 a - m e t h y l  s te ro ls  (C28 s te ro ls ) ,  and  
4 - d e s m e t h y l  s te ro ls  (C27 s te ro l s ,  i nc lud ing  cho- 
l es te ro l )  was  c o n d u c t e d  on  Silica Gel G. The  
so lven t  s y s t e m  was  t r i m e t h y l  p e n t a n e - e t h y l  ace- 
t a te -ace t ic  acid ( 6 0 : 3 0 : 0 . 6 ) .  

Where  ind ica t ed  the  squa l ene  and  s te ro l  es ter  
f r a c t i o n s  were  s epa ra t ed  on  a 60 g a l u m i n a  
c o l u m n  as p rev ious ly  i nd i ca t ed  (3) .  

Chemicals 
Chemicals used in this work have been 

desc r ibed  (1).  
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TABLE IV 

Distribution of Radioactivity in Nonsaponifiable Fractions of Brains 
After Incubation With 2-14C-Mevalonic Acid or 2-14C-Sodium Acetate a 

227 

Precursor 

Per cent of total radioactivity on TLC plate 
Age of 
animal, Type of Squalene and 4,4-Dimethyl and 4-Desmethyl 

days preparation sterol esters b 40t-methyl sterols sterols 

2-14C.Mevaloni c acid 1 

2-14C.Mevaloni c acid 15 

2-14C-Sodium acetate 1 

Minced 43.3 (18.1) 36.6 16.3 
Homogenate 21.0 ( 8 . 0 )  19.6 36.1 
Cell-free 69.5 (14.6) 13.4 6.4 
Mierosomes 72.9 ( 4 . 8 )  10.6 5.4 

+ soluble 

Minced 33.8 (21.6) 43.1 21.0 
Homogenate 29.2 (20.5) 30.8 24.5 
Cell-free 32.1 (22.3) 31.9 17.6 

Minced 24.4 (10.2) 36.8 17.0 
Cell-free 73.9 (14.8) 21.3 2.4 
Microsomes 56.2 ( 3 . 7 )  27.5 5.4 

+ soluble 

2-14C-Sodium acetate 15 Minced 13.2 ( 8 . 8 )  26.7 39.3 
Cell-free 56.2 (38.8) 30.5 6.2 

aMaterial chromatographed is that previously indicated in Tables II and III. 
bNumber in parentheses indicates the portion of the total TLC radioactivity that was esterified sterol. 

Radioactivity 

Radioac t iv i ty  was d e t e r m i n e d  us ing  an Ansi-  
t r on  sc in t i l la t ion  s p e c t r o m e t e r  as descr ibed (3). 

RESULTS 

In Vitro 

Metabolism of  2-14C-Mevalonic Acid by 
Various Adult Brain Preparations. A compar i -  
son  o f  the  i n c o r p o r a t i o n  o f  2 -14C-meva lon ic  
acid into n o n sap o n i f i ab l e  mate r ia l  by  adul t  
b ra in  p repa ra t ions ,  and  the  p o r t i o n  o f  th is  pre- 
c ip i ta ted  by  d ig i ton in ,  is s h o w n  in Table I. 
The re  was a m a r k e d  increase  in 14C-nonsapon i -  
f iable b io sy n th e s i s  in the  m i c r o s o m a l  + soluble  
p r epa ra t i o n s  as c o m p a r e d  to the  minced ,  wi th  
the  cell-free p repa ra t i on  i n t e r m e d i a t e  in b iosyn-  

t h e t i c  capac i ty .  However ,  the  14C-sterol  
p r o d u c e d  (mater ia l  p rec ip i ta ted  by  d ig i ton in)  
was cons ide rab ly  d imin i shed  in the  m i c r o s o m a l  
+ soluble  p repara t ion .  

Newborn Rats: Incorporation o f  Labeled 
Cholesterol Precursors lnto 14C-Nonsaponi- 
fiable Fractions In Vitro. Data  show ing  the  
i n c o r p o r a t i o n  of  2 -14-C-sod ium ace ta te  and  
2 -14C-meva lon ic  acid in to  nonsa pon i f i a b l e  frac- 
t ions  of  m i n c e d  t i ssue ,  s imple  h o m o g e n a t e s ,  
cell-free, and  m i c r o s o m a l  + soluble  p repa ra t ions  
of  n e w b o r n  rat bra ins  are p re sen t ed  in Table II. 
The  minc e d  bra in  p repa ra t ion ,  con ta in ing  
2 -14C-meva lon ic  acid,  has  twice  the  labeled 
nonsapon i f i ab l e  mater ia l  as a ny  o t h e r  experi-  
m e n t  s h o w n .  The  m i n c e d  p r e p a r a t i o n  con-  
ta in ing  2 - r 4 C - s o d i u m  ace ta te  was  also far  

TABLE V 

Utilization of Injected 2-14C-Sodium Acetate or 
2-14C-Mevalonic Acid by 1 Day Old Rats 

Nonsaponifiable, dpm/g wet wt of brain 
Type of 

Precursor a experiment Brain Liver Carcass 

Mevalonic acid Intracerebral 28,100 1,730 17,100 
Intraperitoneal 370 6,240 21,600 

Sodium acetate Intracerebral 24,000 1,050 15,300 
Intraperitoneal 150 2,300 105,500 

aAmounts were 0.25 ~tc 2-14C-mevalonic acid; 2.50 ~zc 2-14C sodium acetate. Animals 
were killed 20 hr after injection. Dpm of liver and carcass are expressed as quotients of the 
total gram wet weight of brain per experiment. Each experiment was conducted in triplicate. 
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TABLE VI 

Utilization of Injected 2-14C-Sodium Acetate or 2 -14C-Mevalonic Acid by 15-Day-Old Rats 

Nonsaponifiable, 
Incubation dpm/g wet wt of brain 

period, Type of 
Precursor a hr experiment Brain Liver Carcass 

Mevalonic acid 

Sodium acetate 

5 Intracerebral 125,000 3,800 6,850 
20 61,500 680 24,900 

5 Intraperitoneal 8,160 39,300 57,300 
20. 940 14,300 107,000 

5 Intracerebral 64,700 115 7,480 
20 32,200 410 32,500 

5 Intraperitoneal 17,940 2,990 21,300 
20 19,000 390 18,600 

aAmounts were 0.25 #c 2-14C-mevalonic acid; 2.50 ~c 2-14C-sodium 
cass are expressed as quotients of the total gram wet weight of brain per 
was conducted in triplicate. 

acetate. Dpm of liver and car- 
experiment. Each experiment 

superior  to the o ther  types  of  2-14C-sodium 
aceta te-conta in ing  prepara t ions  in amoun t  of  
14C_nonsaponifiable fo rmed .  

15-Day-Old Rats: Incorporation of Labeled 
Cholesterol Precursors Into 14C-Nonsaponifi- 
able Fractions In Vitro. Data showing the 
incorpora t ion  of  2-14C-sodium aceta te  and 
2 -14C-mevalonic acid in to  nonsaponi f iab le  frac- 
t ions of  minced  tissue, simple homogena te s ,  
cell-free, and microsomal  + soluble prepara t ions  
of  15-day-old rat brains are given in Table III. 
Here the  minced  prepara t ion  has no t  out-  
s t r ipped the  o the r  incuba t ions  in amoun t s  of  
labeled nonsaponi f iab le  fo rmed;  the  2-14C - 
mevalonic  acid incuba t ions  wi th  cell-free and 
s u b  cellular prepara t ions  yie lded as m u c h  
14C-nonsaponif iable  material  as the  minced  

prepara t ion .  The 2 -14C-sodium aceta te  minced  
incuba t ion  was still slightly superior  to  the  
o ther  p repara t ions  conta in ing  2-14C-sodium 
acetate  in amo u n t  of  14C-nonsaponif iable  
fo rmed ,  bu t  not  nearly so great as wi th  the  
1-day-old 2-14C-sodium aceta te  incubat ions .  

Nature of  14C-Nonsaponifiable Material 
From Newborn and 15-Day-Old Rat In Vitro 
Experiments. 14C-Nonsaponif iable  f ract ions 
ob ta ined  f rom incuba ted  minced  tissue homo-  
genates ,  cell-free and subcellular prepara t ions  of  
n e w b o r n  and 15-day-old rat  brain were sub- 
j ec ted  to TLC f rac t iona t ion  and the  result ing 
data are p resen ted  in Table IV. Only the h o m o -  
genates and minced  tissue prepara t ions  synthe-  
sized an appreciable a m o u n t  of  free 4-des- 
me thy l  sterol.  Bo th  n e w b o r n  and 15-day-old 

TABLE VII 

Distribution of Radioactivity in Nonsaponifiable Fractions of Brain and Liver of 
1-Day-Old Rats After Injection of 2-14C-Mevalonic Acid or 2-14C-Sodium Acetate a 

Per cent of total radioactivity of TLC plate 

Type of Squalene and 4,4-Dimethyl and 
Precursor injection Tissue sterol esters b 40t-methyl sterols 

4-Desmethyl 
sterols 

2-14C_Mevaloni c Intracerebral Brain 2.7 5.8 
acid 

Liver 6.1 (1.1) 2.6 

Intraperitoneal Brain 1.1 2.6 
Liver 8.4 (2.1) 7.6 

2-14C-Sodium Intracerebral Brain 1.0 2.8 
acetate 

Liver 3.3 8.0 

Intraperitoneal Brain c . . . . . .  
Liver 1.0 1.1 

90.6 

90.7 

95.7 
83.0 

94.8 

88.4 

96.8 

aMaterial chromatographed is that previously indicated in Table V. 
bNumber in parentheses indicates the portion of the total TLC radioactivity that was esterified sterol. 
Clnsufficient radioactivity for a TLC determination. 
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tissue were equally active in this respect. With 
the exception of the microsomal + soluble incu- 
bations, the in vitro incubations produced con- 
siderable sterol ester. Examination of several 
ester fractions after saponification indicated 
that 50% or less of the esterified sterol was 
4-desmethyl sterol. The remainder of the esteri- 
fled sterol was a mixture of 4a-methyl and 
4,4-dimethyl sterol. 

These results with newborn tissue document 
the work of Srere et al. (2), although a precise 
comparison cannot be made since these investi- 
g a t o r s  determined "cholesterol" only as 
material precipitated by digitonin. 

In Vivo 

Intracerebral In/eetion of 2-14C-Mevalonic 
Acid Into Adult Rats. When 2-14C-mevalonic 
acid was injected intracerebrally the uptake 
into digitonin-precipitable material was twice as 
high as any of the in vitro experiments shown 
in Table I. This is shown in Figure 1. Within 12 
hr after injection the amount of material pre- 
cipitable with digitonin had reached its maxi- 
mum of approximately 60% of the total non- 
saponifiable. This percentage was shown to be 
constant for up to two years after injection. 

Newborn Rats: Quantitative Aspects of  
Intraperitoneal and Intracerebral Injection of 
Cholesterol Precursors. Since either intraperi- 
toneal or intracerebral injection of labeled sub- 
stances involve distribution of radioactivity to 
other parts of the body besides the brain, it was 
of interest to determine the distribution of 
radioactivity after such injections. Data for 
such an experiment with newborn rats are given 
in Table V. It will be noted that after intracere- 
bral injection, not unexpectedly, most of the 
counts in the nonsaponifiable fraction were in 
the brain. After intraperitoneal injection much 
more radioactivity was present in liver than in 
brain. Following either type of injection a con- 
siderable amount of radioactivity was found in 
the carcass. In the case of the intraperitoneal 
injection of 2-14C-sodium acetate the amount 
of label present in the brain and liver was insig- 
nificant compared to that present in the car- 
cass. At 1 day the penetration of both pre- 
cursors into the brain and utilization for brain 
sterol biosynthesis after intraperitoneal admin- 
istration was poor. 

15-Day-Old Rats: Quantitative Aspects o f  
Intraperitoneal and Intracerebral Infection of 
Cholesterol Precursors. Data exploring the same 
aspects discussed in the previous section, but 
using 15-day-old rats, are given in Tabel VI. 
After intraperitoneal injection the distribution 
of counts in brain, liver and carcass are in 
general the same for this age rat as for newborn 

animals, with two exceptions. The intraperi- 
toneal injections of 2 -14C-sodium acetate for 5 
and 20 hr duration both indicate that the brain 
is quite permeable to acetate, for a large 
amount of the total label in the animal was in 
the brain. The opposite is true of the intraperi- 
toneal injections of mevalonic acid; here a 
much smaller percentage of the total label is 
present in the brain. At 15 days of age 
apparently acetate is more readily taken up by 
the brain and metabolized to sterol than is 
mevalonic acid. 

The Nature of 14C_Nonsaponifiable Material 
Following Intraperitoneal and Intraeerebral 
Injection of Labeled Cholesterol Precursors 
Into Newborn and 15-Day-Old Rats. Non- 
saponifiable fractions of brain and liver, fol- 
lowing intraperitoneal or intracerebral injection 
of 2-14C-sodium acetate or 2-14C-mevalonic 
acid, were subjected to TLC, following prelimi- 
nary fractionation on an alumina column. 
Counts in the squalene and ester fractions, 
4,4-dimethyl and 4a-methyl sterol fraction, and 
4-desmethyl sterol fractions were determined. 
These data are shown in Table VII for newborn 
and Table VIII for 15-day-old rats. The incor- 
poration into 4-desmethyl sterol was greater 
than 80% in both brain and liver of newborn 
rats following either intracerebral or intraperi- 
toneal injection of the labeled precursors. This 
is reflected in the low percentage of counts in 
the squalene and 4,4-dimethyl sterol (lano- 
sterol) regions, these having undergone turn- 
over. The results with the 15-day-old brain were 
approximately the same as with the newborn 
rats. Apparently up to at least 15 days of age 
there is no pronounced preference for either 
acetate or mevalonic acid once it is in the brain. 

In comparison, the livers incorporated the 
labeled materials much more slowly than the 
brains of the 15-day-old animals. After 5 hr the 
2-14C-sodium acetate was slightly better uti- 
lized than the 2-14C-mevalonic acid, in terms of 
per cent of free 4-desmethyl material present. 
Twenty hours after injection the free 4-des- 
methyl sterol present in the liver was still less 
than that of the brain of the same animal, but 
the percentage of free 4-desmethyl sterol in 
both liver and brain were increased. The 
presence of a small amount of esterified sterol 
was also indicated in the liver nonsaponifiables. 

DISCUSSION 

In Vitro Biosynthesis 

In the newborn and 15-day-old rat, the use 
of homogenates and minced brain tissue is 
reasonably satisfactory, but this method only 

p a r t i a l l y  indicates the potential of the 
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immature rat brain to synthesize sterol. With 
partial or complete fractionation of the brain 
tissue, as in preparation of cell-free extracts or 
subcellular preparations, a marked loss in the 
capacity to synthesize cholesterol results, with 
brains from animals of any age. With minced 
tissue from adult rat brain, where some cellular 
integrity is maintained, the problem seems to 
involve the inability of precursors such as ace- 
tate or mevalonate to penetrate to the biosyn- 
thetic site. This is evident by the fact that adult 
cell-free preparations exhibit considerably more 
conversion to nonsaponifiable material than do 
minced preparations. Galli et al. (5) have indi- 
cated that a considerable portion of the non- 
saponifiable fraction resulting from 2 hr incu- 
bation of 20/Jc  of 2 -14C-mevalonic acid with a 
minced preparation of adult human brain was 
labeled sterol; however, the amount of utiliz- 
able mevalonate incorporated was only on the 
order of 0.20%. 

It has been clearly shown in the preceding 
manuscript, however, that the principal defect 
in isolated preparations of brain, young or old, 
is a blockage at the squalene to cholesterol 
stage, and more probably at the squalene to 
desmosterol stage. It has not yet been 
ascertained whether this is due to an instability 
of the enzymes involved or to inhibitory factors 
present in brain tissue released or made more 
accessible on disruption of the tissue. The 
defect is believed to be mainly microsomal in 
origin. 

Others have reported observations on choles- 
terol biosynthesis by brain homogenates of 
young animals but no direct comparison can be 
made with our data. For example, Grossi et al. 
(6) and Garattini et al. (7) used nicotinamide in 
their homogenates. We have found nicotin- 
amide inhibitory to sterol formation in adult 
brain cell-free extracts (3). Most reported incu- 
bations of brain homogenates used for choles- 
terol biosynthetic studies of brain have been 
carried out for 2 to 3 hr. We have found that a 
minimum of 4 hr is required for maximum 
sterol biosynthesis by most types of brain pre- 
parations and a minimum of 10 hr in the case 
of adult brain preparations (1). Also in vivo it 
seems that a minimum of 4 or 5 hr is necessary 
before a major portion of the label, 2-14C- 
sodium acetate or 2-14C-mevalonic acid is 
turned over to sterol. The results of Garattini et 
al. (7,8) showed that after 2 hr of incubation 
young brain in vitro and in vivo incorporated 
acetate into sterols more readily than did 
mevalonate. There is no question that the 
brevity of the incubations was a factor in these 
results; however, it was shown in a later paper 
than when 12-day-old rat brain tissue slices 

were incubated for up to 4 hr with the potas- 
sium salt of 2-14C-mevalonic acid, the incorpo- 
ration was slightly better than with 2 -14C-ace- 
tate (9). Mevalonolactone, which had been used 
in prior experiments, was found to be a poor 
precursor of sterols in brain. In 2 hr incubations 
of cell-free extracts of 12-day-old brain, potas- 
sium mevalonate was found to give approxi- 
mately twice as much digitonin-precipitable 
material as 2 -14C-acetate. Again, however, the 
amounts  of digitonin-precipitable material 
formed were low compared to the amount of 
sterol found in the TLC of the cell-free incuba- 
tions of our work. Two factors could be that 
not only were the incubations for only 2 hr, 
but they also contained nicotinamide. 

In Vivo Biosynthesis 

The data presented in this and the preceding 
manuscript demonstrate that only intracerebral 
injection of labeled cholesterol precursors can 
indicate the true capacity of brain to synthesize 
cholesterol, at least at our present stage of 
knowledge. This applies to animals of any age. 
Intraperitoneal injection appears to be a satis- 
factory method for certain precursors, but for 
reasons evaluated in detail some years ago (10), 
is not entirely adequate for the most effective 
labeling of sterol in the adult animal. Limited 
labeling of sterols of adult rat brain has been 
achieved by Weiss et al. (I 1) using massive 
doses of 2-14C-mevalonate injected intra- 
venously. Kabara has achieved significant 
labeling of brain sterols in mice by means of 
intraperitoneally injected labeled acetate, glu- 
cose and leucine as precursors (12-15). Similar 
labeling of adult brain sterol with glucose has 
been shown by Moser and Karnovsky (16) and 
Smith (17,18). 

Recently Chevallier and Cautheron have 
found that the sterols of adult rat brain were 
well labeled by means of intracisternal or intra- 
v e n t r i c u l a r  injection of 2-14C-mevalonic 
lactone (19). They have shown that these 
methods give a sufficient amount of labeling so 
that radioautographic studies of the labeled 
sterols may be done on slices from these brains 
(20). 

As indicated in this manuscript we have 
found no basic difference between the behavior 
of acetate or mevalonate except the expected 
quantitative difference due to mevalonate being 
more directly on the isoprenoid biosynthetic 
pathway. 

ACKNOWLEDGMENTS 
This research was supported by Grant NB-06011 

from the National Institute of Health, Division of 
Neurological Diseases and Blindness. Angela Rios and 
R.T. Aexel provided technical assistance. 

LIPIDS, VOL. 6, NO. 4 



232 R.B. RAMSEY, J.P. JONES, S.H.M. NAQVI AND H.J. NICHOLAS 

REFERENCES 

1. Ramsey, R.B., J.P. Jones, S.H.M. Naqvi and H.J. 
Nicholas, Lipids, 6: 000-000 (1971). 

2. Srere, P.A., I.L. Chaikoff, S.S. Treitman and L.S. 
Burstein, J. Biol. Chem. 182:629 (1950). 

3. Kelley, M.T., R.T. Aexel, B.L. Herndon and H.J. 
Nicholas, J. Lipid Res. 10:166 (1969). 

4. Nicholas, H.J., and B.E. Thomas, J. Neurochem. 
4:42 (1959). 

5. Galli, G., E.G. Paoletti and J.F. Weiss, Science 
162:1495 (1968). 

6. Grossi, E., P. Paolette and R. Paoletti, Arch. 
Intern. Physiol. Biochim. 66:564 (1958). 

7. Garattini, S., P. Paoletti and R. Paoletti, Arch. 
Biochem. Biophys. 80:210 (1959). 

8. Garattini, S., P. Paoletti and R. Paoletti, Ibid. 
84:253 (1959). 

9. Fumagalli, R., E. Grossi, M. Poggi, P. Paoletti and 
S. Garattini, Ibid. 99:529 (1962). 

10. Nicholas, H.J., and B.E. Thomas, Brain 84:320 
(1961). 

11. Weiss, J.F., G. Galli and E. Grossi Paoletti, J. 
Neurochem. 15:563 (1968). 

12. Kabara, J.J., and G.T. Okita, Ibid. 7:298 (1961). 
13. Kabara, J.J., P.rog. Brain Res. 9:155 (1964). 
14. Kabara, J.~l., JAOCS 42:1003 (1965). 
15. Kabara, J.J., Adv. Lipid Res. 5:279 (1967). 
16. Moser, H.W., and M.L. Karnovsky, J. Biol. Chem. 

234:1990 (1959). 
17. Smith, M.E., Biochim. Biophys. Acta 164:285 

(1968). 
18. Smith, M.E., J. Neurochem. 16:83 (1969). 
19. Chevallier, F., and C. Gautheron, Ibid. 16:323 

(1969). 
20. Gautheron, C., L. Petit and F. Chevallier, Exp. 

Neurol. 25:18 (1969). 

[Rece ived  Ju ly  6, 1970]  

LIPIDS, VOL. 6, NO. 4 



Preparation of Tritium-Labeled Sterols and the Synthesis 
of Labeled-24-Azacholesterol 1 
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ABSTRACT 

A method is presented for the prepara- 
tion of 2,4-3H-sterols (stigmasterol, /3- 
sitosterol, campesterol, fucosterol and 
7-dehydrocholesterol) via the technique 
of exchange-labeling of keto steroids and 
their subsequent conversion to sterols. 
T h e  p r e p a r a t i o n  of tritium-labeled 
3/3-hydroxy-24-norchol-5-en-23-oic acid 
and the synthesis of 2,4-3H-24-azacho - 
Iesterol are reported.  Some advantages of 
the exchange-labeling method over the 
conventional catalytic exchange method 
are discussed. 

I NT RODUCTI ON 

Klein and Knight (1) showed that keto 
steroids were exchange-labeled by column chro- 
matography on basic alumina that contains 
tri t iated water (HTO). Further  studies (2) 
established that this exchange-labeling involved 
mainly the enolic hydrogens adjacent to the 
keto group and that essentially complete 
exchange occurred during a single passage of 
the compound through the alumina column. 
Subsequently, the tritium-labeled keto steroids 
could be reduced by metallic hydrides to the 
corresponding alcohols without appreciable loss 
of label; the tri t ium of these alcohols was no 
l o n g e r  exchangeable. This technique of 
exchange-labeling provides an expeditious, 
convenient and efficient method of preparing 
high specific activity compounds of high purity,  
and the method has been successfully utilized 
in the preparation of 2,4-3H-14a-methyl- 
cholest-7-en-3/3-ol (3) and 2,4-3H-labeled bile 
acids (4). 

In the present paper, we extend and further 
demonstrate  the practical application of 
exchange-labeling and report  the preparation of 
highly purified 2,4-3H-sterols (stigmasterol,/3- 
s i t o s t e r o l ,  c a m p e s t e r o l ,  fucosterol and 
7-dehydrocholesterol).  The preparation of the 
tritium-labeled AS-sterols involves the sequence 
of reactions shown in the scheme for the 

1One of 12 papers to be published from the 
~'Sterol Symposium" presented at the AOCS Meeting, 
New Orleans, April 1970. 

labeling of /3-sitosterol (I), namely: the oxi- 
dation of the sterol to the 4-en-3-one com- 
pound (II); exchange label of II on alumina to 
III; and the conversion of III to the enol-acetate 
(IV); and the reduction of IV with sodium 
borohydride to give the 2,4-3H-epimers V and 
VI. We also prepared the tritium-labeled 
313-hydroxy-24-norchol-5-en-23-oic acid (VIIa) 
by  t h i s  p r o c e s s ,  and synthesized the 
2 ,4 -3H-24-azacho le s t e ro l  (XI) from this 
hydroxy acid. 

EXPERIMENTAL PROCEDURES 

I nstrumentation 

Melting points were observed on a Kofler 
block; UV spectra were obtained with a Bausch 
and Lomb spectrophotometer  505; and IR 
spectra were obtained with a Perkin-Elmer 
model 221 prism-grating spectrophotometer .  
Gas liquid chromatographic (GLC) analyses 
were made on a Barber-Colman model  10 chro- 
matograph; the GLC system was 0.75% SE-30 
coated on Gas-Chrom P. Measurements of 
radioactivity were made with a Packard Tri- 
Carb Liquid Scintillation Spectrometer.  

Materials 

Basic and neutral alumina (Woelm) were 
obtained from Alupharm Chemicals, New 
Orleans, and the tri t iated water (HTO) was 
applied to the basic alumina as previously 
described (4). Thin layer chromatographic 
(TLC) analyses were made on chromatoplates 
prepared with Silica Gel G (Brinkmann Instru- 
ments Inc., Westbury, N.Y.). The stigmasterol 
was a gift of the Upjohn Company, Kalamazoo, 
Michigan, and the 13-sitosterol (>99% purity) 
was prepared from stigmasterol by the method 
of Steele and Mosettig (5). The campesterol 
(>98% purity) was obtained by fractional 
crystallization from acetone of soybean sterols 
from which the stigmasterol had been removed. 
The fucosterol was a gift from Glenn Patterson 
of the University of Maryland. The 7-dehydro- 
cholesterol was purchased from Nutrit ional Bio- 
c h e m i c a l s  Corp.,  Cleveland, Ohio. The 
313-hydroxy-24-norchol-5-en-23-oic acid was 
prepared as previously reported (6). The 3-keto 
steroids, for example, II, were prepared by an 
Oppenauer oxidation of the respective sterol. 
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I5Z V VI 

SCHEME I 

T7 

The 4-en-3-keto compounds were chromato- 
graphed over neutral alumina (activity grade II) 
and the fractions were analyzed by TLC and IR 
spectroscopy and then recrystallized. The 
methyl 3/3-hydroxy-24-norchol-5-en-23-oate did 
not readily undergo an Oppenauer oxidation, 
thus the methyl 3-one-24-norchol-4-en-23-oate 
was prepared by the rapid oxidation of the 
methyl ester in acetone with a solution of 
chromic acid in dilute sulfuric acid (7) followed 
by an isomerization of any remaining 5-en-3- 
one compound to the 4-en-3-one compound 
with oxalic acid in ethanol (8). The final 
product was purified by column chromato- 
graphy and recrystallization. 

General Procedure for the Preparation of 
2,4-3H-Sterols [~Sitosterol (I) as Model Compound] 

About 300 mg of stigmast-4-en-3-one (II) 
was exchange-labeled by passage through a 
column of basic alumina as previously reported 
(4). The tritium-labeled unsaturated ketone 
(III), 6 ml of isopropenyl acetate, and 0.02 ml 
of concentrated sulfuric acid were refluxed for 
2 hr (9). To the mixture was added 100 mg of 
anhydrous sodium acetate, and the solvent was 
removed in vacuum. The residue was triturated 
with chloroform, and the chloroform was sepa- 
rated and removed in vacuum. An IR spectrum 
of the residue taken in chloroform showed no 
aft-unsaturated carbonyl. A solution of 400 mg 

-.~'~OR ~T/~.~/OH .~I/~.c/C I 

3T['[ R=CH3 VRT T~ 
3Z]loR= H 

H H 
"-y.'~c/N.,.Ct.~C H3 --....r....'--...~N -..~ 

X Xll 

SCHEME II 
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SYNTHESIS OF 3H-STEROLS 

TABLE I 

Radiochemical Purity and Tritium Content of Final Products 

235 

Specific 
activity 

Mp, Yield, a cpm//.~g 
Compound C % X 10 ~ 

Radiochemical 
purity, % 

Analyses 

TLC GLC 

fl-Sitosterol 139.5-140 65 57 
Campesterol 160.5-161.5 66 67 
Stigmasterol 170-171 55 90 
7-Dehydrocholesterol 140-142 25 44 
Fucosterol 124-126 40 25.4 
Methyl 3~-hydroxy-24-norchol 
5-en-23-oate 143-144 50 13 

3~-Hydroxy-24-norchol-5-en- 
23-oic acid 232-234 44 12.5 

24-Azacholesterol 164.5-166 70 b 11.9 

99.5 
99.8 
99.3 
97.5 
99 

99.5 

99 

98.8 

94 
93 
93.5 
93 
95.2 

93 

95.6 

apurified yield of the 3fl-epimer calculated from the 4-en-3-one compound. 
bOverall purified yield calculated from the hydroxy-acid (VIIa). 

of sodium borohydride in 15 ml of water and 
35 ml of 95% ethanol was added to a solution 
of the crude enol-acetate (IV) in 100 ml of 95% 
ethanol at 5 C (10) and the reaction mixture 
was stirred at 5 C for 2 hr and then left over- 
night at 5 C. The mixture was then heated to 
boiling and 1.0 g of solid potassium hydroxide 
was added. Most of the solvent was removed in 
vacuum, the solution was diluted with water 
and the precipitate was collected. The precipi- 
tate in 70 ml of ethanol that contained 0.2 ml 
of concentrated hydrochloric acid solution was 
refluxed for 2 hr. (this converts any 3- 
hyd roxy -4 -en  compounds to unsaturated 
hydrocarbons). The solution was reduced in 
volume in vacuum and diluted with water, and 
the precipitate was collected and dried. The 
material was then chromatographed over 30 g 
of neutral alumina (activity grade II), and the 
following fractions were collected: 1, 200 ml 
fraction of hexane; 2, 200 ml fractions of 
hexane-benzene (1: 1); 3-6, 100 ml fractions of 
benzene; and 7-8, 100 ml fractions of ether. 
The fractions were analyzed by TLC (the 3a- 
and the 3/~-epimers were inseparable by GLC on 
SE-30). Fractions 3-4 yielded 45 mg of the 
3ot-epimer (VI). Fraction 6-7 combined and 
recrystallized from dilute methanol gave 181 
mg of 2,4-3H-fl-sitosterol (V), mp 139.5-140 C; 
a second crop of 10 mg of crystals was also 
collected, mp 139-140 C. 

Methyl 2,4-3H-3~-hydroxy-24-norchol-5-en- 
23-oate (VII). The tritium-labeled methyl 
3 / 3 - h y d r o x y - 2 4 - n o r c h o l - 5 - e n - 2 3 - o a t e  was 
prepared in a manner similar to that used to 
prepare tritium-labeled /3-sitosterol except 
that when the enol acetate-acid methyl ester 

had been reduced with sodium borohydride in 
ethanol, it was necessary to convert the ester to 
the free acid and then remethylate with diazo- 
methane (if this was not done a mixture of the 
methyl and ethyl ester resulted). Tritium- 
labeled methyl ester (VII), separated from its 
3/3-epimer by preparative TLC on Silica Gel H 
plates, in a solvent system of benzene-ethyl 
acetate (6:1) gave, after crystallization from 
hexane, 110 mg of pure VII, mp 143-144C; 
literature (6), mp 143-144 C. 

2,4- 3 H- 313-Hy droxy-24-norchol-5-en-23-oic 
acid (Vlla). A mixture of 108 mg of the methyl 
ester (VII), 75 ml of methanol and 4.0 g of 
potassium hydroxide was refluxed for 3 hr and 
then about 75% of the solvent was removed in 
vacuum. The mixture was diluted with a small 
quantity of water, the solution was acidified 
with a dilute solution of hydrochloric acid, and 
the precipitate was collected. Recrystallization 
of the material from ethyl acetate gave 92 mg 
of  t he  tritium-labeled acid (VIIa), mp 
232-234 C; literature (6), mp 228-232 C. 

2,4-3H-24-Azacholesterol (X1). A mixture of 
80 mg of VIIa was acetylated by the pyrid~ine- 
acetic anhydride method to give the acetate- 
acid (VIII) in quantitative yield. Compound 
VIII, 10 ml of hexane, 5 ml of benzene and 1 
ml of thionyl chloride were refluxed overnight. 
The mixture was then concentrated to dryness 
in vacuum to give the crystalline acid chloride 
(IX). The acid chloride in 10 ml of benzene was 
added to a solution of 20 ml of benzene and 2 
ml of isopropylamine at 10 C. The mixture 
stood at room temperature for 5 hr and was 
then concentrated to dryness in vacuum. A 
TLC analysis of the crude 3H-acetate-amide (X) 
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FIG. 1. TLC of methyl 2,4-3H-3fl-hydroxy-24 - 
norchol-5-en-23-oate acetate (outer line) with methyl 
3/~-hydroxy-24-norehol-5-en-23-oate 1-14C acetate 
(cross hatched area). Circles: isotope ratio. 

showed only one zone, and it had an Rf value 
identical to that of unlabeled compound (X). 
The acetate-amide in 20 ml of dry tetrahydro- 
furan was added to 30 ml of dry tetrahydro- 
furan that contained 0.5 g of lithium alumi- 
nium hydride, and the mixture was refluxed 
overnight. The excess hydride was decomposed 
by the dropwise addition of ethyl acetate, 
water and the solution was treated with 20 ml 
of water and 4.0 g of sodium hydroxide. The 
organic layer was separated by decantation and 
was concentrated to dryness in vacuum. The 
residue, recrystallized twice from dilute acetone 
containing a trace of pyridine, gave 60 mg of 
the tritium-labeled 24-azacholesterol (XI), mp 
164.5-166 C; literature (11), mp 164-166 C. 

RESULTS AND DISCUSSION 

Previous preparations of labeled steroids and 
sterols by exchange-labeled chromatography 
(1-4) have not included the synthesis of 
3H-AS-sterols because the required inter- 
mediates, As-3-keto steroids, are rapidly iso- 
merized on basic alumina to A4-3-keto steroids 
from which AS-sterols are not regenerated by 
reduction with metallic hydrides. The con- 
version of the labeled A4.3-keto steroids to the 
enol-acetates and their subsequent reduction to 
AS-sterols by the procedures described is an 
alternative which has been used to prepare 
4 A 4C-cholesterol (9,10). 

The results given in Table I demonstrate the 
practicability of using these reactions following 
the exchange-labeling process to prepare 

tritium-labeled sterols of high purity and spe- 
cific activity. The purified yields of the tritiated 
sterols are reasonably good, even though 
15-20% of the 3a-epimers are formed at the 
terminal step of the process. However, the 3a- 
epimer can be converted to the 3/3-sterol with- 
out loss of specific activity simply by repeating 
the sequence of reactions shown in the scheme 
and excluding the exchange-labeling step. The 
33- and 30~-epimers were readily separated by 
column chromatography and TLC, and the 
results of TLC analyses showed that the radio- 
chemical purity of the prepared compounds 
was >97% in all cases. Although the epimers 
were not separable by GLC on an SE-30 
column, GLC analyses were made to determine 
whether impurities not detected by TLC were 
present. The melting points and IR spectra of 
the 3H-sterols were identical to those of the 
respective unlabeled compounds. 

Further evidence of the radiochemical purity 
of the preparations was obtained by comparing 
the tritium-labeled sterol to the original starting 
material by dual-label chromatography. The 
14C-acetates of the starting products were 
prepared by acetylation with 14C.acetic 
anhydride while the tritium-labeled sterols were 
acetylated with unlabeled acetic anhydride. 
Each pair of original and labeled sterols was 
subjected to TLC, and the developed chromato- 
grams were sectioned in 1 mm zones for liquid 
scintillation counting, using the TLC scraper of 
Snyder (12). A representative chromatogram 
that illustrates the purity of the methyl 
33-hydroxy-24-norchol-5-en-23-oate is shown in 
Figure 1. The isotope ratio and peak dispersions 
were calculated from the values for 14 C and 3H 
in each segment of the peak. In all instances, 
the dispersion of the tritium-labeled sterol ace- 
tate was equal to or smaller than that of the 
radiocarbonqabeled form, indicating that the 
former compound was as pure as (and in most 
cases, purer than) the starting material (13). 

The successful preparation of 3H-7-dehydro- 
cholesterol was entirely unexpected since the 
intermediate cholesta-4,7-dien-3-one appeared 
to react and decompose on the alumina 
column. Yet, we were able to obtain pure 
3H-7-dehydrocholesterol in an overall 25% 
yield. We are confident that if proper pre- 
caution and care are taken in carrying out the 
preparation the yield of 3H-7-dehydrocho- 
lesterol can be improved. 

The synthesis of the 3H-24-azacholesterol 
from the 3H-hydroxy-acid (VIIa) through a 
four step synthesis with essentially no loss in 
specific activity further illustrates the stability 
of the tritium in these compounds. 

The specific activity of 12,000-90,000 
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cpm//~g shown for the compounds listed in 
Table I is 40-300 times greater than the 300 
cpm/~tg required for most of our metabolic 
studies concerned with the utilization of sterols 
and the mechanism of dealkylation of phyto- 
sterols and their conversion to cholesterol in 
insects. This high specific activity and the ease 
of preparation should facilitate and expedite 
metabolic studies of these naturally occurring 
p h y t o s t e r o l s  in other invertebrates and 
vertebrates. 

The labeling method has many advantages 
over conventional catalytic exchange-labeling 
techniques. It is rapid and both milligram and 
gram quantities of compounds can be rapidly 
prepared; it is more economical, and the 
products are obtained in high yield and have 
excellent radiochemical purity. In contrast, we 
have had difficulty or have been completely 
unsuccessful in purifying aH-sterols prepared 
commercial ly  by the catalytic exchange 
method. Another advantage over random 
labeling is that the positions of labeling are 
known, which permits the specific activity of a 
metabolite to be predicted more accurately. 
For example, during the conversion of com- 
mercially prepared randomly 3H-labeled/3-sito- 
sterol to cholesterol in an insect, the specific 
activity of the cholesterol was considerably less 
than that of the /3-sitosterol, and part of this 
reduction in specific activity was caused by the 
loss of the highly-labeled C-24 substituent of 
the/3-sitosterol during the dealkylation process. 
However, aH-stigmasterol prepared by the 
method presented has been converted to 
3H-22-trans-cholesta-5,22-dien-3~-ol with 
essentially no change in specific activity based 
on that expected from the 3H-stigmasterol 
(14). Thus, the advantages of preparing syn- 
thetic 3H-compounds with tritium at known 
positions are quite considerable. 

The 3/3-hydroxy-24-norchol-5-en-23-oic acid 
has been shown to block the conversion of 
/3-sitosterol to cholesterol and to bring about an 
accumulation of desmosterol in the tobacco 
hornworm, Manduca sexta (Johannson) (6). 
This acid also interferes with the A24-reductase 
enzyme system of the rat and brings about an 
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accumulation of desmosterol in its serum and 
liver (15). The 24-azacholesterol, in addition to 
other effects, has similar activity in the tobacco 
hornworm (16). We have prepared the 
3H-hydroxy-acid (VIIa) and used it to prepare 
3H-24-azacholesterol and these two 3H-com- 
pounds will be used in studies concerned with 
the mode of action of these inhibitors in 
insects. The synthesis of 3H-24-azacholesterol 
demonstrates that many of the potent hypo- 
cholesterolemic azasterols can be prepared as 
the 2,4-3H-labeled forms which should enhance 
future studies concerned with their metabolism 
and mode of action in vertebrates and inverte- 
brates. 
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Introduction to the Symposium on Chemistry and 
Biochemistry of Tocopherols 1 
DAVID C. HERTING, Health and Nutrition Research 
Division, Tennessee Eastman Company, Rochester, New York 14603 

It has been said that the way to grow old 
gracefully is to stay young in heart. Perhaps this 
applies to vitamin E. Almost 50 years have 
passed since Evans and Bishop recognized the 
existence of an unidentified nutrient necessary 
for reproduction in rats (1). During the last 20 
years, about 400 papers on vitamin E have been 
published annually. Yet the puzzle of vitamin E 
remains as fresh and challenging as ever. 

There is no question, however, that vitamin 
E is maturing. The Food and Nutrition Board 
recognized its essentiality for man in 1964 and 
tabulated Recommended Dietary Allowances in 
1968 (2). Recognition of the need does not 
necessarily provide practical guidance for ful- 
filling the need. Current information is required 
to establish dietary intakes and relationships to 
other nutrients such as polyunsaturated fatty 
acids and protein. Clinical or biochemical 
methods are needed to detect marginal or 
imminent deficiency in man. An important step 
in the latter direction has been taken by Grimes 
and Leonard (3), who have shown that tissue 
levels of ot-tocopherol correlate positively with 
plasma levels of 0.5 rag% or below. 

The development of analytical methods 
employing paper, column, thin layer or gas 
liquid chromatography (GLC) has afforded 
much more sensitive and specific means for 
determining tocopherol contents. Within the 
last decade, the group of naturally occurring 
compounds possessing vitamin E activity was 
shown to be comprised of a-, fl-, 7- and ~-toco- 
pherols and their analogous tocotrienols con- 
taining three unsaturated bonds in the side 
chain (4). More precise information on the bio- 
logical activity of these compounds and 
increased application of these methods to foods 
and feedstuffs are both needed. 

The role of vitamin E in the nutri t ion of 
domestic animals has not been neglected. Here 
too, however, advances in our knowledge have 
raised new questions. Perhaps the most intri- 
guing has been the relationship between vitamin 
E and selenium. Although the need for 
selenium as an essential trace element in its own 
right is increasingly accepted (5), the interplay 

1One of six papers to be published from the 
Symposium "Chemistry and Biochemistry of Toco- 
pherols" presented at the ISF-AOCS World Congress, 
Chicago, September 1970. 

between these two nutrients is poorly under- 
stood. 

Nor has the role of tocopherols in foods and 
food technology been ignored. The develop- 
ment of new foods as substitutes for traditional 
foods and the continuing exploration of new 
methods of preservation such as radiation raise 
questions about alterations in the intake of 
vitamin E. The catalysis of linoleic acid oxida- 
tion by proteins containing heine (6) may well 
be influenced by tocopherols. Although not the 
best antioxidant per se, c~-tocopherol is uni- 
quely suited for its role as a biological antioxi- 
dant because it is absorbed and deposited in 
body tissues. 

This symposium is divided into two parts 
with the realization that this is simply a con- 
venient way to separate one package. The 
morning session is devoted to the "Chemistry 
of Tocopherols". W.A. Skinner has been 
interested in reaction products of the toco- 
pherols for several years and has speculated on 
the intermediate free radicals and their role (7). 
Dimers and trimers of tocopherols, to be dis- 
cussed by B.S. Strauch, are no longer oddities 
of chemistry but are realities of mammalian 
biochemistry and have been reported to occur 
in vegetable oils (8). R.H. Bunnell and his co- 
workers have made extensive contributions to 
the various chromatographic techniques for 
tocopherols and can provide guidelines to the 
preferred method. H.T. Slover, whose analytical 
specialty is GLC, will devote most of his report 
to tocopherol contents of foods and fats as 
determined by the more reliable methods now 
available. 

The afternoon session brings together five 
topics of current interest in the "Biochemistry 
of Tocopherols". One of J.G. Bieri's major 
interests has been delineating the real meaning 
of vitamin E and its relationship to other com- 
pounds which appear to replace, spare or inter- 
act with tocopherols. S.R. Ames' extensive con- 
tributions in this area have included assessment 
of the biological activity of 2L-a-tocopherol 
made available by resolution of the epimeric 
mixture synthesized from natural phytol (9). 
The question of the in vivo role and disposition 
of ot-tocopherol has flowed and ebbed like the 
tides. P.B. McCay's work starts a new chapter 
with a fresh viewpoint. R. Carolla's work recalls 
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the story of retrolental fibroplasia (I0) but is 
more pertinent now to space capsule environ- 

3. ments and to the increasing utilization of 
hyperbaric oxygenation for medical-surgical 4. 
purposes. Finally, all of these topics may well 
be relevant to A.L. Tappel's interest in the 5. 
interplay of antioxidants in the body, with 
p a r t i c u l a r  e m p h a s i s  o n  v i t a m i n  E.  6. 

T h i s  is a p a n o r a m i c  v iew o f  t h e  s y m p o s i u m  
p r o g r a m .  I h o p e  t h a t  y o u  wil l  f i nd  it  as  7. 
i n t e r e s t i n g  a n d  e x c i t i n g  as I e x p e c t  it  to  be .  8. 
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Reaction Products of Tocopherols 1 
W.A. SKINNER and R.M. PARKHURST, Life Sciences 
Research, Stanford Research Institute, Menlo Park, California 94025 

ABSTRACT 
Tocopherols readily undergo oxidation 

with a variety of oxidizing agents. Con- 
siderable effort has gone into isolation 
and identification of these various oxi- 
dation products. In many cases the3) can 
undergo further transformations upon 
treatment with various chemical reagents. 
This review will focus on the oxidation of 
a-tocopherol and transformation of its 
oxidation products to new derivatives. 
Dimeric and trimeric oxidation products 
will not be covered. Early work on the 
oxidation of a-tocopherol led to identifi- 
cation of a-tocopherol quinone as an oxi- 
dation product formed by FeC13 oxida- 
tion. Stronger oxidizing conditions with 
FeC1 a or oxidation with AgNO 3 or 
HNO a led to the orthoquinone and the 
hydroxy-p-quinone due to loss of one or 
two methyl groups from the aromatic 
ring. These early studies pointed out the 
unusual reactivity of the 5-methyl group 
of a-tocopherol. Oxidation of a-toco- 
pherol with benzoyl peroxide led to sub- 
stitution of a benzoate on the 5-methyl 
group. A similar reaction occurs when 
diasobisisobutyronitrile is used as the oxi- 
dizing agent. The oxidation of a-toco- 
p h e r o l  b y  t etrachloro-o-quinone in 
aqueous acetonitrile resulted in the 
formation of 9-hydroxy-a-tocopherone. 
When FeC1 a was used as the oxidizing 
agent in the presence of a,a '-bipyridyl in 
e t h a n o l ,  9-ethoxyme-tocopherone was 
formed, a-Tocopherolquinone can be 
reduced with Zn-HOAc or by catalytic 
hydrogenation to the hydroquinone or 
reductively cyclized to a-tocopherol with 
Z n - H B r .  R e a c t i o n  of a-tocopherol- 
quinone with acetyl chloride resulted in 
the 5-chloromethyl-6-acetoxy derivative 
which has been converted to a variety of 
5-methylsubstituted derivatives. Reaction 
of a-tocopherol with Br 2 led to the 
5-bromomethyl derivative. When c~-toco- 
pherolquinone was treated with hydro- 
chloric, phosphoric, citric or tartaric acid, 
in the absence of oxygen, a dispro- 

1One of six papers to be published from the 
Symposium "Chemistry and Biochemistry of Toco- 
pherols" presented at the ISF-AOCS World Congress, 
Chicago, September 1970. 

portionation took place forming a-toco- 
pherol, a-tocored and other oxidation 
products. An interesting isomerization of 
a-tocored, the orthoquinone, occurs in 
the presence of aqueous HC1 to yield the 
yellow p-quinone with the chroman ring 
closed. The 5-benzoyloxymethyl deriva- 
tive upon treatment with He1 generates 
o-quinone methide which can be trapped 
by reaction with tetracyanoethylene or 
dihydropyran. Treatment of the 5-ben- 
zoyloxmethyl derivative with He1 in 
ethanol followed by sublimation yielded 
the 5-aldehyde of ~-tocopherol. Recently, 
a series of phosphate derivatives of a- 
tocopherol or its model, 2,2,5,7,8-penta- 
methyl-6-chromanol, were synthesized. 
Tr i s  ( 6-a c e t o xy-  5 -m e t h y l e n e  oxy-7,8- 
dimethyltocol)phosphate, tris(2,2,5,7,8- 
p e n t  a m e t h y l - 6 - c h r o m  anol)phosphate, 
5 - h y d r o x ym ethyl-2,2,7,8-tetrame thyl-6- 
chromanol phosphate and the cyclic 
5 - m e t h y l e n o x y - 2 , 2 , 7 , 8 - t e t r a m e t h y l - 6 -  
chromanol phosphate, were prepared. 
These phosphates are of interest in view 
of a possible role of a-tocopherol in oxi- 
dative phosphorylation. 

INTRODUCTION 

Investigation into the chemistry of vitamin E 
started in 1927 with Evans and Burr (1) when 
they found that its biological activity was 
destroyed by bromination and not by hydro- 
genation. Evans et al. (2) later isolated a-, /3- 
and 7-tocopherols from wheat germ oil in the 
form of solid allophonates. The chemical identi- 
fication of a-tocopherol resulted from studies 
on its decomposition and oxidation products 
by Fernholz (3,4). Synthesis of the biologically 
active principle was performed by Karrer et al. 
(5) from trimethylhydroquinone and phytyl 
bromide. John, Smith et al. (6,7) confirmed the 
chroman nucleus of vitamin E. In due time, the 
structures of ~ and 3, were ascertained and they 
were synthesized. Other tocopherols (5,7- 
dimethyltocol; 8-methyltocol; 7-methyltocol, 
5-methyltocol and tocol) have been isolated 
from natural sources or synthesized since then. 
These all possess the saturated phytyl side 
chain. In addition, several tocopherols with 
unsaturation in the side chain have been iso- 
lated and synthesized. 
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O X I D A T I O N  REACTIONS 
OF THE TOCOPHEROLS 

The most common react ion wh ich  the toco-  
pherols undergo is one of oxidation. Interest in 
studying the oxidation reactions of the toco- 
pherols are related to their use as anitoxidants 
and to interest in their biological role. Dimeric 
and trimeric oxidation products are excluded 
from this review. 

In 1939, John and Emte ( 8 ) f o u n d  that 
oxidation of a- or/3-tocopherol with nitric acid 
in alcoholic solution gave an intense red colora- 
tion to the solution. Also silver nitrate oxida- 
tion in boiling alcohol yielded this red product. 
This reaction formed the basis of the Furter- 
Meyer (9) colorimetric method for analysis of 
tocopherols. Emmerie and Engel (10) have 
developed a colorimetric method for toco- 
pherols based on oxidation with ferric chloride. 
John used the model compound 2,2,5,7,8- 
pentamethyl-6-chromanol, to study the oxida- 
tion reaction with silver nitrate. The red 
product obtained from the model was named 
chromanred 109 and that from a-tocopherol, 
a-tocored. Structure I was proposed for the red 
oxidation product by John. 

This structure was later shown to be in error 
by Smith et al. (11) who showed that the red 
oxidation product, a-tocored, possessed Struc- 
ture II. Compounds of Structure I could be 
formed from the red, orthoquinones, by treat- 
ment with hydrochloric acid. This latter iso- 
merization was first noted by John and Emte 
(12). 

In addition to this isomeric p-quinone, John 
and Emte (12) also isolated a hydroxy-p-qui- 
none upon oxidation of a-tocopherol with 
silver nitrate in boiling ethanol. Structure III 
was assigned by John on the basis of elemen- 
tary analysis of the product and its indicator 
properties (purple in base and yellow in acid). 
It was shown by Frampton et al. (13) that this 
hydroxy quinone (tocopurple) could also be 
produced by ferric chloride oxidation or by 
treatment of tocored with hydrochloric acid. 
These workers also showed that tocored could 
be produced by oxidation of tocopherol with 
ferric chloride in methanol at 50 C. Structure 
III for tocopurple was proved unequivocally in 
1960 by Frampton et al. (14). 

These oxidations under relatively mild con- 
ditions resulting in elimination of aromatic 
methyl groups are interesting and unusual in 
the field of organic chemistry. The extreme 
reactivity of the. 5-methyl group of a-toco- 
pherol and its model compounds becomes 
obvious as one studies their various reactions. 

III I II 

0 

H3 

CH= 

R= CH3 ~Ci ,  H~ 

IV 

0 H3 H.~ 
CH~ C H== 

C H~ 

VIi 
V Vl 

Mild oxidation of a-tocopherol with ferric 
chloride or silver nitrate yields a-tocopherol- 
quinone (IV) (15). Boyer (16) isolated a 
product formed by oxidation with ferric chlo- 
ride which was converted by acid to a-toco- 
pherolquinone. Structure V was postulated for 
this product called a-tocopheroxide. Martius 
and Eilingsfeld (17) showed this structure to be 
in error with the correct structure as VI. More 
recently, Durckheimer and Cohn (18) studied 
the oxidation of a-tocopherol with tetrachloro- 
o-quinone or N-bromosuccinimide and prepared 
9-hydroxy-a-tocopherone (VII). In the presence 
of alcohols, compounds of type VI were 
obtained. Deviation from a pH of 5.4 in either 
direction resulted in decomposition of VII to 
form a-tocopherol quinone. 

Free radical initiated oxidation of a-toco- 
pherol and its model compounds has led to 
interesting information about the mechanism of 
these oxidations and to new products. Inglett 
and Mattill (19) studied the oxidation of a- and 
7 - t o c o p h e r o l  and 2,2,5,7,8-pentamethyl-6- 
chromanol with benzoyl peroxide at 30 C. A 
surprisingly rapid oxidation of a-tocopherol 
occurs at this temperature yielding a-toco- 
pherolquinone and a compound identified as 
VIII. 7-Tocopherol yielded the red, or tho-  
quinone. Goodhue and Risley (20) studied the 
reaction of dax-tocopherol in hydrocarbon sol- 
vents with benzoyl peroxide. They obtained 
compound VIII which upon treatment with 
aqueous KOH yielded spirodienone dimer. 
These same workers (21) found that benzoyl 
peroxide oxidation of d-a-tocopherol in the 
presence of alcohols led to formation of 8a- 
alkoxy-a-tocopherones. Skinner and Parkhurst 
(22) confirmed the structure of the benzoyl 
peroxide oxidation product as VIII. Decompo- 
sition of the 5-benzoate with either hydro- 
chloric acid in benzene or KOH in ethanol 
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yielded dimer and trimer. The ease of  con- 
version of VIII to the intermediate quinone 
methide was used to prepare various tricyclic 
derivatives from dienophiles (IX and X). Treat- 
ment of the benzoate (VIII) with hydrochloric 
acid in ethanol followed by sublimation yielded 
the 5-aldehyde. Reduction of VIII with zinc- 
acetic acid gave the starting chroman. Refluxing 
VIII in aqueous hydrochloric acid in ethanol 
for several days under nitrogen gave a new 
product  identified as dimer (XI). 

Oxidation of 2,2,5,7,8-pentamethyl-6-chro- 
manol with azobisisobutyronitri le,  another free 
radical initiator, yielded a dihydroxy dimeric 
product (23) and a coupling product  from the 
initiator and the phenoxy radical (24) (XII). 

C H ~ ' 4 ; H z  H~ 

VIII 

Ix 

C H ~ ~  
H~ 

~z CH:~3 C TH, ~1~ 

C I " I ~  H~ XII 

H 

CN 

H3 

X 

~H=OH 
H = 

Xlil 

R = CH3oR el*H= 

REDUCTION PRODUCTS 

Treatment of a-tocopherolquinone with 
zinc and acetic acid causes reduction to the 
hydroquinone,  which is very sensitive to air 
oxidation,  and some cyclization to a-toco- 
pherol (15). This reductive cyclization can also 
be obtained using zinc-hydrochloric acid. 
C a t a l y t i c  hydrogenation of ee-tocopherol- 
quinone yields the hydroquinone.  

H A L O G E N A T I O N  REACTIONS 

Bromination (21) of ~-tocopherol led to the 
5-bromomethyl  derivative which was converted 
to the spirodienone dimer when treated with 1 
N KOH. Treatment of a- tocopherol  with acetyl 
chloride in benzene yielded the 5-chloro- 
methyl-6-acetoxy derivative which has been 
converted to a variety of 5-methyl substituted 
derivatives of a- tocopherol  (25). 

A L K Y L A T I O N  OF TOCOPHEROLS 

Interest in conversion of 7-tocopherol to 
a- tocopherol  has led to the study of alkylation 
of ?-tocopherol .  Weisler (26) has hydroxy-  
methylated 7-tocopherol  using formalin and 
converted the crude 5-hydroxymethyl  deriva- 
tive to a- tocopherol  by zinc-hydrochloric acid 
reduction. Haloalkylation of 7-tocopherol was 
described by Weisler and Chechak (27). Formy-  
lation of 7-tocopherol  is covered by Weisler in 
other patents (28). Aminoalkylat ion (29) is 
covered by another patent  (29). Recently, we 
p r e p a r e d  2 , 2 , 7 , 8 - t  e t r a m e t h y l - 5 - h y d r o x y -  
methyl-6-chromanol (XIII) in analytically pure 
form as well as the corresponding 0t-tocopherol 
derivative. 

ACID C A T A L Y Z E D  
DISPROPORTIONATION REACTIONS 

An interesting reaction of a- tocopherol-  
quinone was discovered by Issidorides (30). She 

_ ~ f . .o.  

CH3 ~H s ~r~,,H== 

XIV 

.~..~ ~ , . . . ~ H ,  I PO 

XV! 

CH=OH 

H~) H3 
OH= ;H, ~H 3 ~ r /  

XVIII 

H ~  ~"_ 
C ~  HI 
""~ ~H~ C,,H== 

XV 

XVII 

A,~ ,~^~CH, 
CH= L v ~  

CH~ = 

XlX 

R= CH 3 oe CI,H33 

found that a disproport ionat ion occurred when 
the quinone was treated with certain acids 
(phosphoric, citric or tartaric). Both a-toco- 
pherol and a- tocored were formed from a-toco- 
pherolquinone in this disproport ionation which 
occurred in the absence of oxygen. These 
results again point  to the unusual reactivity of 
the 5-methyl group of a- tocopherol .  

PHOSPHATE D E R I V A T I ~  ~ 

Phosphate derivatives of hydroquinones and 
chromans have been proposed as important  
intermediates in biological oxidative phospho- 
rylat ion processes (31). Intermediates such as 
XIV and XV were proposed by Vilkas and 
Lederer (32). 

In our laboratory we have synthesized a 
number of phosphate derivatives of a-toco- 
pherol and its model; 2,2,5,7,8-pentamethyl-6- 
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chromanol. These are compounds XVI-XIX. 
The latter two compounds were synthesized 
f r o m  the  5-benzoyloxymethyl-6-hydroxy- 
c h r o m a n  by treatment with phosphorus 
oxychloride followed by hydrolysis and by 
cyclization with dicyclohexylcarbodiimide. 

EXPERIMENTAL PROCEDURES 
2,2,7,8-Tetramethyl-5-hydroxymethyl-6-ch rornanol 

2 , 2 , 7 , 8 - T e t  r amethyl-6-chromanol (164.0 
mg) was placed in a glass vial with 1 ml of water 
and 0.2 ml of 37% formalin. Nitrogen gas was 
bubbled through the mixture for 15 min and 25 
mg of calcium hydroxide was added while the 
bubbling was continued and the glass vial was 
sealed with a flame. The vial was placed in a 
shaker and left over the weekend. The vial 
which now contained a thick slurry was acidi- 
fied with acetic acid, extracted with ether and 
the ether washed with sodium bicarbonate solu- 
tion and dried with sodium sulfate. Chromato- 
graphy of the crude product on a thick layer 
silica gel plate with chloroform gave a band 
near the origin which was removed and eluted 
with ether. The product crystallized from 
ether-light petroleum ether mixture to give 60 
mg of a white solid; mp 110-112 C. 

Analysis calculated for C 14H2003: C, 
71.16; H, 8.53; Found:  C, 71.35; H, 8.60. 

5-Hyd roxy methyl-~[-tocopherol 

The procedure reported for the model com- 
pound was repeated exactly on 333 mg of 
3'-tocopherol. A colorless gum (52 mg) was 
recovered from chromatography. 

Analysis calculated for C29H5003 : C, 
78.15 ; H, 11.08; Found: C, 78.25 ; H, 11.34. 

2,2,7,8-Tetramethyl-5-bromomethyl-6-ch romanol 
Ten grams of model chromanol was dis- 

solved in light petroleum ether and 9.2 g of 
bromine was added in light petroleum ether. 
After standing at room temperature for 0.5 hr, 
the solvent was removed in vacuo and the solid 
material remaining was recrystallized from light 
petroleum ether which gave a nearly quanti- 
tative yield of cream colored needles, mp 
73-75 C. 

Analysis calculated for C14H1902Br: C, 
56.20; H, 6.40; Br, 26.71; Found: C, 56.16; H, 
6.45 ; Br, 26.62. 

Sodium methoxide converts this compound 
to the 5-methoxymethyl derivative (33). 

Analysis calculated for C l s H 2 2 0 3 :  C, 
71.96; H, 8.86. Found: C, 71.77; H, 8.91. 

Tris(2,2,f,7,8-pentamethyl-6-chromanol) phosphate 

2,2,5,7,8-Pentamethyl-6-chromanol (2.2 g) 
was dissolved in hexane and 0.24 g of sodium 

hydride was added while stirring under nitro- 
gen. After 1/2 hr a slight excess of POC13 was 
slowly added to the stirring slurry. The sodium 
chloride was filtered and the filtrate evaporated 
to a small volume, washed with sodium bicarbo- 
nate, dried with anhydrous sodium carbonate 
and ether added. Evaporation of the ether gave 
a white precipitate which was recrystallized 
from hexane-ether mixture to give 2 g of a 
white solid, mp, 174-175 C. 

Analysis calculated for C42H5707P: C, 
71.57; H, 8.15; Found: C, 71.57; H, 7.94. 

Trisl6-acetoxy-f-rnethylenoxy- 
7,8-dimethyltocol) phosphate 

5-Chloromethyl-3"-tocopherol acetate (6.08 
g) and 1.67 g of yellow, silver phosphate were 
stirred in refluxing diglyme for 6 hr under a 
nitrogen atmosphere. During this time the 
yellow color of the silver phosphate changed to 
a grey-black. The solution was decanted into ice 
water and extracted with ether. The ether was 
removed and the brown product chromato- 
graphed on a silica gel column using light petro- 
leum ether-ether mixtures. A center cut was 
rechromatographed on florisil and finally on 
Silica gel GF-254 (according to E. Stahl) thick 
layer plates with chloroform, giving a very 
viscous and almost colorless oil (in about 10% 
yield) which showed only one spot on thin 
layer  chromatography; Silica gel GF-254 
(according to Stahl)-CHC13, Rf = 10-23. "v (/~) -max 
= 5.65 (CO) 6.30, 7.50, 7.95, 8.34, 8.96, 9.20, 
10.15, 13.55 and 14.45. 

Analysis calculated for C93H 153013P: C, 
73.97;H, 10.21; Found: C, 74.14; H, 10.00. 

5-Hydroxymethyl-2,2,7,8-tetramethyl- 
6-chromanol phosphate 

2 , 2 , 7 , 8  -T e t r a methyl-5-benzoyloxy-6-chro- 
manol (2 g) was dissolved in dry pyridine (20 
ml) and 2.4 ml of POC13 in 20 ml of dry 
pyridine was added to the ice cold, stirring 
mixture. The ice bath was removed and the 
mixture was allowed to stir under N 2 for 36 hr. 
The solution was poured into water, acidified 
and extracted with ether. The ether was washed 
with 6 N HC1, water and dried over sodium 
sulfate. Upon evaporation in vacuo a gum was 
isolated. This gum was dissolved in alcohol and 
NaOH (aqueous) added. The precipitate was 
filtered and dissolved in water and HC1 added, 
extracted with ether and evaporated in vacuo. 
The white solid obtained was recrystallized 
from ethyl acetate-ether-petroleum ether to 
yield a solid; mp 145-151 C. NMR in pyridine 
and D 20  was consistent with the above struc- 
ture as was the IR spectrum. The yield was 705 
mg (38%, theory). A titration of this material 
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gave an equivalent  weight  o f  164 or  a molecular  9. 
weight  of 328 (calculated,  316.3).  

10. 
The analysis was calculated for C 14H2106P:  

C, 53.16; H, 6.69; P, 10.03; Found :  C, 53.25; 11. 
H, 6.60; P, 9.70. 

12. 
Cyclic 5-methylenoxy-2,2,7,8- 
tetramethyl-6-chromanol phosphate 13. 

The 5-hydroxymethy l -2 ,2 ,7 ,8 - t  e t ramethy l -  14. 
6-chromanol  phospha te  (250 mg) was added  to 
5 ml of  pyr id ine  and st irred unti l  dissolved. One 15. 
milliliter of  water  and 1 g of  d icyc lohexylcarbo-  16. 
di imide was added and the  mix ture  st irred over 17. 
the weekend .  Water was added and the di- 
cyclohexylurea  f i l tered off .  The fi l trate was 18. 
ex t rac ted  wi th  e ther  three  t imes and then  made  19. 
acidic wi th  HCI. Washing wi th  water ,  drying 
wi th  sod ium sulfate and evapora t ion  in vacuo 20. 
gave a glassy gum which  crystall ized on  treat-  
men t  wi th  light pe t ro leum ether  af ter  refrig- 21. 
erating for  one week. Recrysta l l izat ion f rom 22. 
e thanol -e thyl  acetate  gave 78.6 mg of  a whi te  
solid; mp 230-233 C (dec.).  23. 

The analysis was calculated for C14H19OsP ;  24. 
C, 56.45;  H, 6.44; P, 10.38; Found :  C, 55.90; 
H, 6 .29 ;P ,  10.22. 25. 

The molecular  weight  ( in  EtOH) by  osmo-  26. 
meter  was 284 (calculated,  298). 

27. 

28. 

29. 

30. 

31. 
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Modern Procedures for the Analysis of Tocopherolsl 
R.H. BUNNELL,  Hoffmann-La Roche Inc., 
Nutley, New Jersey 07110 

ABSTRACT 

The development of reliable assay 
methodology for the tocopherols has 
been an evolutionary process which has 
required over 40 years to reach its present 
state. Today the analyst has at his dis- 
posal a choice of reliable and accurate 
methods of analysis for the eight toco- 
pherols now known to exist in nature. 
The general sequence of procedure and 
the precautions to be observed are 
descr ibed .  After suitable extraction 
procedures and careful saponification 
techniques, the tocopherols in the non- 
saponifiable fraction can be assayed by a 
variety of chromatographic procedures 
including paper, thin layer (TLC), column 
and gas liquid chromatography (GLC). 
The current methodology of these proce- 
dures is reviewed in some detail with 
special emphasis on the more frequently 
used TLC and GLC techniques. The 
earlier methods of GLC assay separated 
only the mono-, di- and trimethylated 
tocopherols but methods are now avail- 
able which provide separation of all the 
tocopherols. These developments were 
made possible by better columns and the 
use of derivatives of tocopherols. In 
addition to good separation, the GLC 
method is the most sensitive available for 
the quantitation of the tocopherols. 
Spectrophotometric measurements based 
on Emmerie Engel type reactions have 
been most frequently used for the final 
quantitative analysis of the tocopherols 
separated by paper, TLC, or column chro- 
matography. 

INTRODUCTION 

Publications in the area of vitamin E 
research which contain information on new or 
modified tocopherol assay procedures still 
appear at a frequent rate, even though vitamin 
E has been with us for over 40 years. The 
development of reliable assay methodology has 
been an evolutionary process which has 

1One of six papers being published from the 
"Chemistry and Biochemistry of Tocopherols," 
presented at the ISF-AOCS World Congress, Chicago, 
September 1970. 

achieved its greatest rate of development in the 
last 10 years. If the analyst's interest is pri- 
marily ~-tocopherol, there are a variety of 
reliable and accurate methods at his disposal. 
The assay of natural products for all eight 
known tocopherols, however, is a much more 
complex affair and, therefore, will probably 
continue to receive attention by analytical bio- 
chemists. 

A tremendous number of vitamin E publica- 
tions have appeared over the past 40 years, 
many of which contain assay procedures for the 
tocopherols. To the research worker who may 
be concerning himself for the first time with 
tocopherol assay procedures, entrance into the 
literature of this field can be a bewildering 
experience. Even those individuals who have 
been involved in the field of vitamin E find the 
task of compiling a review of tocopherol assay 
procedures a difficult one. The most recent 
review in this field was a short one prepared by 
Bunnell in 1969 (1). A more extensive review 
was published by the same author in 1967 (2). 
Earlier reviews (3-5) are also available to aid the 
analyst. This review will attempt to emphasize 
the more recent developments in tocopherol 
analytical procedures and hope, thereby, to 
serve as a supplement to previous efforts. 

For success in tocopherol assays, certain pre- 
cautions are essential. Protection of tocopherols 
from oxidation during the various steps of an 
analytical procedure is of paramount import- 
ance and our vigilance in this respect can never 
be relaxed. Conditions which catalyze the rate 
of oxidation of tocopherol are light, heat, 
alkaline pH and metals. A maximum effort 
should therefore be made to exclude oxygen 
when a procedure in the course of the assay 
involves any of the aforementioned conditions, 
or conversely, when oxygen is present, to avoid 
any of these conditions. Additionally, exposure 
of small amounts of tocopherol in thin films to 
air should be minimized. Since most of our 
methods for the quantitative estimation of 
tocopherol depend on its reducing property, a 
property certainly not unique to tocopherols, a 
second serious source of error is the presence of 
reducing artifacts. This source of error has 
probably been responsible for more inac- 
curacies in tocopherol assays than any other. 
Avoidance of this error requires careful 
attention to detail. Besides the obvious re- 
quirement of cleanliness of glassware, all sol- 
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FIG. 1. Two-dimensional paper chromatogram of animal serum (13). 

vents should be carefully purified or checked 
for purity with regard to the presence of oxi- 
dizing or reducing substances. Contact of 
samples with other substances should be 
avoided. Examples of these are rubber,  which 
can introduce foreign reducing substances, and 
silicone stopcock grease, which can adversely 
effect chromatographic procedures. With regard 
to contact with rubber, the experience reported 
by Morton (6) should make humble analysts of 
us all. In an investigation of the lipid compo- 
nents of human bone marrow, 7-tocotrienol 
was reported as present in this tissue. On rein- 
vestigation, however, it was discovered that  the 
~,-tocotrienol came from the rubber membrane 
used in the dialysis of the bond marrow lipids. 

The analytical steps usually employed in 
tocopherol  assay can be roughly divided into 

the sequence: extraction; separation of fats, 
e.g., saponification; chromatography-paper ,  
thin layer, column, gas liquid; measurement -  
colorimetric, e.g., Emmerie Engel, GLC, spec- 
t rophotometr ic ,  spectrofluorometric.  Since the 
methods for the extraction of samples and the 
removal of hpids by saponification or molecular 
distillation have been well covered in previous 
reviews, primary at tention will be given to 
methods of chromatography and measurement 
of the tocopherols.  

CHROMATOGRAPHIC PROCEDURES 

Paper 

Although paper chromatography is gradually 
being replaced by thin layer (TLC) and gas 
liquid chromatography (GLC), this technique 
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played a very important historical role in the 
separation and identification of new toco- 
pherols. The first efforts in this area (7,8) 
employed one-dimensional chromatography on 
papers impregnated with liquid paraffin. Based 
on the later refinements of Green et al. (9), a 
standard method of vitamin E assay was pro- 
posed by a vitamin E panel of the Analytical 
Methods Committee in England (10). This 
method employed adsorption chromatography 
in the first dimension on zinc carbonate impreg- 
na ted  paper with a benzene-cyclohexane 
developing solvent and reversed phase partition 
chromatography in the second dimension using 
ethanol-water on paraffin impregnated papers. 
This method was used successfully by many 
investigators with some modification for special 
cases. 

Some recent applications of paper chromato- 
graphy include the work of Jensen (11) who 
determined the tocopherol content of seaweed 
and seaweed meal and Bayfield et al. who 
measured the tocopherol content of pastures, 
f eed  and feces (12) and blood serum (13) with- 
out prior saponification. Jensen used circular 
chromatography on S & S 18 cm papers impreg- 
nated with 20% alumina. The papers were used 
directly without activation or were dipped in 
0.02% fluorescein. The chromatograms were 
run in Petri dishes with diethyl ether (20-25%) 
in petroleum ether as the developing solvent. 
After location, the tocopherol-containing rings 
were cut out, eluted and assayed. Prior saponifi- 
cation of the lipid extract did not appear 
necessary. Bayfield et al. assayed both /3-caro- 
tene and a-tocopherol in biological materials 
using a two-dimensional system. The 28 cm 
square zinc carbonate impregnated papers (10) 
were developed in light petroleum (40-60 ~ - 
acetone 99:1 (for serum) in the first dimension. 
The spots were then located quickly with UV 
light and the unused part of the paper dipped in 
3% paraffin in light petroleum. Development in 
the second dimension was then carried out 
using 90% aqueous methanol. Time required 
was 75-90 min for the first dimension and 2 1/2 
hr for the second dimension. A typical chro- 
matogram which they obtained for sheep serum 
is shown in Figure 1. They were able to quanti- 
tatively estimate /3-carotene in addition to a- 
tocopherol as well as to qualitatively show the 
presence of other carotenoids and probably 
vitamin A. These investigators considered the 
optimum amount of both a-tocopherol and 
/I-carotene to be 10 /lg for a reliable quantita- 
tive assay. Recoveries of ~-tocopherol and /3- 
carotene were about 90%. In the case of pasture 
feed and feces, they were also able to easily 
detect the presence of 0t-tocopheryl hydroqui- 

TOCOPHEROLS 

TABLE I 

Developing Solvents for Silica Gel G 
TLC of Tocopherols 

247 

Solvent References 

One-dimensional 

Benzene 15-18 
Benzene 80:heptane 20 19 
Chloroform 16,20 
Chloroform l:cyclohexane 2 16 
Hexane 92.5:ethyl acetate 7.5 21 
Petroleum ether 80:ethyl ether 20 22 
Petroleum ether 85 :isopropyl ether 12: 

acetone 4:ethyl ether 1:acetic acid 1 23 

Two-dimensional 

Chloroform 24 
Hexane 80:isopropyl ether 20 

Chloroform 25 
Petroleum ether 80:isopropyl ether 20 

Cyclohexane 80:ethyl ether 20 26 
Benzene 99:methanol 1 

none which had a high Rf value in the second 
dimension. In an earlier publication, Herring 
and Drury (14) used two-dimensional paper 
chromatography according to the procedure of 
the Analytical Methods Committee (10) for the 
assay of human blood serum or plasma. They 
also claimed that prior saponification of the 
plasma was not necessary. Recovery of a-toco- 
pherol was 99% after correcting for a 13% loss 
of a-tocopherol alone on the paper. Further 
aspects of the assay of tocopherol in blood 
plasma will be discussed in the section on TLC, 
a method which is rapidly displacing paper 
chromatography due to greater simplicity and 
speed. 

Thin Layer 
The use of TLC for the analysis of toco- 

pherols has made rapid advances in the last 10 
years so that it is now one of the most 
important analytical tools in this field. Silica gel 
G has enjoyed the widest usage but alumina, 
and to a lesser extent, magnesium phosphate 
have also been used as coatings for thin layer 
plates in tocopherol analysis. 

Silica gel G plates are prepared in the usual 
manner with a coating thickness of about 250/ l  
and dried at about 100C for 1/2 to 1 hr. 
Fluorescein is often incorporated during the 
preparation of the plates to enable the UV 
visualization of the tocopherol spots. A wide 
variety of developing solvents have been used 
with Silica gel G in both one- and two-dimen- 
sional chromatographic systems. A list of sol- 
vents which have been used for TLC of toco- 
pherols on Silica gel G plates is shown in Tal~le 
I. The choice of a mobile phase is usually dic- 
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All tocopherol eluted individually and estimated by Emmerie-Engel 
procedure of Tsen. 

FIG. 2. Tocopherol assay procedure of Chow et al. (24). 

tated by the pattern of tocopherols present, the 
impurities which must be separated, and 
whether the investigator wishes a quantitative 
estimate of all the individual tocopherols which 
are present in the sample. In handling an un- 
known sample, it  is usually advantageous to run 
a qualitative two-dimensional TLC with toco- 
pherol standards to learn the pattern of the 
tocopherols and interfering substances which 
may be present (25). An at tempt  was made to 
tabulate Rf values for the various tocopherols 
in different solvent systems but these often do 
not agree too well among investigators. Tabula- 
tions of Rf values, however, can be found in 
several references (20,27). 

Seher (28) first demonstrated that the toco- 
pherols could be separated by TLC but his 
system did not separate /3- and 7-tocopherols. 
Good separation of ~-,/3-, 7-, and 6-tocopherols 

was later achieved by Stowe (23) using a five 
component  solvent system. Rao et al. (29) suc- 
cessfuUy used Stowe's technique to assay the 
tocopherols in a variety of vegetable oils. Pen- 
nock et al. (30) and Whittle and Pennck (25) 
introduced further refinements of Silica gel G 
TLC of the tocopherols by using a two-dimen- 
sional system to separate the tocopherols and 
tocotrienols. The mono-, di- and t r imethylated 
tocopherols were separated using chloroform in 
the first dimension. Chromatography in the 
second dimension using 20% isopropyl ether in 
light petroleum ether separated a- tocopherol  
from a-tocotrienol,  /3-tocopherol from /3-toco- 
trienol plus 7-tocopherol and from 7-toco- 
trienol, and 6-tocopherol  from 5-tocotrienol.  
/3-Tocotrienol and 3'-tocopherol overlapped each 
other but when these two tocopherols occurred 
together they could be separated by reversed 
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phase chromatography or paraffin impregnated 
paper. The two-dimensional TLC system, re- 
fined by Whittle and Pennock (25), has proven 
to be an excellent method for established the 
presence of tocotrienols. 

Chow et al. (24) developed a method for the 
assay of free and esterified tocopherols and 
tocotrienols and applied it to a variety of 
cereals and rubber latex. Their method made 
use of the Pennock et al. (30) system of two- 
dimensional TLC. An important feature of their 
method was the removal of the bulk of the 
lipids by low temperature (-70 C) crystalliza- 
t ion rather than saponification. During the 
course of the development of their methods, it 
was found that saponificiation destroyed a sig- 
nificant amount of tocotrienols. The use of low 
temperature fat crystallization circumvented 
this difficulty. These investigators also solved 
the problem of assaying /3-tocotrienol and 3'- 
tocopherol when they occur together. The com- 
b i n e d  /3-tocotrienol-T-tocopherol spot was 
removed from the plates and hydrogenated by a 
micro procedure. The resulting mixture of/3- 
and 7-tocopherols was then separated by re- 
chromatography in the isopropyl ether-hexane 
system. Thus a method for determining all eight 
tocopherols was developed. The tocotrienol 
esters, which occur in rubber latex, were 
reduced by LiA1H 4 to the free form with mini- 
mum loss. Their method has much to recom- 
mend it for the complete analysis of toco- 
pherols in natural products. The overall scheme 
for the analysis of a lipid extract is shown in 
Figure 2. 

TLC on Silica gel G has been used for the 
assay of tocopherol in a wide variety of 
materials such as vegetable oils (20,24,25,29), 
leaves (18,19), alfalfa (21), blood serum 
( 15,31,32), liver (17), and tocopherol oxidation 
products (16). In the case of blood serum, 
Horwitt et al. (32) reported that the losses of 
tocopherol were excessive when blood serum 
containing less than 0.6 mg/100 ml was assayed 
by TLC. He suggested that some other accept- 
able method for total tocopherol determination 
should also be run as a check on the TLC assay. 

Alumina has also been used for the TLC of 
tocopherols. Herting and Drury (33) described 
the use of inactivated alumina Chromatogram 
sheets for the tocopherol analysis of a wide 
variety of biological samples using one-dimen- 
sional chromatography with a solvent system of 
benzene-diethyl ether (50:50). Recovery of 
tocopherol standards on these sheets was 
reported as 90-95% and the analytical results 
were comparable to column chromatography 
on magnesium phosphate. In the case of blood 
serum, chromatography of unsaponified serum 

was not as good on alumina sheets as it was on 
Silica gel G sheets, but with saponified serum, 
alumina sheets were better. The same investi- 
gators (34) applied TLC on alumina sheets to 
the assay of tocopherol in a variety of cereals. 
Two-dimensional chromatography was used in 
this study with solvent system of benzene- 
diethyl ether (90:10) in the first dimension and 
light petroleum ether-isopropyl ether (80:20) in 
the second dimension. Recoveries in this two- 
dimensional system were in the 80-81% range. 

Schmidt (35) also used TLC on neutral 
alumina plates for the analysis of tocopherols in 
oils and fats. Chloroform was used as the 
developing solvent in a one-dimensional system. 
A special feature of Schmidt's method was the 
inactivation of the alumina by application of 
methanol to the tocopherol spots, and then 
extraction of the alumina scraped from the 
plates for 1/2 hr under reflux with ether. The 
technique was apparently necessary for the 
complete extraction of the tocopherols, parti- 
cularly 3"- an'd 6-tocopherols. 

Roughan (27) carried out a special study of 
TLC systems to improve the separation of a- 
and/3-tocopherols. A variety of thin layers were 
tried, and the best systems were aluminum 
oxide-zinc carbonate (3:1) with chloroform as 
the solvent or Silica gel G-zinc carbonate (2:1) 
with benzene-cyclohexane (30:70). 

Column 

There have been few significant advances in 
the use of column chromatography for the 
analysis of tocopherols since the last review of 
tocopherol analytical methods (2). The excel- 
lent method of Bro-Rasmussen and Hjarde 
(36,37) has been handicapped by the difficulty 
of obtaining batches of secondary magnesium 
phosphate that will give good separation of the 
tocopherols. This has forced many investigators 
to the use of TLC even though recovery of 
tocopherol using this column chromatographic 
technique is superior to TLC. Dicks-Bushnell 
(38) encountered difficulty with see-magnesium 
phosphate columns and, therefore, investigated 
the use of Florisil and silicic acid for the 
c o l u m n  chromatography of tocopherols. 
Although some separation of tocopherols was 
achieved with these adsorbents, neither was 
completely satisfactory. I n  a subsequent study 
by Dicks-Bushnell and Davis (39) use was made 
of column chromatography on Florisil followed 
by paper chromatography for the tocopherol 
analysis of infant formulas .ahd cereals. These 
workers found that spotting of less than 10 ~g 
of tocopherol gave poor results in quantitative 
assays using paper chromatography. This is in 
agreement with Horwitt et al. (32) who also 
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TABLE II 

Relative Retention Data for Some Tocopherols,  
Their p-Quinones and Their Trimethylsilyl  Ethers (50) 

Compound 
Parent Trimethylsilyl  

compound p-Quinone ethers 

Tocol 1.00 1.00 0.80 
5-Methyltocol 1.26 1.16 1.07 
7-Methyltocol 1.11 1.27 0.91 
8-Methyltocol 1.08 1.30 0.83 
5,7,8-Trimethyltocol  1.69 1.86 1.66 

reported difficulties in recoveries with small 
amounts of tocopherol on TLC. 

Ackman and Cormier (40) used alumina-zinc 
carbonate columns, according to the method of 
Bieri et al. (41), for the analysis of 0e4ocopherol 
in Atlantic fish and shellfish. A special feature 
of their method was a rather unique column 
arrangement which maintained a nitrogen 
atmosphere, permitted application of a partial 
vacuum to speed up column flow and facilitate 
removal of the solvent in the collected fractions 
without removal of the collecting tubes from 
their racks. This apparatus should find applica- 
tion in the column chromatography of any 
oxygen labile substances. 

Ikeda and Taguchi (42) employed column 
chromatography on acid alumina in their assay 
procedure for tocopherol in fish tissues. They 
demonstrated good separation of a-tocopherol 
from ubiquinone. Nazir and Magar (43) have 
also used alumina columns for the assay of 
tocopherol and ubiquinone in shark tissues. 

Column chromatographic techniques will 
probably continue to find application in the 
analysis of tocopherols, either as the principle 
technique or coupled with other methods of 
chromatography such as paper or TLC. 

Gas Liquid 

The use of GLC for the analysis of toco- 
pherols has increased considerably since it was 
first reported about 10 years ago. It offers the 

advantage of separation and quantitation of the 
tocopherols in one step. It also offers greater 
sensitivity than previous spectrophotometric 
methods which were limited to levels of about 
1 ~ug. Improvements in methodology are con- 
tinually being made so that its dominant role in 
tocopherol analysis in the future is assured. For 
a summary of investigations in the field up to 
about 1965, the reader is again referred to a 
previous review (2). 

Tocopherol analysis by GLC was quickly 
accepted for pharmaceutical products (44,45) 
and this method is under collaborative study 
and will undoubtedly be the official method in 
the near future. It has the advantage of ease and 
sensitivity and can easily determine both toco- 
pherol and the acetate esters in the same mix- 
ture. 

Ishikawa and Katsui (46) reported on a 
method for the assay of tocopherols which 
involved acetylation to the acetate esters and 
chromatography on 1.5% SE-30 on chromosorb 
W, hydrogen flame ionization detection and 
nitrogen carrier gas. Squalene was used as an 
internal standard. Separation of/3- and 7-toco- 
pherols was not achieved. These authors also 
reported relative retention times of the tri- 
methylsilyl ethers of the tocopherols. This 
method was used for the assay of tocopherols 
in soybean oil (47). Eisner et al. (48) employed 
GLC on 1.5% SE-30 on silanized Gas Chrom P 
in the analysis of aliphatic alcohols, tocopherols 

TABLE III 

Relative Retention Data for Substituted Tocols and Their Esters (50) 

Parent Trifluoro- Pentafluoro- 
Compound  compound Acetate acetate Propionate propionate 

Tocol 1.00 1.13 0.46 1.50 0.44 
5-Methyltocol 1.26 1.46 0.62 1.87 0.62 
7-Methyltocol 1.11 1.26 0.54 1.68 0.53 
8-Methyltocol 1.08 1.26 0.52 1.65 0.50 
5 ,7-Dimethyltocol  1.36 1.63 0.70 2.14 0.70 
5,8-Dimethyltocol  1.35 1.60 0.67 2.10 0.66 
7 ,8-Dimethyltocol  1.39 1.64 0.68 2.14 0.67 
5,7, 8-Trimethyltocol  1.69 2.02 0.88 2.65 0.88 
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and  triterpenoid alcohols in butter and 
vegetable oils. Column chromatography on 
Florisil was used prior to GLC. Nair and co- 
workers have made significant advances in 
improving the sensitivity and reproducibility of 
GLC techniques for tocopherols (49,50). Their 
work involved an extensive investigation of the 
GLC properties of the tocopherols, tocopherol 
quinones, the trimethylsilylethers, and the ace- 
tate, propionate, trifluoracetate and penta- 
fluoropropionate esters. The principle column 
support used was a mixture of SE-52 and 
XE-60 on Gas Chrom P. Relative retention 
times of the quinones and trimethylsilylethers 
of some tocopherols are shown in Table II and 
for a variety of esters in Table Ill. No data were 
given for the tocotrienols. These investigators 
found bis (trimethylsilyl) acetamide a preferred 
reagent for preparing trimethylsilylethers. Nair 
and Luna (51) combined these GLC techniques 
with mass spectrometry and IR spectroscopy 
for the identification of a-tocopherol in tissues. 
Trifluoroacetate and trimethylsilyl derivatives 
of a-tocopherol, isolated from tissues, were 
proven to be identical to the same derivatives 
made from standard c~-tocopherol. These GLC 
tocopherol analytical techniques were used in 
connection with a study of lipofuscin-like pig- 
ments in the rat adrenal gland (52). 

Slover et al. (53) applied a GLC method for 
the identification and estimation of tocopherols 
and tocotrienols as their trimethylsilyl ethers. 
They used silanized glass columns packed with 
either 0.5% Apiezon L or 2% SE-30 on 
Anakrom. The methods were applied to prelim- 
inary studies of the tocopherols present in soy- 
bean oil, whole wheat flour, wheat germ oil and 
corn meal. Some tocotrienols were found in all 
samples except soybean oil. 

An ingenious combination of radio label 
techniques, TLC and GLC were used by Bieri et 
al. (54) in solving the problem of the deter- 
mination of a-tocopherol in erythrocytes. Pre- 
liminary experiments had indicated erratic 
results and only 30-60% recovery of 14C-a- 
tocopherol added to erythrocytes. Further 
studies indicated that considerable oxidation of 
the tocopherol occurred during extraction. In 
view of this, the decision was made to oxidize 
the tocopherol and determine the resulting 
tocopheryl-quinone. Studies with the oxidation 
of a-tocopherol-3H in the absence and presence 
of lipids from erythrocytes also indicated a loss 
of a-tocopheryl-quinone. This loss could have 
been due to the formation of an addition com- 
pound of tocopherylquinone and unsaturated 
fatty esters similar to the findings of Komoda 
and Horada (55) in working with tocopherol 
oxidation products in soybean oil. In order to 
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FIG. 3. Analysis of erythrocytes for O~-tocopherol 
(54). 

correct for this loss of a-tocopherylquinone, a 
known amount of a-tocopherol-3H was added 
to the washed cells during extraction. The assay 
solution was then counted in addition to the 
GLC analysis in order to make the correction 
for overall losses of a-tocopherol. The GLC 
analysis of a-tocopherylquinone was carried out 
using hydrogen flame detection with Glass U 
columns packed with 3% QF-1 on silanized 
Supelcoport. The response of the detector was 
linear in the range of 0.025-0.25 /~g of a-toco- 
pherylquinone. Submicrogram amounts of a- 
tocopherol could, therefore, be detected in 0.5 
ml of packed erythrocytes. (A flow chart of the 
procedure is shown in Figure 3.) Bieri and 
Poukka (56) then applied this technique to a 
study of the red cell content of a-tocopherol in 
normal subjects and patients with abnormal 
lipid metabolism. 

M E A S U R E M E N T  OF THE TOCOPHEROLS 

The quantitative measurement of toco- 
pherols by GLC has already been discussed and 
at the present time this method has the greatest 
sensitivity. Colorimetric or spectrophotometric 
measurement, however, has been the most 
widely used method. Reviews previously cited 
cover the details of these methods. The proce- 
dure used most widely at the present time is 
Tsen's (57) modification of the Emmerie Engel 
method using bathophenanthroline as the chro- 
mogenic reagent. This has increased the sensi- 
tivity of the original Emmerie Engel procedure 
by a factor of about 2.5. The stable free radical 
a,a'-diphenyl-/3-picrylhydrazyl (DPPH) offers 
interesting possibility as a colorimetric reagnet 
in tocopherol analysis. This reagent was first 
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p r o p o s e d  b y  Blois  ( 5 8 )  a n d  f u r t h e r  d e v e l o p e d  
b y  G l a v i n d  ( 5 9 )  fo r  t h e  a s s a y  o f  a n t i o x i d a n t s  in  
a n i m a l  t i s sue .  G l a v i n d  a n d  H o l m e r  ( 2 6 ) l a t e r  
d e s c r i b e d  a m e t h o d  fo r  t h e  T L C  d e t e r m i n a t i o n  
o f  a n t i o x i d a n t s  u s i n g  D P P H .  S ince  t h e  d e e p  
v io le t  co lo r  o f  t h e  D P P H  r e a g e n t  is r e d u c e d  b y  
t o c o p h e r o l ,  t h e  co lo r  f a d e s  to  y e l l o w  g iv ing  a 
d e c r e a s e  in  op t i c a l  d e n s i t y  a t  5 2 0  n m .  F o r  
v i s u a l i z a t i o n  o f  s p o t s  o n  T L C  p l a t e s ,  t h e  t o c o -  
p h e r o l s  or  a n t i o x i d a n t s  s h o w  u p  as b r i g h t  
y e l l o w  s p o t s  o n  a v io le t  b a c k g r o u n d .  A q u a n t i -  
t a t i ve  p r o c e d u r e  u s i n g  t h e  D P P H  r e a g e n t  was  
a l s o  d e s c r i b e d  b y  G l a v i n d  a n d  H o l m e r .  
R e c e n t l y  B o g u t h  a n d  R e p g e s  ( 6 0 )  a lso 
d e s c r i b e d  a s p e c t r o p h o t o m e t r i c  p r o c e d u r e  fo r  
t h e  d e t e r m i n a t i o n  o f  a - t o c o p h e r o l  w i t h  D P P H .  
T h e  F1 cm fo r  D P P H  is 1 2 8 6  a n d  t h e  ~ 5 2 0  
d e c r e a s e  in  e x t i n c t i o n  w i t h  c o n c e n t r a t i o n  o b e y s  
t h e  L a m b e r t - B e e r  l aw.  

D i r ec t  m e a s u r e m e n t  o f  t o c o p h e r o l s  b y  U V  
s p e c t r o p h o t o m e t r y  h a s  f o u n d  o n l y  l i m i t e d  u se  
d u e  to  t h e  l ow  e x t i n c t i o n  va l ue s  o f  t h e  t o c o -  
p h e r o l s  a n d  to  t h e  p r o b l e m  o f  i n t e r f e r i n g  sub -  
s t a n c e s .  S p e c t r o f l u o r o m e t r i c  m e t h o d s  are  
b e t t e r  a n d  were  d e v e l o p e d  b y  D u g g a n  ( 6 1 )  fo r  
t h e  a s s ay  o f  t o c o p h e r o l  in  b l o o d  s e r u m .  
D u g g a n ' s  m e t h o d  wa s  f u r t h e r  d e v e l o p e d  b y  
H a n s e n  a n d  W a r w i c k  ( 6 2 )  as a f l u o r o m e t r i c  
m i c r o  m e t h o d  fo r  s e r u m  t o c o p h e r o l .  

O t h e r  p r o c e d u r e s  w h i c h  h a v e  r e c e n t l y  b e e n  
p r o p o s e d  fo r  t h e  d e t e r m i n a t i o n  o f  a - t o c o p h e r o l  
a re  a p o l a r o g r a p h i c  t e c h n i q u e  ( 6 3 )  a n d  a n  
o x i d i m e t r i c  p r o c e d u r e  ( 6 4 )  w h i c h  m e a s u r e s  t h e  
c o n t e n t  o f  f e r r o u s  i ons ,  f o r m e d  bY o x i d a t i o n  o f  
c~- tocophero l  w i t h  fe r r ic  c h l o r i d e ,  b y  t i t r a t i o n  
w i t h  d i c h l o r o p h e n o l i n d o  p h e n o l .  
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The Quantitative Analysis of Sphingolipids by Determination 
of Long Chain Base as the Trinitrobenzene Sulfonic 
Acid Derivative 1 
A.N. SIAKOTOS, S. KULKARNI and S. PASSO, Department of Pathology, 
Indiana University Medical Center, Indianapolis, Indiana 46202 

ABSTRACT 

A spectrophotometr ic  procedure has 
been developed for the determination of 
microquantities of sphingolipids. The 
a s s a y  system involved includes the 
methanolysis of the fat ty acid moiety of 
the sphingolipid with boron trifluoride in 
methanol to yield a long chain base con- 
taining a free amino group. The long 
c h a i n  a m i n e ,  sphingosine, is then 
extracted into an organic phase and 
reacted with aqueous tr initrobenzene 
sulfonic acid to yield a product with an 
absorption maximum at 340 m/~. Lipid 
peroxidation products and silicic acid do 
not seriously interfere in the 340 region. 
A wide variety of pure sphingolipids 
yielded equivalent optical densities per 
m o le o f s phingolipid. Sphingolipids 
assayed included cerebroside, cerebroside 
sulfate, ganglioside and sphingomyelin. 

INTRODUCTION 

Procedures for the quantitative analysis of 
sphingolipids have been based on the determina- 
t ion of the long chain base of sphingosine and 
the analysis of other sphingolipid components.  
A direct analysis for sphingosine is the pre- 
ferred analytical approach to sphingolipid 
analysis since all known sphingolipids contain 
one molecule of sphingosine per molecule of 
sphingolipid. Moreover, the determination of 
mole ratios of associated chemical components  
with reference to sphingosine is essential for the 
characterization of various sphingolipid species. 
Several procedures have been employed for 
measuring sphingosine, including gas liquid 
chromatography of the aldehyde products of 
oxidized sphingosine (1), and the spectrophoto- 
metric determination of dye-sphingosine com- 
plexes (2,3). Alternative approaches have been 
to measure the concentration of components 
associated with specific sphingolipids; these 
i n c l u d e  phosphorus  (sphingomyelin) (4), 
neuraminic acid (gangliosides) (5), sulfate 
(sulfatides) (6), and galactose (cerebrosides) 

1presented at the AOCS Meeting, New Orleans, 
April 1970. 

(7). All of these approaches feature some dis- 
advantages. Hexose analyses by procedures 
using sulfuric acid are particularly difficult 
since the parent sphingolipid must be employed 
as an absolute standard for quanti tat ion 
because of the many side reactions experienced 
with different components  unique to a number 
of sphingolipid species (8). Other disadvantages 
of previous methods are numerous chances for 
errors during multiple extraction operations 
and solvent transfers. 

The procedure described in this paper was 
developed from an earlier described method for 
lipids containing free amino groups using tri- 
nitrobenzene sulfonic acid (TNBS) (9). This 
new procedure, modified for sphingolipids, 
yields identical optical densities, on a molecular 
weight basis, for the sphingosine-TNBS reaction 
products with all sphingolipids assayed. This 
assay is rapid and sensitive to 5 /lg or less of 
c e r e b r o s i d e .  Absolute standards are not 
required and samples may be assayed directly in 
the presence of different chromatographic 
media. All reaction and extract ion steps are 
carried out in one reaction tube. 

MATERIALS AND METHODS 

The  f o l l o w i n g  commercial  sources of  
reagents were employed in this study: tfinitro- 
benzene sulfonic acid, sodium dihydrate (Pierce 
Chemical Co., Rockford,  Ill.). [Trinitrobenzene 
s u l f o n i c  acid (Eastman 8746, Distillation 
Products Industries, Rochester, N.Y.) must be 
purified by recrystallization from water after 
conversion to the sodium salt with sodium bi- 
carbonate.] Hydroxide of Hyamine, 1 M in 
absolute methanol (Packard Instrument Co., 
Downer's Grove, Ill.); silica gel, plain (Warner- 
Chilcott Labs, Richmond, Calif.) 

The 7% boron trifluoride (BF3) solution was 
prepared by cooling a flask containing redis- 
tilled absolute methanol in a dry ice-acetone 
bath and adding BF 3 gas (The Matheson Co., 
East Rutherford,  N.J.) through a Teflon tube to 
make 7% BF 3 w/w. 

The sphingolipid samples, obtained from 
Supelco., Bellefonte, Penna., were monitored 
for purity by appropriate thin layer chromato- 
graphy (TLC) systems. Lipid preparations with 
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traces of impurities were excluded. Samples of 
pure disialogangliosides (HG-2 and HG-4) were 
generously supplied by Dr. McCluer (W.E. 
Fernald State School, Waverly, Mass.). 

Mixtures of cerebroside, cerebroside sulfate 
and sphlngomyelin were separated by one-di- 
mensional (1D) TLC using silicic acid with 10% 
magnesium silicate or silica gel, plain with the 
so lvent  systems chloroform-methanol-water 
( 65 :25 :4 )  or chloroform-acetone-methanol- 
acetic acid-water (3 : 4: 1 : 1 : 0.5 ) (10). The in divi- 
dual sphingolipid classes were detected by 
lightly spraying the air-dried TLC plate with 
distilled water and outlining the hydrophobic 
areas. The labeled TLC plates were stored over 
magnesium perchlorate overnight and the 
appropriate areas were transferred quanti- 
tatively into a 16 x 100 mm Pyrex culture tube, 
Corning Glass Works, Corning, N.Y. 

EXPERIMENTAL PROCEDURES 
An aliquot of the lipid mixture was evapo- 

rated under nitrogen in a Pyrex culture tube. 
Alternatively, lipid-silicic acid samples from 
TLC plates were transferred to a culture tube. 
One ml of 7% BF 3 in methanol was added. The 
tubes were sealed with rubber-backed Teflon- 
lined plastic caps (GCM1 415-15, Corning Glass 
Works, Corning, N.Y.). The tubes were heated 
at 110 C for 1 hr, then cooled. The tubes were 
uncapped and 2 ml benzene was added, fol- 
lowed by 1 ml of the buffered Hyamine 
solution (1M NaHCO3, 0.2 M Na2CO3, con- 
taining 2.5% 1M Hyamine hydroxide). The 
tubes were capped and extracted vigorously for 
5 min on a mechanical shaking machine. 
Samples containing silicic acid (TLC samples) 
were centrifuged at 1000 g for 10 rain to sedi- 
ment the silicic acid after which the total liquid 
phase was poured into a clean Pyrex culture 
tube. Next, 0.5 ml of 0.1% aqueous TNBS was 
added, the samples were capped, mixed 
immediately with a vortex mixer and incubated 
1 hr at room temperature in the dark. Finally, 
1.0 ml 10% aqueous hydrochloric acid (1.2 N) 
was added to quench the unreacted TNBS color 
and the samples were reextracted for 5 min to 
separate the liquid phases. The clear super- 
natant solution is read at 340 mp against a 
reagent blank. For best reproducibility mix in 
cuvette before final reading. With samples sepa- 
rated by TLC, a silicic acid blank is carried 
through all steps. 

Highly colored samples may be color-cor- 
rected by omitting the TNBS reagent in a repli- 
cate. With such preparations a "blank" consists 
of an equivalent aliquot of the sample except 
that 0.5 ml of distilled water is substituted for 
the TNBS reagent. Such color correction blanks 
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FIG. 1. Absorption spectrum of the TNBS deriva- 
tive of 100 #g bovine brain cerebroside. Obtained as 
difference spectrum between bland and cerebroside 
sample. 

are generally not necessary with glycolipid 
samples eluted from columns or separated from 
other polar lipids by TLC. The absolute speci- 
ficity of this method for sphingolipids is main- 
tained by a chromatographic separation proce- 
dure, although the presence of phosphatidyl- 
ethanolamine (PE) or phosphatidylserine (PS) 
may be corrected by a previously published 
method (9) for amino-containing lipids. That 
procedure (9) is specific for lipids with free 
amino groups and completely excludes all 
sphingolipids (Bacteria and invertebrates may 
contain ceramide phosphorylethanolamine and 
some invertebrates, ceramide phosphoroetha- 
nolamine.) except free sphingosine since the 
transacylation step is not included. With the 
present procedure, traces of free amino-con- 
taining lipids may be determined by omitting 
the transacylation step, that is, altering the 
addition sequence of the reagents (adding 2 ml 
benzene to the sample, followed by the buf- 
fered Hyamine, then the methanolic 7% BF3 
mixture, and the TNBS reagent), and con- 
tinuing with the procedure as described above. 
Under these conditions, only lipids with free 
amino groups are detected. This optical density 
value can be subtracted from the optical 
density obtained after sphingolipid analysis to 
correct for the true sphingolipid content. 

RESULTS 

The absorption spectrum was determined for 
100 pg of cerebroside with a reagent blank as 
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TABLE I 

Experimental  Variation o f  the TNBS Procedure in Optical Density Units at 340 m/.t a 

Test tube system Thin layer sys tem 

Days n CV b F ratio c Days n CV b F ratio c 

Reagent blank 

Cerebroside 
samples 

Optical density 
differences 

1 10 3.11 1.6030 b 1 5 3.18 
2 5 1.92 2 5 3.09 
3 5 2.37 3 5 3.49 
4 5 2.03 4 5 3.49 
5 5 2.60 5 5 2.95 

2.40 3.24 

1 10 1.32 2.1105 1 5 3.23 
2 5 2.63 2 5 1.53 
3 5 0.48 3 5 0.69 
4 5 1.91 4 5 1.44 
5 5 1.45 5 5 1.57 

1.55 1.69 

1 10 2.98 0.8740 d 1 5 4.88 
2 5 3.97 2 5 4.33 
3 5 1.98 3 5 3.23 
4 5 4.41 4 5 0.83 
5 5 3.06 5 5 4.18 

3.28 0.692 e 3.49 

6.0230 f 

6.2684 f 

2.128 d 

0.633 e 

aReference: Benzene. 
bCoefficient of  variation: Standard deviation 0[0 mean x 100. 
CF ratio: Variance ratio between day mean squares and within mean squares. 
dNot significantly different. 
eMean optical density difference for all days. 
fSignificantly different at 1% and 5% level (P4.20, 2.89 and 4.43, respectively). 

r e f e r e n c e  u s i n g  a G i l f o r d  2 4 0  S p e c t r o p h o t o -  
m e t e r  (Fig .  1). T w o  a b s o r p t i o n  p e a k s  we re  
o b s e r v e d ,  t h e  f i r s t  a t  3 4 0  mbt a n d  t h e  s e c o n d  a t  
4 1 0 - 4 2 0  m/ l .  T h e  i n c r e a s e  in s e n s i t i v i t y  a t  340  
rn/a was  2 .2 - fo ld .  I n  o n e  e x p e r i m e n t ,  t h e  co- 
e f f i c i e n t  o f  v a r i a t i o n  (C V)  at  3 4 0  m ~  a m o n g  
n i n e  r e p l i c a t e s  ( r e a g e n t  b l a n k s  a n d  c e r e b r o s i d e  
s a m p l e s )  was  3 . 3 6 %  fo r  c e r e b r o s i d e  s t a n d a r d s .  
T h e  s a m e  s a m p l e s  w h e n  m e a s u r e d  a t  4 2 0  m/ l  
gave  h i g h e r  v a l u e s  b o t h  fo r  t h e  r e a g e n t  b l a n k s  
( 1 2 . 0 2 % )  a n d  t h e  c e r e b r o s i d e  s t a n d a r d s  

TABLE II 

Effect o f  1 M Hydroxide of  Hyamine 
of  TNBS-Sphingosine Reaction a 

Hyamine,  ml Optical density Mean CV b 

0 97 33.12 
0.01 610 5.02 
0.05 a 654 1.78 
0.1 647 4.84 
0.5 633 3.28 
1.0 4.83 6.11 

aTotal volume 5.5 ml. Reaction condit ions as in 
text with 100 gg brain cerebroside. Quant i ty  of  0.05 
ml equals s tandard assay conditions.  

bCoefficient of  variation. 

( 4 . 7 0 % ) .  I n  t h i s  p a p e r  all s p e c t r o p h o t o m e t r i c  
a s s a y s  o f  t h e  T N B S - s p h i n g o s i n e  r e a c t i o n  
p r o d u c t  we re  m a d e  at  3 4 0  m g .  

E x p e r i m e n t a l  e r ro r  was  d e t e r m i n e d  o n  d a y  
to  d a y  v a r i a t i o n  a n d  v a r i a t i o n  w i t h i n  d a y s  
( T a b l e  I). B e n z e n e  w a s  e m p l o y e d  as an  a b s o l u t e  
r e f e r e n c e  a n d  c o m p a r i s o n  was  m a d e  u s i n g  100  
/ lg o f  p u r e  c e r e b r o s i d e .  W i t h  t h e  t e s t  t u b e  p ro -  
c e d u r e  ( T a b l e  I) t h e  m e a n  o p t i c a l  d e n s i t y  
d i f f e r e n c e  b e t w e e n  r e a g e n t  b l a n k s  a n d  s a m p l e s  
was  0 . 6 9 2  w i t h  an  ave rage  c o e f f i c i e n t  o f  var ia-  
t i o n  o f  3 .28%.  S imi l a r  o p t i c a l  d e n s i t y  d i f f e r -  
e n c e s ,  a m e a n  o f  0 . 6 3 3  a n d  a c o e f f i c i e n t  o f  
v a r i a t i o n  o f  3 . 4 9 % ,  we re  o b s e r v e d  fo r  t h e  
m e t h o d  w h e n  a s s a y s  we re  m a d e  d i r e c t l y  o n  t h e  
c e r e b r o s i d e  s t a n d a r d  w h e n  s e p a r a t e d  b y  T L C  
( T a b l e  I). T h e  r e c o v e r y  in  t h i s  e x p e r i m e n t  
was  9 1 . 4 7 % .  W i t h  i m p r o v e m e n t s  in  t h e  t e c h -  
n i q u e  o f  s p o t  d e t e c t i o n  ( w a t e r s p r a y i n g  t h e  T L C  
p l a t e  o n  a b l a n k  b a c k g r o u n d ) ,  d r y i n g  o f  t h e  
l a b e l e d  T L C  p l a t e  ove r  m a g n e s i u m  p e r c h l o r a t e ,  
a n d  t h e  u se  o f  a b l a n k  T L C  p la t e  ( d e v e l o p e d  in  
t h e  s a m e  c h r o m a t o g r a p h i c  s o l v e n t ) ,  r e c o v e r i e s  
r o u t i n e l y  a v e r a g e d  9 5 - 1 0 0 % .  R e c o v e r i e s  o f  p u r e  
H G . 2  a n d  H G . 4  g a n g l i o s i d e  f r o m  W h a t m a n  3 
MM p a p e r  we re  9 7 - 9 8 % .  T h e  t e s t  t u b e  p r o c e -  
d u r e  w a s  s t ab l e  f r o m  d a y  to  d a y  a n d  s h o w e d  

LIPIDS, VOL. 6, NO. 4 



ANALYSIS OF SPHINGOLIPIDS 257 

1 . 8  , i , i , , 

| 
1 . 6 -  

>~ 1.4- 

t~ 1.0- 

0.8- 
E) 

0.6-  
o 

0.4-  

0.2-  

I I I I I I 
50 i00 150 200 250 300 

(Micrograms)  

~ ) ,  , , i 

I I I I I 
.05 0.I 0.15 0.2 0.25 

(Micromoles) 
SPHINGOLIPID CONCENTRATION 

FIG. 2. Concentration-optical density curves for some sphingolipids. A. Data plotted on a 
weight basis (#g). B. The same data plotted on a molar basis (/aM). Molecular weights used for the cal- 
culation are given in the text. 

minimal variation. 
When samples of pure cerebroside were 

applied to a TLC plate and the assay carried out 
as indicated for samples containing sllicic acid, 
some deviations were observed (Table I), 
when compared to samples assayed in the 
absence of silicic acid (Table I). An analysis of 
variance did not reveal significant differences 
between days and within days with the test 
tube method. The same method as applied to 
TLC plates revealed some variations for blanks 
and samples (Table I), but these differences 
were eliminated when the reagent blanks were 
subtracted from the samples and only the opti- 
cal density differences were considered. 

The level of Hyamine hydroxide on experi- 
mental variability was noteworthy (Table II). 
Maximum color yield coincided with minimum 
experimental variation, that is, 2.5% Hyamine 
v/v of the buffer mixture. Higher concentra- 
tions of Hyamine reduced the color yield, 
increased the reagent blank and increased the 
coefficient of variation to unacceptable levels. 

The optical density data are plotted for 
various pure sphingolipids, including sphingo- 
sine (free base), cerebroside, cerebroside sul- 
fate, sphingomyelin and a ganglioside (HG.2) 
(Fig. 2). The data are plotted on a weight basis 
in Figure 2A. The same data are replotted on 
micromole basis in Figure 2B. The molecular 
weights for the sphingolipids were calculated 
using an average fatty acid molecular weight of 
C22 for bovine brain sphingomyelin (molecular 
wt, 819), bovine cerebroside (molecular wt, 
817), bovine cerebroside sulfate, potassium salt 

(molecular wt, 937). Stearic acid was taken to 
be the fatty acid in ganglioside, HG.2 (mole- 
cular wt, 1965)and ceramide 582. 

Optical density weight equivalents relative to 
cerebroside were obtained for the following 
sphingolipids: sphingosine (free base), 0.39; 
sphingomyelin, 0.46; cerebroside, 1.00; cere- 
broside sulfate, 1.17; and HG.2 ganglioside, 
2.72. These data permit the interconversion of 
optical density readings among the above 
sphingolipids using cerebroside as a reference, 
e.g., 0.39 ~g sphingosine provides the same 
optical density as 1.0/ag cerebroside. 

The recoveries of three pure sphingolipids 
from TLC systems is given in Table III. One-di- 
mensional systems provide the highest rates of 
recovery. Chromatography in two dimensions 
reduced the recovery of all sphingolipids by 
4.86-9.47%. The coefficients of variation also 
increased after chromatography in the second 
dimension (1.26% to 8.27%). 

D I S C U S S I O N  

The absorption spectrum of the TNBS deri- 
vative is identical to the spectrum originally 
observed by Satake et al. (11) for amines and 
amino acids. Contaminating materials normally 
present in solvents and TLC media interfere in 
the 420 m/J region. These interferences are 
reduced to acceptable levels by confining 
spectrophotometric measurements in the 340 
m/J region. Further reductions in errors were 
made by employing one vessel for all reaction 
steps and avoiding multiple extraction, transfer 
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TABLE Ili 

Quantitation of Sphingolipids Separated by TLC a 

Sample Cerebroside Sulfatide Sphingomyelin 

One-dimensional TLC 

1 96.79 80.42 84.62 
2 94.80 91.17 87.34 
3 95.55 83.29 88.09 
4 96.05 83.77 85.61 

x95.79  -+0.83 84.66 -+4.58 86.42 + 1.58 

CV c 0.86% 5.31% 1.82% 

Two-dimensional TLC d 

1 
2 
3 

83.20 85.62 87.05 
84.50 78.40 76.30 
91.21 75.40 71.62 

x-86.30-+4.20 79.80 -+5.25 78.32 +7.91 

CV c 4.86% 6.57% 10.09% 

aLipids detected as hydrophobic areas with water spray, marked and dried over night in 
desiccator. 

bOne-dimensional solvent system: chloroform-acetone-methanol-acetic acid-water, 
3:4:1:1:0.5 (10). 

CCoefficient of variation. 
dTwo-dimensional solvent system : chloroform-methanol-ammonium hydroxide 65:2 S : 5 ; 

followed by chloroform-acetone-methanol-acetic acid-water, 3:4:1 : 1:0.5 (10). 

and  evapora t ion  steps.  The  presence  of  small  
a m o u n t s  of  wate r  in the  TLC a d s o r b e n t  did no t  
in te r fere  wi th  the  acy la t ion  s tep w i th  me th -  
anol ic  BF3;  t he re fo re ,  no  special p recau t ions  
are necessary  in d ry ing  TLC pla tes  and  media .  
Seven per  cent  BF 3 was e m p l o y e d  in this  s tudy  
because the  l imi t ing fac to r  in th is  r eac t ion  is 
no t  the  c o n c e n t r a t i o n  of  the  cata lys t  (BF3) ,  
bu t  the  m i n i m u m  vo lume  of  m e t h a n o l  requi red  
to wet  the  TLC a d s o r b e n t  or  cellulose sup- 
por t ing  media- l ipid  mix ture .  

When opt ica l  dens i ty  d i f ferences  were used,  
e x p e r i m e n t a l  var ia t ions  was wi th in  accep tab le  
l imits  for  co lor imet r ic  procedures .  The techn i -  
cal errors  i n h e r e n t  in this  m e t h o d  are less t h a n  
the  usual sampl ing  errors  in b iochemica l  
studies.  Losses of  pure  c o m p o u n d s  appl ied to 
var ious c h r o m a t o g r a p h i c  media  were m i n i m a l  
w h e n  s e n s i t i v e  d e t e c t i o n  m e t h o d s  were 
e m p l o y e d  and  all t ransfers  of  the  a b s o r b e n t  
were quan t i t a t ive .  Cons i s ten t  op t ica l  dens i ty  
yields per  mg for a var ie ty  of  pure  sphingol ip id  
s t andards  were exper i enced  dur ing  the  18 
m o n t h s  t h a t  the  p rocedure  was emp loyed .  

All sphingol ip ids  assayed p rov ided  a l inear  
response  to c o n c e n t r a t i o n  on  a weight  basis. 
Dif ferences  b e t w e e n  indiv idual  sphingol ip ids  
were e l imina ted  w h e n  the  opt ica l  densi t ies  were 
p lo t t ed  on  a molecu la r  weight  basis. There fore ,  
the  m e t h o d  can be appl ied  for  the  rapid  deter-  
m i n a t i o n  of  molar  ra t ios  of  o t h e r  more  com- 
plex sphingol ip ids ,  i nc lud ing  ganglioside mix-  

tures ,  even t h o u g h  the  abso lu te  molecu la r  
weights  may  no t  be k n o w n  exact ly .  Since the  
m e t h o d  was r ep roduc ib le  f rom day to day  over  
18 m o n t h s ,  abso lu te  s t andards  are no t  requi red  
for  the  assay of a wide var ie ty  of  sphingol ip ids  
once  the i r  convers ion  fac to r  is k n o w n  f rom a 
pure  re ference  c o m p o u n d ,  such as cerebroside.  

In the  presence  of  H y a m i n e  h y d r o x i d e ,  a 
q u a t e r n a r y  de te rgen t ,  sphingos ine  and  re la ted  
amines  are e f f ic ient ly  ex t r ac t ed  in to  organic  
m e d i a .  With the  Hyamine  c o n c e n t r a t i o n  
e m p l o y e d  in th is  s tudy ,  the  r eac t ion  of  the  
amine  and the  TNBS reagent  is near ly  ins tan t -  
aneous  at r o o m  t empera tu re .  The o p t i m u m  
c o n c e n t r a t i o n  was 2.5% of  the  b ica rbona te -ca r -  
b o n a t e  buf fe r  mix tu re .  Higher  c o n c e n t r a t i o n s  
of  h y a m i n e  increased so lu t ion  tu rb id i ty ,  in ter-  
fer ing wi th  op t ica l  dens i ty  m e a s u r e m e n t s  
because  of  rapid  phase  changes,  and  reduced  
the  color  yield.  O the r  de te rgen ts ,  such as T r i t on  
X-100  or  L u b r o l  WX, were no t  effect ive in this  
assay system. 

The  pr incipal  source  of  var ia t ion  in this  
p rocedu re  is the  neu t r a l i za t ion  o f  the  BF3 
ca ta lys t  wi th  the  b i c a r b o n a t e - c a r b o n a t e  buf fer .  
The  reagent  c o n c e n t r a t i o n s  e m p l o y e d  in the  
descr ibed  p rocedure  effect ively  neu t ra l ize  1 ml 
of  7% BF 3 and  m a i n t a i n  the  pH dur ing  the  
r eac t ion  step wi th  TNBS at the  o p t i m u m  for 
the  f o r m a t i o n  of  the  amine-TNBS reac t ion  
p roduc t ,  pH 7.4-7.8.  The bu f fe r  m ix tu r e  is 
p repa red  f resh for  each  day.  This m ix tu r e  sepa- 
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rates into two  phases on s tanding and should be 
used as a one-phase  system.  

Recoveries f rom TLC were near ly quant i-  
tat ive (Table III). Addi t iona l  losses and 
increased variability were exper ienced  when  
ch roma tog raphy  was carried out  in a second 
d imens ion .  Since the  losses increased wi th  each 
successive ch rom a tog raphy  run,  reduced  yields 
of  sphingolipids were probably  the result  o f  
" ta i l ing"  or adsorp t ion .  However ,  these  varia- 
t ions  can be cor rec ted  for  by increasing the  
number  of  repl icate  TLC and correct ing back to 
100% recovery wi th  percentage recovery data 
ob ta ined  by ch rom a tog raphy  and assaying pure 
sphingolipid samples.  
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The Composition of Beef Heart Cardiolipins Isolated by 
Solvent and Chromatographic Fractionation 
S.A. COURTADE and J.M. MCKIBBIN, Department of Biochemistry, 
University of Alabama in Birmingham, Birmingham, Alabama 35233 

ABSTRACT 

A method is described for the isolation 
of cardiolipin from beef heart lipids by a 
single pass through a silica gel column. 
The isolated cardiolipin was free of 
neutral lipids and phospholipids and 
accounted for 10% of total phospholipid 
phosphorus. It was compared to com- 
mercial cardiolipins prepared by the Pang- 
born method of selective precipitation. 
Analysis for fatty acids, glycerol and 
phosphorus revealed a molar ratio of 
2:1.5:1 for both preparations, provided 
the fatty acid esters were assayed colori- 
metrically. If the fatty acids were deter- 
mined by titration, the commercial car- 
diolipin had a molar ratio of fatty acid to 
phosphorus of 1.6, while ours remained 
at 2.0. Upon hydrolysis with acetic acid, 
the former yielded 76% water-soluble 
phosphorus, the latter only 2%. Both 
cardiolipins contained over 90% C-18 
fatty acids, with our preparation con- 
taining 76% linoleate, the commercial 
preparation, 90%. After alkaline hydroly- 
ses a component was isolated from the 
commercial cardiolipin which represented 
15.5% of the total weight. It developed 
an interfering pigment in the fatty acid 
ester determination but has not been 
identified. After its removal analysis 
demonstrated three fatty acids per mole- 
cule of the commercial cardiolipin. 

INTRODUCTION 

Cardiolipin, localized in the mitochondria 
(1), is a lipid hapten used in various modifi- 
cations of the Wassermann test for syphilis. It is 
commercially prepared as described by Pang- 
born et al. (2) using repeated precipitation of 
its barium and cadmium salts from methanol. 
Its isolation by column chromatography has 
always been difficult and incomplete (3,4). 
Repeated fractionations to remove impurities 
have resulted in reduced yields and enhanced 
peroxidation of the product. Previous investi- 
gations on chromatographic adsorbents indi- 
cated that Davison silica gels could resolve 
cardiolipins from other lipids by a single frac- 
tionation through a relatively short column (5). 

The present investigations describe condi- 
tions for the total isolation of cardiolipin from 
beef heart lipids in very high yields and purity. 
Its chemical and physical properties are con- 
trasted with beef heart cardiolipin isolated by 
the Pangborn method. Unexpectedly, the 
preparations are different. The latter has one 
less fatty acid and an impurity while the former 
conforms to the diphosphatidylglycerol struc- 
ture proposed by MacFarlane and Gray (6). 

METHODS 

Analytical Methods 
Lipid phosphorus was determined by the 

method of Harris and Popat (7). Acyl groups 
were analyzed by the method of Snyder and 
Stephens (8). Fatty acids were analyzed by the 
method of Dole and Meinertz (9) after hydroly- 
zing cardiolipin in 0.5 N methanolic potassium 
hydroxide for 30 min at 40 C. The same 
method was adapted to titrating the phospho- 
diester groups in cardiolipin directly without 
prior hydrolysis. The hydrolysis procedure 
described above was also used in the determina- 
tion of the neutralization equivalence of the 
fatty acids. The hydrolyzed fatty acids were 
partitioned between hexane and water, titrated 
and weighed. 

Glycerol was determined by the method of 
Hanahan and Olley (10) as modified by 
Renkonen (11) and by Courtade et al. (12). 
Higher chain length aldehydes were determined 
by the method of Wittenberg et al. (13). Total 
nitrogen was measured by the procedure of 
Koch and McMeekin (14) as modified for lipid 
material by McKibbin and Taylor (15). 
Hydrolysis with 90% acetic acid was carried out 
as described by MacFarlane and Wheeldon (16). 
Chromatography on silica gel loaded paper was 
performed as described by Marinetti (17). The 
lipids were detected by examination under UV 
light after spraying with aqueous Rhodamine 
6G (17). The distribution of fatty acids in 
cardiolipin was determined by conversion to 
methyl esters with diazomethane (18) and 
analysis with a Perkin-Elmer Vapor Fracto- 
meter ~154 using a diethylene glycol succinate 
column. 

The solubility of cardiolipin in acetone or 
absolute ethanol was determined by adding sol- 
vent  to the dried material and mixing 
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FIG. 1. Composition of peak fractions: first, pigments, cholesterol ester, triglyceride and fatty 
acid; second, pigment and cholesterol; third, cardiolipin; fourth, phosphatidylethanolamine, phospha- 
tidylserine and phosphatidylinositol. 

vigorously in a water bath for 1/2 hour at 40 C. 
After 6 hr at room temperature with occasional 
shaking the suspension was centrifuged and an 
aliquot of the supernatant assayed for phos- 
phorus. Antigenic activity of cardiolipin was 
determined by the VDRL test for syphilis (19). 

Extraction of Beef Heart Lipids 

Three hundred thirty grams of lean ventri- 
cular tissue from freshly slaughtered beef were 
minced and then homogenized for 3 rain in a 
Waring Blendor containing 600 ml of chloro- 
form-methanol 1:2 (12). After stirring the 
homogenate for 1 hr at room temperature, 25 g 
of Celite (analytical grade) were added, and the 
slurry filtered through a Buchner funnel. The 
filtered cake was extracted two more times 
with 600 ml of chloroform-methanol 1:1 and 
then 2 : 1. The total extraction time was about 3 
hr. 

All extracts were pooled, concentrated 
under vacuo to about 600 ml and partitioned in 
a separatory funnel between petroleum ether 
(30-60C) and 1% sodium chloride solution. 
The aqueous methanol phase was reextracted 
with fresh petroleum ether and the ether 
extracts pooled and stored in a refrigerator 
overnight over anhydrous sodium sulfate. 

Column Chromatography of Beef Heart kipids 

Davison (Davison Chemical Division, W.R. 
Grace & Co., Baltimore, Md.) silica gel #62, 
100-200 mesh, was prepared in the following 
three different ways: 1. The gel was washed 

with methanol and dried in vacuum at ambient 
temperature. 2. The gel was washed with water 
and dried at 100C for 24 hr. 3. The gel was 
allowed to equilibrate with the laboratory 
atmosphere for several days and then heated for 
15 hr at 72 C. It was then equilibrated in an 
evacuated desiccator with a beaker containing 
methanol sufficient to bring the methanol con- 
tent of the gel to 3.9%. 

Three hundred grams of one of the above 
gels was added to a 90 mm i.d. chromato- 
graphic column filled with benzene. A small 
flow of benzene was allowed to tSass through 
the column during packing. Beef heart lipids 
dissolved in 35 ml of benzene and equivalent to 
about 300 mg of phosphorus were placed on 
the column. The column was attached to a 
gradient elution apparatus containing 4 liters of 
2% methanol in benzene in the reservoir. Bottle 
and column were connected by siphon as 
described by Wren (20). The shape of the con- 
centration gradient was determined in a blank 
run with Sudan IV in the reservoir (Fig. 1). 
After discarding 460 ml as vo id -vo lume ,  
200-25 ml fractions were collected and chro- 
matographed on silica gel paper to locate and 
assess the purity of cardiolipin. In the text, the 
isolated cardiolipins are designated beef heart 
cardiolipin, BHC-I, 2, or 3 depending on the 
pretreatment of silica gel as described above. 

Acetone Precipitation of Cardiolipin 

Cardiolipin, equivalent to 2 mg of phos- 
phorus, was dissolved in 1 ml of benzene and 
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TABLE I 

Phosphorus Content (P) of the Cardiolipin Preparations 

Preparation Per cent phosphorus 

Commercial cardiolipins 
Beef heart-40 (Sylvana Chemical) 
Beef heart-35 (Sylvana Chemical) 
Beef heart (Pierce Chemical) 

Diphosphatidylglycerol as sodium 
tetralinoleate, theoretical 

Silica gel column cardiolipins, 
acetone precipitation 

Beef heart- 1 
Beef heart-2 
Beef heart-3 

3.98 
3.92 
3.78 

4.14 

2.68 a 3.90 b 99.0 c 
3.43 a 3.51 b 95.0 c 
3.68 a 3.88 b 98.5 c 

aper cent phosphorus before acetone precipitation. 
bper cent phosphorus after acetone precipitation. 
Cper cent total lipid phosphorus recovered in the precipitate. 

15 ml of  dry ace tone  was added  slowly. The 
con ten t s  were briefly swirled in a 40 C water  
ba th  and refr igerated overnight  at 4 C. The 
whi te  precipi ta te  was dissolved in benzene-  
me thano l  and pooled  wi th  o the r  ace tone  pre- 
cipitates.  The superna tan t  was concen t r a t ed  to 
1/4 of  its volume and s tored  at -20 C overnight .  
The very small am oun t  of  prec ip i ta te  fo rmed  
was combined  wi th  the first precipi ta tes .  The 
acetone  prec ip i ta ted  cardiol ipin was assayed for 
pur i ty  by paper  ch roma tog raphy  and by phos-  
phorus  con ten t .  

RESULTS 

Of the three m e t h o d s  descr ibed above for  
p re t r ea tmen t  of  silica gel, the third  gave the  

-best recovery of  cardiolipin.  With the  large 
co lumns  emp l o y ed  (90 m m  i.d.),  the  ratio of  
eluant  to adsorbent  was l imited by the capaci ty  
of  the gradient  reservoirs.  Unde r  these condi-  
t ions  comple te  separa t ion  of  cardiol ipin f rom 
neutral  lipids could be achieved only  by  
proper ly  deact ivat ing the  gel. As s h o w n  in 
Figure 1, cardiol ipin was separa ted  as a single 
peak free of  o the r  phosphol ip ids  and neut ra l  
lipids. Under  these condi t ions  2.2 /Jmoles of  
cardiolipin phospho rus  was isolated per gram o f  
fresh beef  heart  or 10.2% of  the  to ta l  lipid 
phosphorus .  

The phosphorus  con ten t  of  the  cardiolipin 
prepara t ions  varied somewha t ,  a l though paper  
and column chromatograph ic  evidence indi- 
cated but  a single c o m p o n e n t .  The cardiol ipins 

TABLE II 

Chemical Analysis of Cardiolipin Preparations 

Preparation 

Titratable 
Fatty acid 
acid Titratable intact 

ester, fatty acid Glycerol, lipid, 
~moles #Eq ~moles #Eq 

per per per per 
va tomP ~atomP #atom P ~atomP 

Per cent 
water 
soluble 

phosphorus 
after acetic 

acid 
hydrolization 

Beef heart-1 2.10 1.92 1.46 0.96 1.35 
Beef heart-2 2.10 1.89 1.44 0.93 1.05 
Beef heart-3 2.14 1.94 1.44 0.99 1.96 

Commercial cardiolipin 
Sylvana Chemical-40 2.01 1.61 1.48 0.74 75.0 
Sylvana Chemical-35 2.04 1.52 1.45 --- 76.8 
Pierce Chemical 2.11 1.65 1.50 0.74 76.5 

Diphosphatidyl- 
glycerol a 2.00 2.00 1.50 1.00 --- 

aTheoretical value. 
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were then purified by precipitation from dry 
acetone. As noted in Table I, from 95% to 99% 
of the total lipid phosphorus was recovered in 
the precipitate. The change in phosphorus con- 
tent after acetone precipitation indicates that 
some neutral lipid component,  associated but 
not covalently linked to cardiolipin, was elimi- 
nated. Table I gives the phosphorus content of 
several commercial preparations (The Sylvana 
Company, Millburn, New Jersey 07041, and 
Pierce Chemical Company, Rockford, Illinois 
61105.) isolated by the solvent precipitation 
method of Pangborn (2). 

All cardiolipin preparations were chromato- 
graphed on silica gel impregnated paper in 
n e u t r a l  (d i i s  o b u t  ylketone-tetrahydrofuran- 
wa te r ,  5 : 4 0 : 6 ) ,  basic (diisobutylketone- 
pyridine-water, 55:41:4), and acidic (diiso- 
butylketone-acetic acid-water, 40:20:3) sol- 
vent. The Rf values of all the preparations were 
identical. However, chemical analysis revealed 
some striking differences in chemical composi- 
tion (Table II). For our cardiolipins, the molar 
ratios of fatty acid to phosphorus as deter- 
mined by titration are in close agreement with 
the fatty ester to phosphorus ratios. On the 
other hand, the commercial cardiolipins gave 
titration values significantly below the fatty 
ester values and lower than theoretical. Subse- 
quent evidence indicated that these possessed a 
component exhibiting an anomolous ester 
value. 

The molar ratios of glycerol to phosphorus 
for all preparations were close to the 1.5 ratio, 
consistent with a diphosphatidyl-glycerol struc- 
ture (6). Our unhydrolyzed cardiolipins gave 
the theoretical titratable acid to phosphorus 
molar ratio of unity whereas the commercial 
preparations gave only 75% of this. The average 
molar ratio of fatty aldehyde to phosphorus in 
the commercial preparations was 0.05 while in 
our cardiolipins the average value was 0.04. 
Gray and MacFarlane have reported the absence 
of plasmologens in beef heart cardiolipins (3). 

Not more than 2% of the phosphorus in our 
cardiolipins became water soluble by hydrolysis 
with 90% acetic acid, whereas 75% or more was 
solubilized from the commercial preparations. 
Extensive hydrolysis of cardiolipin in acetic 
acid has been reported for beef heart prepara- 
tions by Faure and Morelec-Coulon (21,22) and 
by MacFarlane and Wheeldon (16). The latter 
authors reported release of 83% of total phos- 
phorus as water soluble diphosphoglycerol. Our 
preparat ion is therefore unusual in this 
resistance to acetic acid hydrolysis. 

The principal fatty acid in all preparations 
was linoleic acid and over 90% of the fatty 
acids were C-18. The per cent by weight of 

TABLE III 

Solubility Characteristics of Cardiolipin 

Solubility of cardiolipin 
mmoles phosphorus per liter 

Preparation Absolute ethanol Acetone 

Beef heart-3 0.32 0.75 
Beef heart, 

(Sylvana 
Chemical) ~11.0 ~4.36 

linoleic acid in our cardiolipin, the Sylvana 
Chemical, and Pierce Chemical cardiolipins was 
76.0, 90.5 and 90.0, respectively; of oleic acid, 
8.4, 5.7 and 7.5; and the sum of palmitic and 
palmitoleic acids, 4.1,2.8 and 2.4, respectively. 
Our cardiolipin also contained 2.0% stearic acid 
and 7.9% linolenic acid, neither of which were 
detected in the commercial cardiolipins. The 
greater proportion of linoleic acid in the latter 
may indicate a selective and incomplete iso- 
lation or a hydrolytic loss of fatty acids other 
than linoleic acid in the Pangborn procedure. 

Table III compares the solubility of the 
preparations in polar organic solvents. The com- 
mercial cardiolipin is 34 times more soluble in 
absolute ethanol and six times more soluble in 
acetone than ours, suggesting significant differ- 
ences in composition. 

The neutralization equivalents of the fatty 
acids are recorded in Table IV. From the distri- 
bution of the fatty acids in cardiolipins, the 
expected neutralization equivalent for either 
preparation should be approximately 280. The 
value for the commercial preparation was 
higher than expected. After centrifuging the 
hexane-water system containing the products of 
hydrolysis, a finely divided substance gathered 
at the interphase. It was removed by ethyl ether 
extraction and this reduced the neutralization 
equivalent from 295 to 276. This material 
migrated on silica gel paper as a single compo- 
nent in the region of phosphatidic acid, yet it 
contained no phosphorus. Analysis for fatty 
esters gave an off color purple with an 
absorbance one sixth the value given by the 
same weight of methyl linoleate. It absorbed in 
the UV from 270 mp to 220 mp showing 
increasing absorption at shorter wavelengths 
but exhibiting no maxima or minima. Recovery 
of this material was never complete but varied 
from 5.5% to 15.5% of the commercial cardio- 
lipins. 

During the determination of the neutraliza- 
tion equivalents, an aliquot from the same 
hexane phase was removed for a redetermi- 
nation of the molar ratio of fatty acid to phos- 
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TABLE IV 

Neutralization Equivalent, Molar and Weight Ratios 
for Cardiolipin Fatty Acids 

Neutralization 
Preparation equivalent 

#moles 
fatty acid Weight of 

Neutralization per fatty acid 
equivalent, #atoms per 
centrifuged phosphorus Weight of phosphorus 

Beef heart-3 285 
Beef heart 

(Sylvana 
Chemical) 295 

285 2.01 18.8 

276 1.66 14.5 

phorus. The results are recorded in Table IV 
and are identical to those found previously for 
the same preparation (Table II), indicating that 
the treatment in this analysis had no effect on 
these values. The weight ratio of fatty acid to 
phosphorus is 23% lower for the commercial 
cardiolipin than for ours (Table IV). This 
reduced value is consonant with the lower 
molar ratio of titrated fatty acid to phosphorus 
and with the presence of a unique lipid compo- 
nent in the former. 

Both preparations demonstrated reactivity in 
the VDRL diagnostic test for syphilis, but no 
attempt was made to differentiate reactivity on 
the basis of structural differences. 

DISCUSSION 

The above chromatographic method of iso- 
lation is unique in that relatively large amounts 
of beef heart cardiolipin are obtained under 
comparatively mild conditions. Separation is 
effected by a single pass through a short 
moderately deactivated silica gel column. Ir- 
reversible adsorption is minimal. A twofold 
greater yield is obtained (1.5 g/kg wet weight of 
tissue or 10.2% of phospholipid phosphorus) 
than by the selective precipitation method of 
Pangborn (2), and places cardiolipin among the 
major phospholipid components of this tissue. 
Moreover the method avoids the prolonged 
exposure of the minced tissue to the aqueous 
acetone-aqueous methanol extraction system 
and possible artifacts arising from hydrolysis or 
solvolysis of cardiolipin. Our yield of total 
phospholipid extracted from this tissue is com- 
parable to that obtained by Mallov et al. (23) 
using the more polar solvent system of alcohol- 
ether 3: I. 

In our fractionation (Fig. 1) the total tissue 
cardiolipin emerges as one peak fraction. None 
is found trailing in other fractions as reported 
by Shimojo and Ohno (24). The preparation is 
colorless, free of other phospholipids and the 
neutral lipids found in heart. However, an ace- 

tone soluble component is present in varying 
amounts. Its presence is not likely to be the 
result of incomplete elution of the neutral 
lipids, since it occurs in preparations from 
which all other neutral lipids have been 
removed. It may be a product of phospholipid 
degradation, continuously formed during frac- 
tionation. Repeated chromatographic frac- 
tionation reduces but does not eliminate this 
substance. Whatever its origin the substance is 
closely associated with cardiolipin, since 
repeated acetone precipitations do not remove 
it completely. 

Irrespective of the variation in phosphorus 
content from theoretical, our beef heart cardio- 
lipin contains the same molar ratio of fatty 
ester to glycerol to phosphorus as reported by 
Faure and Morelec-Coulon (21) and by Mac- 
Farlane and Gray (6). On the other hand, the 
commercial cardiolipins appear to have less 
esterified fatty acid. The lower molar and 
weight ratios of fatty acid to phosphorus, the 
increased solubility in polar organic solvents 
and the extensive hydrolysis in acetic acid are 
all consonant with this conclusion. 

It is possible that in the Pangborn method 
fatty acids are lost by hydrolysis during the 
prolonged extraction period in aqueous ace- 
tone-aqueous methanol and that extraction of 
cardiolipin is actually dependent on this. 
According to our solubility data (Table III), 
without the loss of fatty acids and generation 
of hydroxyl groups, cardiolipin would show 
sparing solubility in methanol. If the fatty acids 
were selectively lost from a /3-hydroxyl group 
the extensive hydrolysis in acetic acid could be 
explained by the mechanism proposed by Mac- 
Farlane and Wheeldon (16) and by Coulon- 
Morelec et al. (22). According to these investi- 
gators, a phosphodiester group next to a neigh- 
boring hydroxyl group readily forms a phos- 
photriester in acid solution. The unstable phos- 
photriester hydrolyzes to give a variety of 
products depending on which of the ester phos- 
phates is cleaved. Presumably, the extra free 
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h y d r o x y l  g roup  in card io l ip in  p repared  by  
selective p rec ip i t a t ion  accelera tes  hydro lys i s  in  
acet ic  acid. The  res is tance  of  our  cardiol ip in  
may  be  due to the  h y d r o x y l  g roup  in an a-  
pos i t ion  which  c a n n o t  par t i c ipa te  in the  fo rma-  
t ion  of t r i e s t e rphospha t e .  All a t t e m p t s  to  
ace ty la te  or oxidize  th is  h y d r o x y l  g roup  have 
failed. 

Evidence  for  a ke to  group  ins tead  of  a 
/3-hydroxyl g roup  has no t  been  f o u n d  e i ther ,  
a l t h o u g h  an a b s o r p t i o n  m a x i m u m  at 272  m/~ 
for  card io l ip in  co r re sponds  to  t h a t  of  the  
k e t o n e  group  of  ace tone .  No f a t t y  a ldehydes  
have been  f o u n d ,  ind ica t ing  the  absence  of  
p lasmalogens  in bee f  hear t  cardiol ip in .  Similar 
resul ts  have been  r epo r t ed  by  Gray  and  Mac- 
Far lane  (3).  F u r t h e r m o r e ,  all p repara t ions ,  
w h e t h e r  t hey  a p p r o a c h  the  theo re t i ca l  phos-  
p h o r u s  c o n t e n t  or  no t ,  are un ique ly  res i s tan t  to  
acet ic  acid. This  does  no t  comple t e ly  rule ou t  
the  poss ibi l i ty  of  an un i den t i f i ed  c o m p o n e n t  in 
cardiol ipin .  

The  commerc i a l  cardiol ip in ,  for  ins tance ,  
possesses a un ique  c o m p o n e n t  or  impur i t y ,  bu t  
has  lost  a p p r o x i m a t e l y  one  f a t t y  acid. Our  car- 
diol ipin,  on  the  o t h e r  h a n d ,  re ta ins  four  f a t ty  
esters  bu t  may  have lost  this  c o m p o n e n t .  A 
f i rm associa t ion  of  th is  c o m p o n e n t  w i th  the  
commerc ia l  p r epa ra t i on  is ev ident ,  bu t  the  
mode  of  associa t ion  has no t  been  w o r k e d  out .  
The  c o m p o n e n t  may  be chemica l ly  l inked  to  
the  d i e s t e r p h o s p h a t e  of  card io l ip in  to  fo rm a 
t r i e s t e rphospha t e .  The occur rence  of  a t r ies ter-  
p h o s p h a t e  l inkage has  been  suggested in ra t  
t issue cardiol ipins  (4 ,12) .  However  an equal ly  
p robab le  exp l ana t i on  is t h a t  the  assoc ia t ion  is a 
phys ica l  one  and  the  c o m p o n e n t  is an  i m p u r i t y  
wh ich  is associated wi th  card io l ip in  wi th  suf- 
f ic ient  f i rmness  to  resist s epa ra t ion  af te r  
r epea ted  p rec ip i t a t ion  of  the  b a r i u m  and  
c a d m i u m  salts of  card io l ip in  wi th  a lcohol .  

B o t h  cardiol ip ins  are res is tant  to  p h o s p h o -  
lipase hydro lys i s  and  hence  di f fer  f r o m  the  
s y n t h e t i c  card io l ip in  p repa red  by  DeHass et  al. 
(25) .  Since the  l a t t e r  inves t iga tors  p resen t  no  
ana ly t ica l  data ,  it is no t  possible to  compare  the  
na tu ra l  and  s y n t h e t i c  p repara t ions .  Final ly ,  all 
the  isola ted cardiol ipins  are react ive  in the  
V D R L  tes t  for  syphil is  while  the  s y n t h e t i c  
p r epa ra t i on  has  been  r epo r t ed  to  be active in 
the  Ko lmer  test .  Hence ,  at  t he  level of  sensiti- 
v i ty  t h a t  the  tes ts  are p e r f o r m e d ,  the  resul ts  do 
no t  ref lect  the  s t ruc tu ra l  d i f fe rences  t h a t  
appa ren t ly  exist .  Faure  and  Coulon-More lec  

have r epo r t ed  t ha t  several der ivat ive s t ruc tu res  
of  card io l ip in  are react ive  in the  Ko lmer  tes t  for  
syphil is  (26) .  
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The Biosynthesis of Polyunsaturated 
Fatty Acids in Plants 1 
M.I. GURR, Unilever Research Laboratory, 
Colworth House, Sharnbrook, Bedford, England 

A B S T R A C T  

This paper is a review of some of the 
work being done at the author's labora- 
tory. The phospholipids and glycolipids 
of the alga, Chlorella vulgaris, have been 
implicated in fatty acid transformations 
such as chain elongation and desatura- 
tion. Labeling studies with [ 14C] acetate 
have shown that newly synthesized 
galactosyl glycerides have mainly satu- 
rated fatty acids. Subsequent to de novo 
synthesis, a series of alterations of fatty 
acid structure takes place within the same 
glycolipid molecules. The specific incor- 
p o r a t i o n  of [14C]oleic acid into 
Chlorella phosphatidyl choline provides a 
convenient model system for studying the 
lipid dependent desaturatiou of oleic to 
linoleic acid. The inhibitor of fatty acid 
desaturation, sterculic acid, only inhibits 
the conversion of oleate into linoleate if 
added before the precursor fatty acid has 
been incorporated into a complex lipid. 
Studies with isomeric monoenoic fatty 
acids have suggested that there are two 
enzymes which catalyze the formation of 
linoleic from oleic acid. One measures the 
position of the second double bond from 
the carboxyl group, the other, from the 
methyl end of the chain. The latter 
enzyme probably requires the complex 
lipid substrate. 

I N T R O D  UCTI  ON 

The objective of our work is to show 
how, in desaturation, the two hydrogen atoms 

E C14:1 D 

0t E o l 
C 2 ~ ~ .4. --p --~ C14:0 ~ .-~ ~ C18:0 ~ C 18:1 

[C18:0-x ] A missing r ~ ~ eozyme 

C18:0 exogenous 

FIG.1. The direct desaturation and plant pathways 
for oleic acid biosynthesis. X is a hypothetical acyl 
carrier such as CoA or ACP; E, chain elongation steps; 
D, desaturation and T, transacylation steps. 

are released during the reaction, and to examine 
the catalytic site of the enzymes. This could be 
done by obtaining the enzymes in soluble form 
and purifying them. Our efforts in this 
direction have been mainly confined to animal 
desaturases. The work described here typifies 
another approach, working with rather crude 
enzyme systems but using a variety of tailor- 
made substrates to probe the specificity of the 
desaturase reaction. 

Whole cell cultures or subcellular prepara- 
tions of the green alga Chlorella vulgaris, were 
used as our model for higher plants because 
fatty acid and lipid composition and general 
lipid metabolism are very similar to plant leaf 
chloroplasts. However, there are two main dif- 
ferences: Chlorella yields subcellular prepara- 
tions capable of synthesizing polyunsaturated 
fatty acids (1,2) which no plant leaf chloroplast 
preparation has done, and it can directly 
desaturate exogenous stearic acid (3). Stearic 
acid or stearoyl-CoA could be directly desatu- 
rated to oleic acid in a whole range of animal 
preparations, but no such reaction could be 
demonstrated in higher plants. Monoenoic fatty 
acid synthesis in plants, the so called plant 
pathway, seemed to be fundamentally different 
from that in animals. The nearest saturated pre- 
cursor to oleate was myristic acid, 14:0 (4). 
The idea of the plant pathway was disproved 
in two ways. (a) In our laboratory a leaf prepa- 
ration was incubated anaerobically with labeled 

MGDG 

o ~ l I M E  4 6., 

FIG. 2. Fat ty acid transformations in mono- 
galactosyl dig]yceride (MGDG) subsequent to de novo 
s n ls f 14C y thes" rom [2- ]acetate. The ordinate 
represents the radioactivity of each fatty acid as a per- 
centage of the total radioactivity in MGDG. 
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16:1 

18:2 18:1 18:0 16:2 ~ 16:0 

FIG. 3. Differences in the specific activity of 
monoenoic acids in different MGDG species after 
incubation with [2-14C]acetate for 2 hr. [1,1] 
represents species containing two monoenes (two 
double bonds per molecule); [1,2] represents species 
containing one monoene and one diene (three double 
bonds per molecule). 

acetate. Labeled stearic acid accumulated and, 
on transferring the incubation to aerobic 
conditions, the radioactivity in stearic acid 
declined, giving place to an equal amount of 
oleic acid (5). (b) Bloch (6) demonstrated that 
although spinach chloroplasts would not 
desa tura te  stearic acid or stearoyl-CoA, 
stearoyl-ACP was converted into oleic acid. 
Thus, plants can perform direct desaturation of 
stearic acid, and there is no fundamental dif- 
ference between plant and animal pathways to 
monoenoic fatty acids. Why then, is endo- 
genous stearic acid itself not desaturated? 
Bloch's experiments suggest that the substrate 
must be bound to ACP. We believe that a 
stearoyl-CoA:ACP acyl transferase is lacking in 
higher plants. This gives rise to two metabolic 
states of stearic acid. One is synthesized in situ 
from acetate and is desaturated to oleic acid 
without becoming mixed with the other pool 
which is available to exogenously added 
stearate. Chlorella has proved to be a useful 
tool because the transferase appears to be 
inducible by transferring heterotrophically 
grown cells to autotrophic conditions (Fig. 1) 
(1). 

INCORPORATION OF FATTY ACIDS 
INTO LIPIDS AND DESATURATION 

One cannot study fatty acid synthesis and 
desaturation without studying the related area 
of complex lipid synthesis since a cell does not 
synthesize fatty acids as an end in itself. 
Because nonesterified fatty acids (NEFA) are 
extremely inhibitory to most enzymes and 
must of necessity be maintained at a low con- 
.centration, only minute levels are usually found 
in cells. The object of fatty acid synthesis is to 

5 
o < 

n.- 

2o 

TIME 

FIG. 4. Time course of incorporation of [1-14C] 
oleate into PC and its s.ubsequent desaturation to 
linoleate. PC, phosphatidyl choline; NEFA, non- 
esterified fatty acid. The ordinate represents radio- 
activity as a percentage of the maximum label 
incorporated into PC (about 70% of the added label). 

provide the lipophilic moiety of a complex lipid 
whether that lipid be used as an energy storage 
compound or a membrane component.  This 
must be kept in mind during the study of fatty 
acid biosynthesis and desaturation. 

In the incorporation of labeled acetate 
into Chlorella lipids (7), all lipids become 
labeled, but there is a group of three lipids, 
phosphat idyl  glycerol (PG), phosphatidyl 
choline (PC) and monogalactosyl diglyceride 
(MGDG) which incorporate radioactivity very 
rapidly. Once the maximum uptake of label has 
occurred, the total amount of radioactivity in 
these lipids remains constant for a considerable 
time. Initially most of this label is present in 
the saturated acids 16:0 and 18:0. As the incu- 
bation proceeds, even though the total amount 
of label in a given lipid remains constant, the 
label in 16:0 and 18:0 falls while the label in 
the corresponding monoenes first increases and 
then declines, and so on through to the trienoic 
acids. Figure 2 illustrates this point using the 
MGDG and the C 1 6 acids as an example. 

Another way of looking at this phenome- 
non is to fractionate the MGDG into individual 
molecular species (8). When this is done, the 
specific activities of individual fatty acids vary 
considerably from one species to another. For 
example the specific activity of monoenoic 
acids in species containing two double bonds 
per molecule is more than six times greater than 
in species containing three double bonds per 
molecule after a 2 hr incubation (Fig. 3). This 
situation can arise if a series of alterations of 
fatty acid structure takes place within the 
MGDG molecule subsequent to de novo synthe- 
sis from saturated fatty acids. During the course 
of the incubation these fatty acids are desatu- 
rated and the label passes steadily from species 
of lower degree of desaturation to those more 
highly unsaturated. 
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Chloroplasts 

* ' 18 :1 -  PC 

k iN  2 

o~ j l~  *'18:1 - PC 
t lair . jL__2 h 

A +~ 18:1- NEFA 

_..,,f 
18:2 18:1 ~.j~c,,.. 

1 // 
RETENTION TIME 

FIG. 5. The conversion of endogenous [ 14C] 
oleoyl-PC into [14C] linoleoyl-PC. The diagrams 
represent radiochemical gas liquid chromatography 
traces. For the sake of simplicity, mass traces are not 
shown. 

In another type of experiment, 14C- 
labeled oleic acid rather than acetate was used 
as precursor (2). Unlike acetate, which is 
incorporated into most of the phospholipids 
and glycolipids of Chlorella, about 70% of the 
oleic acid is incorporated extremely rapidly 
into phosphatidyl choline (Fig. 4). 

Desaturation occurs at a slower rate than 
incorporation, and when it begins after an 
initial lag, much of the oleic acid has already 
been incorporated into PC. The linoleic acid 
which is formed by desaturation is located 
exclusively in the PC fraction. Labeled linoleic 

% 
18:2 s- 

FORMED. m \ "  

o 'TIME ~ 

FIG. 6. The time courses for the desaturation of 
oleoyl-PC and oleoyl-CoA. 

"18:1 only 

E~ E; E: E: 

"18:1.'18:2 after desaturation 

FIG. 7. The distribution of radioactivity among 
diglyceride species derived from PC. In the upper 
diagram, the species were derived from cells grown in 
the presence of [1-14C]oleic acid under dark 
anaerobic conditions. In the lower diagram, the species 
were derived from cells grown in the presence of 
[1-14C]oleic acid under light aerobic conditions. 
Under these conditions there was an overall conversion 
of oleic into linoleic acid of 46%. The PC was purified 
from the lipid extract by DEAE cellulose chromato- 
graphy, hydrolyzed by phospholipase C and the 
resulting diglycerides separated by argentation thin 
layer chromatography in 4% ethanol in chloroform. O, 
origin; SF, solvent front. The nomenclature for the 
different species is explained in the legend of Figure 3. 

acid is not detected in the NEFA fraction until 
well after 30 rain when a major part of the label 
has already been incorporated into lipid and 
desaturated. Experiments such as these sug- 
gested that the desaturation of oleic acid was 
taking place on the lipid. In other words, the 
lipid is the substrate, or a "carrier molecule" for 
the desaturase. To test this hypothesis, two types 
of experiments were performed (2). In the first, 
PC labeled with t4C-oleic acid was synthesized 
by growing Chlorella in the presence of the 
labeled acid, in the dark, under an atmosphere 
of nitrogen, so that no desaturation could take 
place. After purification, the labeled lipid was 
sonicated in a buffer to give an almost water 
clear micellar dispersion which was incubated 
with a Chlorella chloroplast preparation. 
Linoleoyl-phosphatidyl choline was formed in a 
yield of 3%. The linoleate could not have come 
from oleic acid released from the lipid by 
phospholipase action, because the chloroplast 
fraction contains no activating enzyme and 
cannot  desaturate NEFA. Although this 
approach gave us the information that oleoyl- 
PC is a substrate for the desaturase, it is never- 
theless technically very difficult to do this kind 
of experiment because of problems involved in 
solubilizing the substrate. In addition, PC 
micelles, in the required concentration, were 
inhibitory to the enzyme. Another approach 
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18:1 

18:1 - x 

1 8 : 1 C , "  t b 18:1-E 
P k ~  

1 8 : 2 " - ~  ~ 18:2- E 

18:2 

FIG. 8. Hypothetical pathways for the formation 
of linoleic acid in Chlorella vulgaris. The fatty acids 
are assumed to be incorporated into phosphatidyl 
choline by the acylation of lysophosphatidyl choline 
catalyzed by specific acyl transferases. 

was more successful (2). 
Chlorella PC was labeled with oleic acid in 

the dark under N 2 as described. A chloroplast 
fraction was then prepared and all but a very 
small amount of unincorporated oleic acid 
washed out. The result was a desaturase pre- 
paration labeled with phosphatidyl choline in 
situ, but unable to desaturate through lack of 
oxygen and light. When these preparations were 
brought into the light and aerated, 10% of 
oleoyl-PC was transformed into linoleoyl-PC 
during a 2 hr incubation (Fig. 5). As a final 
check on this reaction the rate of desaturation 
of lipid-bound oleate was compared with that 
of oleoyl-CoA. As Fig. 6 shows, the oleoyl-PC is 
the better substrate. 

Analysis of the molecular species of PC 
labeled with 14C_olei c acid alone indicated that 
four of the seven different PC species which 
contain oleic acid had incorporated the label 
(Fig. 7). After exposure of cells labeled with 
oleoyl-PC to desaturating conditions there was 
a movement of label towards more highly 
unsaturated species. As in the acetate experi- 
ment, the specific activities of oleate and 
linoleate differed widely in different species. 
No single species appeared to be involved 
exclusively in the desaturation reaction, 
although the species containing two oleic acid 
molecules has the highest turnover and may be 
quantitatively the most important species as far 
as linoleate production is concerned (9). 

The current concept of the coupling of 
oleate desaturation with PC biosynthesis is sum- 
marized in Figure 8. One possibility is that the 
oleoyl-PC acts as an acyl donor to the enzyme, 
the acid is desaturated to linoleate as an acyl 
enzyme intermediate, followed by transfer of 
the acyl group back to PC. The whole reaction 

E 
C12:1-~-~ ~ C18:1 

C 2-~-~.~-~.~ C12:0.~ .~ ..~ C 18:0 " ~ ,  
�9 Stercutic 

T / ~ l n h i b i t i o n  �9 

C18:0 

FIG. 9. Different proposals for the site of inhibi- 
tion of desaturation by sterculic acid. See legend of 
Figure 1 for explanation of symbols. 

would be highly compartmentalized, ensuring 
that the linoleate remains associated with PC. 
Alternatively, the fatty acid may remain bound 
in ester linkage with PC throughout the 
reaction (2). At present, there is no conclusive 
evidence distinguishing between these two 
mechanisms. 

TWO POSSIBLE MODES OF D E S A T U R A T I O N  

So far, there is less evidence that stearic 
acid desaturation is as intimately linked with 
phospholipid or glycolipid synthesis as is oleic 
acid desaturation. Indeed, nearly all the evi- 
dence we have accumulated suggests that the 
mechanisms for desaturating stearate and oleate 
are quite different. One of the ways of probing 
enzyme mechanisms and alternative metabolic 
routes is by the use of inhibitors. A compound 
which specifically inhibits desaturation is the 
cyclopropene acid, sterculic acid: 

CH3(CH2)TC = C - (CH2)7COOH 

Neither the site nor the mechanism of 
action of sterculic acid is yet known. In relation 

TABLE I 

Effect of Sterculic Acid on the 
Desaturation of Oleic Acid 

Dark-N2, hr Light-air, 
hr % 

16 1 5 18:2 

Chlorella + 
18:1 

Chlorella+ 
18:1 

Chlorella + 
18:1 + 
CPE 

No addition Transfer 47 

+ CPE a Transfer 44 

Transfer 19 

aCPE, Cyclopropene acid (sterculic acid); see text. 
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TABLE II 

Formation of Methylene Interrupted Dienes: Specificity With Regard to 
Double Bond Position of the Monoene Substrate 

~9 <.o9 Monoenes giving 
"~A9,12-diene --'>co 6,9-diene no diene 

15:1 o)6 
16:1 co7 
17:1 co8 
18:1 (.o9 
19:1 col0 

16:1 A A7 15:1 (,O8 
16:1 A7 A7 18:1 coil 
17:1 A8 A l l  18:1 ~,o7 
18:1 A9 A8 18:1 t.o10 
19:1 A10 A10 18:1 t.~8 

A12 18:1 606 ---> 
A9,12-18:2 
by A9 desaturase 

to Chlorella, sterculic acid, at a level twice that  
of  the substrate concent ra t ion ,  inhibits 72% of  
the desaturat ion of  stearate to oleate,  whereas 
the desaturat ion of oleate to l inoleate is hardly 
affected (10). Alternat ively,  a dose 100 t imes 
that  of  the substrate is needed to inhibit  oleate 
desaturat ion by the same amount ,  and thus the 
mechanism of this inhibi t ion appears to be of  a 
different  nature f rom the stearate-oleate inhibi- 
t ion.  While the fo rmat ion  of  oleic acid f rom 
stearic acid is dramatical ly inhibi ted by 
sterculic acid, the inhibi t ion is decreased if 
labeled acetate  is the precursor of  oleate. A 
similar phenomenon  is seen in rat (11) or hen 
(12) liver. Reiser and Johnson  believe that  the 
action of  sterculic acid is direct ly on the 
stearate desaturase enzyme.  When this 
is inhibi ted by sterculic acid an al ternat ive path- 
way, according to Reiser, is able to bypass 
stearate desaturat ion.  This bypass involves 
desaturat ion at the C12 level (Fig. 9). In our 
opinion,  the inhibi t ion is at the level of  an acyl 
transferase (possibly involved in transferring 
stearic acid to stearoyl-ACP), which prevents 
labeled stearic acid f rom reaching the desatu- 
rase complex  (Fig. 9) (13). Stearate arising 
f rom acetate,  however ,  is coupled direct ly to 
the desaturase complex  and so bypasses the 
blocked acyl transferase. Any  small inhibi t ion 
of oleate format ion  f rom acetate is probably of  
a less specific kind. Exper iments  were made to 
clarify some of these points.  

TABLE III 

Effect of Sterculic Acid (CPE) 
on the Formation of a Dienoic Acid 

From A9-18:1 or A12-18:1 Monoenes 

Desaturation, % 

Control CPE Inhibition, % 

A9 50 46 8 
A12 7.0 3.3 53 

If some desaturat ions depend on the prior 
incorpora t ion  of  the substrate fa t ty  acid in to  a 
complex  lipid, is it possible that  sterculic acid is 
i n c o r p o r a t e d  p r e f e r e n t i a l l y  into lipid, 
effect ively blocking the desaturat ion? Sterculic 
acid is incorpora ted  at a rate which is equal  to, 
or slightly greater than, oleic acid and very 
much greater than stearic acid. This might 
account ,  therefore ,  for the relatively large 
quant i t ies  required to inhibi t  oleate desatu- 
rat ion by a compet i t ive  effect  for sites on the 
lipids, but  could not  explain the more specific 
effect  on stearate desaturat ion.  In ano ther  
exper iment  the fol lowing operat ions  were 
carried out :  (a) A control  incubat ion  consisted 
of  incubat ing 14C-oleate in the dark under  N 2 
for 17 hr then transferring the incubat ion  to 
the light in air for a fur ther  5 hr. (b) The same 
exper iment  was done anaerobical ly for 16 hr. 
Sterculic acid was then added and incubated  a 
fur ther  hour,  fo l lowed by a l ight-aerobic phase 
of  5 hr. (c) Final ly,  sequence (a) was repeated 
exact ly  except  that  sterculic acid was present 
f rom the very beginning (Table I). Only in (c) 
was there significant inhibi t ion.  These results 
are in terpreted to mean that  sterculic acid has 
no effect  on oleate desaturat ion when added 
after all the labeled precursor has been incor- 
porated into lipids, as it certainly has after  16 
hr. 

SPECI F ICITY OF DESATURASES WITH 
REGARD TO DOUBLE BOND POSITION 

As far as the desaturase which in t roduces  
the first double bond is concerned,  all saturated 
fat ty  acids f rom 12:0 to 19:0 yield a 
monoeno ic  acid wi th  the double  bond in the 
9,10 posit ion (14). Since the double bond is 
always in the same posi t ion regardless of  chain 
length,  we conclude that  the active site of  the 
enzyme measures the site for desaturat ion f rom 
the carboxyl  end of  the molecule .  (In Chlorella 
the  si tuation is compl ica ted  by the existance of  
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D D 
LIPID 18:0-[ipid-~18:1-lipid--b18:2-[ipid 

IC2 C12:0 C1/,.o-~C16:0"-~C18:0l-z-~C18:1 --~ C18:2 
~.. , l=" l '  T ( qq= . . _  

e n d o g e n o u s - ~  18:0-lipid 

exogenous - C 18.0 
FIG. 10. Interdependent pathways of fatty acid synthesis, desaturation and complex lipid biosyn- 

thesis in Chlorella vulgaris. 

an enzyme which produces a cis-7-monoene, 
but for simplicity this discussion will be con- 
fined to the cis-9 series). 

The question now arises, does the enzyme 
which introduces the second double bond 
measure from the carboxyl end of the chain, 
from the methyl end, or solely with reference 
to the first double bond? To investigate this, 
three series of monoenoic fatty acids were 
synthesized. The members of a given series dif- 
fered in chain length, but series (a) had the 
double bond in the carboxyl-9 position, series 
(b) in the 60-9 position, while in series (c) the 
bond was neither co- nor carboxyl-9 (D. 
Howling et al., in preparation.) 

The results of these studies, shown in 
Table I, are as follows: The chain length of the 
monoene is not critical within the range 
CIs-C19. Outside this range desaturation is 
severely restricted. Within this range all A9 and 
w9 monoenes were desaturated to yield a 
methylene-interrupted diene. Monoenes with 
no double bonds in these positions were not 
substrates, with the exception of A12-18:1, 
which was converted into linoleic acid. The 
yield of linoleic acid from A9-18:1 (609, oleic 

TABLE IV 

Tritium-Carbon Ratios of 
Lipid Components of Chlorella 

After Incubation With [ I-I4c] Oleic 
and [9,103-H2]Oleic Acids a 

3H/14C 

Phospholipids 
Glycolipids 

Triglyceride 

NEFA 

Substrate 

Digly ceride 

Water soluble 

8.2 

8.9 

8.9 

10.0 

10.3 

11.3 

aMean of 10 values +s.d. 0.5. 

acid) was at least twice that from any other 
substrate. The interpretation of these results is 
that there are two enzymes capable of 
producing a diene from a monoene. Each 
enzyme will only insert the second double bond 
to produce a methylene-interrupted fatty acid. 
One enzyme inserts the second double bond by 
measuring from the carboxyl group. This is the 
enzyme responsible for producing cis, eis- 
m9,1 2-dienes from A9 monoenes. The other has 
methyl end control and is the enzyme which 
p r o d u c e s  cis ,cis-co,6,9-dienes from 609 
monoenes. Since oleic acid is both a A9 and 609 
monoene, it is capable of being desataurated by 
both enzymes. Exactly the same results have 
been obtained with a higher plant, the castor 
bean. Since the carboxyl end is locked up in the 
lipid while the fatty acid chains project and 
their ends are available for interaction with the 
enzyme, it is probable that the lipid-linked 
desaturase is the methyl end controlled 
enzyme. 

As mentioned earlier, A12-18:1 is ano- 
malous in that it is the only monoene which 
does not have a double bond in the 609 or A9 
position, yet produces a diene when incubated 
with Chlorella (Table II). The diene in this case 
is A9,12-18:1, linoleic acid, and the second 
double bond is in the A9 position. The desatu- 
ration of this substrate was probably catalyzed 
by the stearate desaturase, especially as the 
same reaction is catalyzed by animal prepara- 
tions which cannot form linoleate from oleate. 
To check this we made use of the fact that low 
concentrations of sterculic acid, which have 
little effect on oleate desaturation, severely 
inhibit stearate desaturation. We incubated a 
mixture of tritium-labeled oleic acid with 
carbon-labeled A12-18:1 with and without 1 
mM sterculic acid. The results (Table III) indi- 
cate that, while the desaturation of oleic acid 
was inhibited only 8%, the desaturation of 
A12-18:1 was inhibited 53%. This is consistent 
with the view that linoleic acid is formed from 
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A1 2-18:1 by the stearate desaturase. Although 
these two substrates behaved differently as far 
as desaturation was concerned, their distri- 
bution among Chlorella lipids at the end of the 
incubation was rather similar. 

ISOTOPE DISCRIMINATION 

When we compared the incorporation of 
[3H]A9-18: l  and [14C]A12-18: l ,  we alsoran 
a parallel incubation using a mixture of tritiated 
and 14C_labele d A9-18: 1. The incorporation of 
these two different forms of oleic acid into the 
different lipids of Chlorella was studied by 
measuring the tritium-carbon ratio in each 
individual lipid. The conditions were such that 
no 18:2 formation took place. The results are 
shown in Table IV. 

The tritium-carbon ratio in the phospho- 
lipids, glycolipids and triglycerides is lower than 
that of the substrate, but higher in the case of 
the diglycerides and water soluble radioactivity, 
presumably unincorporated fatty acid or thiol 
esters. This indicates a preferential incorpora- 
tion of 14C-substrate into the complex lipids, 
leaving the residual NEFA enriched in the 
tritium-labeled substrate. A similar phenome- 
non has been observed in the case of the 
incorporation of stearic acids into hen liver 
lipids. The explanation is not clear at present, 
but is probably due to differences in the 
strengths of binding of the acyl chain to the 
transferase enzyme. The presence of two 
methylene groups containing pairs of tritium 
atoms instead of hydrogen atoms may signifi- 
cantly alter the binding energy of the enzyme 
and substrate. The enzyme reaction is suf- 
ficiently sensitive to these small changes for the 
effect to be reflected in differences in incor- 
poration of the two substrates. 

In conclusion, these results are summarized 
from many types of experiments, and a 
coherent picture which can be fitted into an 
overall scheme of fatty acid biosynthesis in 
plants is given (Fig. 10). 

Polyunsaturated C18 fatty acids arise by 
sequential desaturation of oleic acid, which in 
turn arises, as we have shown, in plants as well 
as animals by direct desaturation of stearic acid. 
Normally stearic acid is the end-product of the 
fatty acid synthetase. Exogenously added 
stearic acid must be transferred to the central 
enzyme complex in order to be desaturated. It 
is this transfer step that may be the target for 
sterculic acid inhibition of  stearate desatu- 
ration. The enzyme or enzymes which perform 
this desaturation fix the substrate at the 
carboxyl group and the active site is so placed 
in relation to this binding site that the double 

bond is inserted at the 9 and 10 positions. We 
believe that the stearic acid is in a bent con- 
formation on the enzyme surface to bring the 
two D-hydrogens in the correct configuration 
for desaturation. It is interesting to speculate 
that at some time in evolution the A7 desatu- 
rase arose by deletion of a single amino acid 
from the relevant part of the desaturase poly- 
peptide chain, which we calculate would bring 
the active site in the correct position to 
produce a A7 monoene. 

There are two enzymes which produce the 
dienoic acids. One controls the double bond 
position from the carboxyl group, the other 
controls this position from the methyl end. 
This may produce not only some linoleic acid 
from oleate but also 7,10-diene from A7-16:1 
(significantly, A7-18:1 is not a substrate). 
Linoleate, therefore, arises from the combined 
effects of two enzymes. At least one of these 
enzymes acts on lipid-bound oleic acid and this 
may be the one which locates the double bond 
from the methyl end of the chain. Two 
monoenes are potential precursors of linoleic 
acid when incubated with Chlorella, and by 
s t u d y i n g  t h e i r  desaturation, differences 
between two enzymes, i.e., the monoene- 
forming and diene-forming desaturases, can be 
pinpointed. Oleic acid, (A9-18:1,) is desatu- 
rated in the lipid-bound form by the methyl- 
end diene-forming enzyme whereas A 12-18: 1 is 
desaturated by the monoene-forming enzyme. 

The systems for forming unsaturated fatty 
acids in Chlorella are very complex, despite the 
simple fatty acid composition of the organism. 
T r a n s a c y l a s e s  are  very important and 
inseparable from the desaturase systems 
because some desaturations require lipid-bound 
substrates. We are aware that many of our 
observations are open to one or even several 
other interpretations. Many loose ends and even 
fundamental points remain to be clarified. Does 
sterculic acid block the transacylase as we have 
suggested or does it in fact directly inhibit the 
desaturase? What are the roles of the lipid- 
linked and nonlipid-linked systems? Do the 
same considerations apply to formation of 
trienoic acids? We hope that current and future 
researches will supply some of the answers. 

ACKNOWLEDGMENTS 

This paper represents the combined researches of T. 
James, B. Nichols, L. Morris, D. Howling, P. Harris, E. 
Hammond, P. Robinson and many students. 

REFERENCES 

1. Harris, R.V., and A.T. James, Biochim. Biophys. 
Acta 106:456 (1965). 

LIPIDS, VOL. 6, NO. 4 



PLANT UNSATURATED ACID SYNTHESIS 273 

2. Gurr, M.I., M.P. Robinson and A.T. James, Eur. J. 
Biochem. 9:70 (1969). 

3. Harris, R.V., P. Harris and A.T. James, Biochim. 
Biophys. Acta 106:465 (1965). 

4. Stumpf, P.K., and A.T. James, Ibid. 70:20 
(1963). 

5. Harris, R.V., A.T. James and P. Harris in "Bio- 
chemistry of Chloroplasts" Vol. 2, Edited by T.W. 
Goodwin, Academic Press, London (1967). 

6. Nagai, J., and K. Bloch, J. Biol. Chem. 241:1925 
(1966). 

7. Nichols, B.W., Lipids 3:354 (1968). 
8. Nichols, B.W., and R. Moorhouse, Ibid. 4:311 

(1969). 

9. Gurr, M.I., and P. Brawn, Eur. J. Biochem. 17:19 
(1970). 

10. James, A.T., P. Harris and J. Bezard, Ibid. 3:318 
(1968). 

11. Raju, P.K., and R. Reiser, Biochim. Biophys. Acta 
176:48 (1969). 

12. Johnson, A.R., J.A. Pearson, F.S. Shenstone and 
A.C. Fogarty, Nature 214:1244 (1967). 

13. James, A.T., Chem. Brit. 4:484 (1968). 
14. Howling, D., L.J. Morris and A.T. James, Bio- 

chim. Biophys. Acta 152:224 (1968). 

[Rece ived  O c t o b e r  1, 1970]  

LIPIDS, VOL. 6, NO. 4 



SHORT COMMUNICATIONS 

Inhibition of Fat Cell Lipolysis by Low 
FFA to Albumin Ratios 

ABSTRACT 

Epid idymal  fat cells isolated f rom 
chronically cold-exposed rats were used 
to s tudy the inhibi t ion of lipolysis wi th  
albumin bound FFA.  It was demon-  
strated that  lipolysis becomes  inhibi ted as 
the class 2 binding sites on a lbumin are 
filled and that  50% inhibi t ion occurs at 
free fa t ty  acid ( F F A )  to a lbumin ratios 
(v-) be tween  4.6 and 4.0. Exper iments  
with d ibutyryl  adenosine cyclic phos- 
phate suggest that  this is an effect  on the 
fat cell lipases rather than the lipase acti- 
vating system or phosphodiesterase.  The 
r e s u l t s  indicate that  reester if icat ion 
proceeds as a relat ively constant  per- 
centage of  the rate of  lipolysis and, there-  
fore,  in the absence of  exogenous  F F A ,  
condit ions that  reduce lipolysis reduce 
reesterif icat ion.  On the o ther  hand, high 
rates of  reester if icat ion can apparent ly  be 
s t imulated even when the class 1 binding 
sites on albumin are not  filled. 

INTRODUCTION 

Steinberg (1) has repor ted  that  the uptake 
and ox ida t ion  of  free fa t ty  acids ( F F A )  is 

dependent  on their  average number  (V) bound  
per a lbumin molecule .  In a system containing 
calcium, a known  F F A  acceptor  (2), Rodbel l  
(3) has shown that  F F A  to albumin ratios 
above 6 to 7 can inhibit  ACTH st imulated 
lipolysis in isolated fat cells. It  is not  known,  
however ,  whether  gradual reduct ions  in the 
value of  V below 6 can effect  the tissue lipase or 
its noradrenal ine activated system. Noradrena-  
line s t imulated glyceride fa t ty  acid (GFA)  
release is greater (4) in fat cells isolated f rom 
chronically cold-exposed than cont ro l  rats (855 
vs 411 pmoles  GFA per 1 pg DNA per 30 min). 
Thus these adipocytes  f rom cold-exposed rats 
provided a much  more sensitive system for 
examining how low values of  g affected adipose 
tissue lipolysis and reesterif icat ion.  

EXPERIMENTAL PROCEDURES 

Animals 
Male, r andom bred albino rats (Charles River 

Breeding Laboratories ,  Inc., Wilmington,  Mass.) 
weighing be tween  50 and 75 g were maintained 
(3) in a cold chamber  at 5 -+ 1 C for six weeks 
prior to killing. 

Fat Cell Preparation 
Epididymal  fat cells were prepared by a 

modi f ica t ion  of  the procedure  of  Rodbel l  (4,5). 

TABLE I 

Effect  of DBcAMP on Fat Cell a Lipolysis and Reesterification 

Lipolysis, Reesterification, 
DBcAMP, m~tm GFA/  mpm GFA/  Per cent v 

#m/ml  #g DNA[30 min /.tg DNA[30 rain reesterification Final b 

0.5 95 +7 b 29 +16 3l _4- 17 0.44-+0.03 

1.0 413 + 30 118 + 24 29 + 5 0.77 --+ 0.01 
(NS) d 

2.0 546 --+29 lS5 +20 28 4"2 0.93 --+0.02 
(NS) 

5.0 601 4" 21 207 + 33 34 -+ 4 0.92 4" 0.03 
(NS) 

10.0 596 -+ 13 205 + 15 (NS) 0.92 4"0.03 

aAdipocyte  DNA ranged from 3.4 to 4.1 #g per vial. 

blni t ial  value of v f o r  adipocytes plus albumin equals 0.34. 

CEach value represents the mean + S.D. for three experimental  replications. 

dValues for per cent reesterification are not significantly different (NS) from each other.  
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FIG. 1. The effect of increasing values of g on 
noradrenaline stimulated lipolysis in fat ceils isolated 
from chronically cold-exposed rats. GFA (glyceride 
fatty acid) release equals glycerol production times 3. 
Symbols also indicate initial values of v. Dashed lines 
represent the theoretical increase in V as a result of 
lipolysis (uncorrected for reesterification). Vertical 
lines denote the standard deviation (when measur- 
able). Each point represents three experimental repli- 
cations. Adipocyte DNA ranged from 3.6 to 4.1 ~g per 
vial. 

For each experiment, the isolated washed adi- 
pocytes of five to seven rats were pooled and 
stock suspensions diluted to approximately 4 
/~g fat cell DNA per 1 ml of Krebs-Ringer phos- 
phate buffer containing bovine serum albumin 
(4%), glucose (1 mg/ml) and no calcium. 

Preparation of Albumin Bound Fatty Acid 

Stock solutions of albumin bound fatty 
acids were prepared by combining 1.54 mmoles 
oleic acid (Fisher, USP) with 50 ml 8% albumin 
(Pentex, Lot 55) in Krebs-Ringer phosphate 
buffer at pH 10.5. The mixture was stirred for 
1 hr in a 36 C oven, adjusted to pH 7.4 with 
HC1, and brought to 100 ml with additional 
buffer. The stock solution was then serially 
filtered through 0.65, 0.45, and 0.22 /~ mem- 
brane filters (Millipore Corp.) and the exact 
FFA content determined by the method of 
Rodbell (5). The low but measurable fatty acid 
content of the stock cell suspension and the 
buffered 4% albumin used as a diluent were 
similarly determined. These values permitted 
the calculation of initial FFA to albumin ratios 
for all dilutions of the adipocyte and bound 
fatty acid stocks. 

The additions of hormones and cells, as well 
as the incubation procedure, were carried out as 
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FIG. 2. The effect of increasing values of V on 
DBcAMP stimulated lipolysis in fat cells isolated from 
chronically cold-exposed rats. GFA release equals 
glycerol production times 3. Symbols also indicated 
initial values of v. Dashed lines represent the theoreti- 
cal increase in v as a result of lipolysis (uncorrected for 
reesterification). Vertical lines denote the slandard 
deviation (when measurable). Each point represents 
three experimental replications. Adipocyte DNA 
ranged from 3.1 to 3.5 ug per vial. 

previously described (6). After 30 min of incu- 
bation, the reaction was terminated by the 
addition of Doles acid extracting medium and 
the contents of each vial were assayed for fat 
cell triglyceride and glycerol production (6). 

RESULTS 

The effect of increasing FFA to albumin 
ratios (g) on the norepinephrine stimulated 
lipolysis of fat cells in plotted in Figure 1. 

Unstimulated lipolysis was approximately 10 
m~tmole GFA per 1 ~tg DNA per 30 min and 
this value, therefore, was arbitrarily assigned as 
100% inhibition. This assumption tends to bias 
the calculation of per cent inhibition towards 
higher FFA to albumin ratios at any given 
degree of inhibition. Under these conditions 
and independent of the norepinephrine concen- 
tration used, there was between 80% and 90% 
inhibition of the observed maximally stimu- 
lated lipolysis at FFA to albumin ratios 
between 5.4 and 5.6. Values of V between 4.6 
and 5.0 resulted in 50% inhibition of lipolysis. 
Similarly (Fig. 2), when lipolysis was stimulated 
with N 6, O2-dibutyryl adenosine-3~ 
phosphate (DBcAMP), 50% inhibition of 
lipolysis occurred at values of V between 4-4.2. 

Using fatty acid-poor albumin (~ = 0.28) 
without oleic acid, maximum DBcAMP stimula- 
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tion of lipolysis and reesterification were 
measured at FFA to albumin ratios less than 1 
(Table I). 

The maximum observed rate of DBcAMP 
stimulated reesterification agrees well with that 
published for norepinephrine stimulation under 
similar conditions (4). This rate of reesterifica- 
tion, if maintained in all the cell preparations 
containing exogenous oleic acid (Fig. 1 and 2), 
would lower the value of 7 at each point by 
approximately 0.3 in 30 rain. 

If norepinephrine stimulated lipolysis were 
inhibited by FFA interfering in the endogenous 
production of cAMP, then at any given value of 
9- (Fig. 1 and 2), we would have found less 
inhibition with exogenous DBcAMP. This was 
not the case. On the other hand, if the FFA 
were activating a phosphodiesterase breaking 
down cAMP, then two different concentrations 
of DBcAMP (Fig. 2) would differ in the degree 
of stimulation at higher values of 9. This, also, 
was not the case. These results, therefore, indi- 
cate that the FFA may be acting directly on the 
lipolytic enzymes in a concentration dependent 
manner. 

The data in Table I suggest that reesterifica- 
tion proceeds as a relatively constant per- 
centage of the rate of lipolysis in the presence 
of lipolytic hormone,  glucose, but no added 
insulin. We estimate, also, that the rates of 
lipolysis noted here are from 2- to 10-fold 
greater than those obtained with perfusions of 
adipose tissue (7,8). 

Thus, these results suggest that (a) lipolysis 
becomes inhibited as the class 2 binding sites 
(9) are filled; (b) even when the class 1 sites are 
not filled, reesterification may be maximally 
stimulated; and (c) in the absence of high 
external concentrations of FFA, conditions 
that reduce the rate of lipolysis can reduce the 
rate of reesterification. On the other hand, 

since we could not accurately determine FFA 
release in the presence of high levels of exo- 
genous oleic acid (Fig. 1 and 2), it remains an 
open question whether reesterification was 
reduced concomitantly with lipolysis in Table I 
or whether it was increased by the increasing 
FFA to albumin ratios. It seems likely, how- 
ever, that under conditions where the transport 
of endogenous acids out of the cells might be 
inhibited, reesterification would take prece- 
dence, and a greater proportion of the FFA 
produced would be reesterified. 
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Serum Lipoprotein Hydrolysis by Purified Lipases 

ABSTRACT 

Purified lipases from pork pancreas, 
Rhizopus arrhizus and Leptospira biflexa 
hydrolyze the triglycerides of pork very 
low density lipoproteins (VLDL), while 
higher density lipoproteins are not 
affected significantly. The velocity versus 
substrate curves for the VLDL were 
sigmoid. 

INTRODUCTION 

Lipase (EC 3.1.1.3) hydrolysis of triglycer- 
ides in the form of emulsions, mixed micelles, 
or solutions has been extensively studied (1,2). 
There are also reports of lipase activity against 
chylomicrons or total serum lipids (3). Lipopro- 
tein lipase appears to require plasma lipopro- 
teins as cofactors in the hydrolysis of trigly- 
cerides (4), while higher concentrations of 
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tion of lipolysis and reesterification were 
measured at FFA to albumin ratios less than 1 
(Table I). 

The maximum observed rate of DBcAMP 
stimulated reesterification agrees well with that 
published for norepinephrine stimulation under 
similar conditions (4). This rate of reesterifica- 
tion, if maintained in all the cell preparations 
containing exogenous oleic acid (Fig. 1 and 2), 
would lower the value of 7 at each point by 
approximately 0.3 in 30 rain. 

If norepinephrine stimulated lipolysis were 
inhibited by FFA interfering in the endogenous 
production of cAMP, then at any given value of 
9- (Fig. 1 and 2), we would have found less 
inhibition with exogenous DBcAMP. This was 
not the case. On the other hand, if the FFA 
were activating a phosphodiesterase breaking 
down cAMP, then two different concentrations 
of DBcAMP (Fig. 2) would differ in the degree 
of stimulation at higher values of 9. This, also, 
was not the case. These results, therefore, indi- 
cate that the FFA may be acting directly on the 
lipolytic enzymes in a concentration dependent 
manner. 

The data in Table I suggest that reesterifica- 
tion proceeds as a relatively constant per- 
centage of the rate of lipolysis in the presence 
of lipolytic hormone,  glucose, but no added 
insulin. We estimate, also, that the rates of 
lipolysis noted here are from 2- to 10-fold 
greater than those obtained with perfusions of 
adipose tissue (7,8). 

Thus, these results suggest that (a) lipolysis 
becomes inhibited as the class 2 binding sites 
(9) are filled; (b) even when the class 1 sites are 
not filled, reesterification may be maximally 
stimulated; and (c) in the absence of high 
external concentrations of FFA, conditions 
that reduce the rate of lipolysis can reduce the 
rate of reesterification. On the other hand, 

since we could not accurately determine FFA 
release in the presence of high levels of exo- 
genous oleic acid (Fig. 1 and 2), it remains an 
open question whether reesterification was 
reduced concomitantly with lipolysis in Table I 
or whether it was increased by the increasing 
FFA to albumin ratios. It seems likely, how- 
ever, that under conditions where the transport 
of endogenous acids out of the cells might be 
inhibited, reesterification would take prece- 
dence, and a greater proportion of the FFA 
produced would be reesterified. 
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Serum Lipoprotein Hydrolysis by Purified Lipases 

ABSTRACT 

Purified lipases from pork pancreas, 
Rhizopus arrhizus and Leptospira biflexa 
hydrolyze the triglycerides of pork very 
low density lipoproteins (VLDL), while 
higher density lipoproteins are not 
affected significantly. The velocity versus 
substrate curves for the VLDL were 
sigmoid. 

INTRODUCTION 

Lipase (EC 3.1.1.3) hydrolysis of triglycer- 
ides in the form of emulsions, mixed micelles, 
or solutions has been extensively studied (1,2). 
There are also reports of lipase activity against 
chylomicrons or total serum lipids (3). Lipopro- 
tein lipase appears to require plasma lipopro- 
teins as cofactors in the hydrolysis of trigly- 
cerides (4), while higher concentrations of 
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TABLE I 

Hydrolysis as Percent of TG Hydrolysis 
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Triglyceride Porcine Porcine Porcine 
Enzyme a emulsion VLDL LDL HDL 

Pork pancreas 100 28 ~ 2 <0.1 
Rhizopusarrhizus tO0 13.5 ~ 2 (0 .1  

Leptospira biflexa l O0 45 10 ( O. 1 
(Patoc I) 

aTwelve units of enzyme activity as measured against synthetic triglyceride emulsion 
(14). Experimental conditions (pH, temperature, activators, etc.) as in legend to Figure 1. 

plasma low density lipoproteins have been 
shown to inhibit lipoprotein lipase activity on 
triglycerides (5). However, little is known con- 
cerning the action of lipases on the lipids 
present in relatively purified lipoproteins. Con- 
sidering that lipids, transported in the circula- 
tion of animals in the form of lipoproteins, are 
apparently the natural substrates for lipopro- 
tein lipase (6), it appeared of interest to investi- 
gate the hydrolysis of the different ultracentri- 
fugal groups of serum lipoproteins by pre- 
viously characterized triglyceride lipases. 

M A T E R I A L S  A N D  METHODS 
Lipoproteins were isolated ultracentrifugally 

from hog serum by a modification (7) of the 
classical procedure of Havel et al. (8). Protein 
was determined by the Lowry procedure (9), 
and triglycerides by the method of Van Handel 
(10). Three enzymes were investigated: the 
purified porcine pancreatic lipase (11), the 
purified extracellular lipase of Rhizopus arrhi- 
zus (12), and a partially purified extracellular 
lipase from Leptospira biflexa (Patoc I) (13). 
The extent and rate of lipid hydrolysis was 
followed by potentiometric titration of the 
fatty acids, liberated from the substrate, using a 
TTT-1 pH-stat (14). 

RESULTS 
In preliminary experiments it was observed 

that of the three classes of hog plasma lipopro- 
teins isolated: VLDL (very low density lipopro- 
tein, d < 1.006), LDL (low density lipoprotein, 
1.006 < d ~ 1.070) and HDL (high density 
lipoprotein, 1.070 < d < 1.210), only VLDL 
lipids were significantly hydrolyzed by the 
e n z y m e s  s tudied ,  Table I. Experiments 
measuring the effects of systematic variation of 
pH and reaction temperature, and of the con- 
centrations of NaCI, CaC12, and the deoxycho- 
late used as an enzyme activator (1 ,11 ,12)on  
the hydrolysis of VLDL by each of the en- 
zymes, resulted in the selection of optimal exper- 
imental conditions for the hydrolysis of VLDL 
by each enzyme which are shown in Figure 1. 

The rates of reaction of each enzyme against 
v a r y i n g  c o n c e n t r a t i o n s  of VLDL were 
measured. The data, graphically expressed in 
Figure 1, indicate that there is significant sub- 
strate inhibition of all of the enzymes at ele- 
vated substrate levels. At lower substrate con- 
centrations all three curves exhibit a certain 
degree of sigmoid shape, most pronounced for 
the pancreatic lipase and least for the Rhizopus 
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Substrote Concentrotion 

FIG. 1. Variation in lipase activity with VLDL con- 
centration. Enzyme activity, in enzyme units (10 -6 M 
fatty acid released per minute). Substrate concentra- 
tion, in milliliter VLDL (2.0 nag triglyceride per milli- 
liter). (-o-) Rhizopus lipase T = 25 C; pH 8.5; Deoxy- 
cliolate, 10.6 raM; NaC1, 0; CaC12, 1 raM. (-A-) Porcine 
pancreatic lipase T = 35 C; pH 8.5; Deoxycholate, 
10.6 mM; NaC1, 0.4 M; CaC12, 2 mM. (-=-) Leptospiral 
lipase T = 35 C; pH 8.5; Deoxycholate, 10.6 raM; 
NaC1, 0.4 M; CaC12, 2 mM. 
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enzyme.  F u r t h e r m o r e ,  a l t h o u g h  a m o u n t s  o f  
each  e n z y m e  equal  to  12 un i t s  (1 un i t  = 10 -6 M 
fa t ty  acid l ibe ra ted  per  m i n u t e )  as measu red  
against  a s t andard  t r iglycer ide emuls ion  (11)  
were used,  there  were s ignif icant  d i f ferences  in 
the  m a x i m a l  ac t iv i ty  t ow ar ds  V L D L  lipid, the  
lep tospi ra l  l ipase be ing  near ly  twice  as act ive as 
the  panc rea t i c  e n z y m e  and  th ree  t imes  as active 
as the  Rhizopus lipase. 

DISCUSSION 
The resul ts  ind ica te  t h a t  the  th ree  trigly- 

ceride lipases s tudied ,  p r e s u m a b l y  typ ica l  of  
this  g roup  of  enzymes ,  are able to  l ibera te  free 
f a t t y  acids b y  the  hydro lys i s  of  the  complex  
l ipids of  porc ine  plasma VLDL, a l t h o u g h  at  
s ignif icant ly  d i f fe ren t  rates.  I n h i b i t i o n  of  
enzyme  act iv i ty  at h igh  c o n c e n t r a t i o n s  of  sub- 
s t rate ,  appa ren t  wi th  VLDL,  is no t  observed  
w h e n  t r iglycer ides  in emuls ion  (1)  or  soluble  
(2) f o rm  serve as subst ra tes .  The  s igmoid shape  
of  the  curves at low VLDL c o n c e n t r a t i o n  is no t  
observed  w i th  t r ig lycer ide emuls ions  (1),  bu t  is 
a charac ter i s t ic  of  the  hydro lys i s  o f  soluble ,  low 
molecu la r  weight ,  t r iglycer ides  (2) ,  in wh ich  
case there  is an in f l ec t ion  p o i n t  w h i c h  coincides  
w i th  the  cri t ical  micel lar  c o n c e n t r a t i o n  at  
w h i c h  the  hydro lys i s  ra te  increases  marked ly  
over a very  small  change  in subs t r a t e  concen t r a -  
t ion .  I t  is in te res t ing  to  specula te  t h a t  the  
phys ica l  s ta te ,  i.e., degree of  aggregat ion,  of  the  
complex  subs t ra t e  may  be respons ib le  for  the  
sigmoid shape of  the  curves in our  expe r imen t s .  
Some suppor t  for  th is  idea comes  f rom repor t s  
of  subun i t  s t ruc tu re  in l i pop ro t e in s  (15)  and  
even more  f rom repor t s  of  reversible  s tepwise  
aggregat ion of plasma l ipopro te ins  (16) .  Studies  
cu r ren t ly  u n d e r  way in th is  l abo ra to ry ,  on  the  
c o n c e n t r a t i o n  d e p e n d e n t  molecu la r  weight  of  
the  p lasma l ipopro te ins  and  also the  effects  of  
surface active agents  such  as sod ium deoxycho-  
la te  o n  the i r  s tate  of  aggregat ion,  shou ld  prove  
valuable  in e luc ida t ing  the  m e c h a n i s m  of  this  
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enzyme.  F u r t h e r m o r e ,  a l t h o u g h  a m o u n t s  o f  
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as the  Rhizopus lipase. 

DISCUSSION 
The resul ts  ind ica te  t h a t  the  th ree  trigly- 
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this  g roup  of  enzymes ,  are able to  l ibera te  free 
f a t t y  acids b y  the  hydro lys i s  of  the  complex  
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FIG. 1. A, Response of quinea pig uterine horns to 3 m U of pitressin. B, Potentiation effect of 50 
ng of standard PGE 1 on the uterine response to pitressin. C, Potentiation effect of about 10 ng of 
PGE 1 isolated from rat seminal vesicle glands, on the uterine response to pitressin. 

demonstrated in human seminal plasma (3,4). 
In this communication, we describe the isola- 
tion of PGE 1 from rat vesicle gland by solvent 
partition and thin layer chromatographic proce- 
dures, its identification by biological assay, and 
its quantitative determination by spectrophoto- 
metry. 

Two experiments were performed using 120 
and 42 rats respectively. In a third experiment, 
with 45 rats, tritiated Prostaglandin E 1 (10 #C) 
was added to the vesicle gland homogenate and 
its recovery determined. Adult Wistar rats were 
killed by decapitation. The vesicle glands were 
removed, homogenized in a Waring Blendor at 
4 C in four volumes of ethanol, and centrifuged 
for 10 rain at 3000 x g in a Sorval refrigerated 
centriguge. 

The supernatant was evaporated to dryness 
under reduced pressure, and the residue was 
dissolved in 0.1 M phosphate buffer, pH 7.0. 
This solution was washed twice with an equal 
volume of petroleum ether, first at pH 7.0 and 
then at pH 3.0, to remove nonprostaglandin 
lipids (5); the prostaglandins were then 
extracted from the remaining solution with 
diethyl ether at pH 3.0. The ethereal solution 
was finally washed with water to neutral pH 
and evaporated to dryness under reduced pres- 
sure. 

The residue was taken up in a small volume 
of ethanol, spotted on thin layer plates of Silica 
gel G, and developed in chloroform-methanol- 
glacial acetic.acid-water (90:6:1:0.75 v/v). (6). 
A standard was used to characterize the Rf of 
PGE I. The reference sample of PGE 1 was 
detected by spraying with 2,4-dinitrophenyl- 
hydrazine, keeping the remainder of the plate 
covered. The zone corresponding to that of the 
prostaglandin standard was next scraped off the 
plate and eluted with methanol according to 
Green and Samuelson (7). 

The methanolic solution was evaporated to 
dryness in vacuo and the residue was dissolved 
in a small volume of ethanol. 

The ethanolic solution was rechromato- 

graphed on Silica gel G impregnated with 10% 
AgNO3, using the solvent system "A I I " - e t h y l  
a c e t a t e - a c e t i c  acid-methanol-2,2,4-trimethyl 
pentane-water (110:30:35:10:100)  (7). Stand- 
ards for PGE 1 and PGE 2 were used, and their 
positions on the plate were visualized by 
spraying with 2,4-dinitrophenyldrazine, while 
the central region of the plate, with the sample, 
was covered with a glass plate. 

The zones corresponding to that of prostag- 
landin E 1 (Rf:0.87) and prostaglandin E 2 
(Rf:0.77) were scraped off the plate and eluted 
with ethanol. 

An aliquot of the extracts was treated with 2 
N KOH in ethanol and heated at 50 C for 25 
min. The chromophore was measured at 278 
mbt in a Zeiss spectrophotometer and the 
amounts of PGE 1 and PGE 2 were determined 
from standard curves (8). 

The  b i o l o g i c a l  assay was performed 
according to Clegg et al. (9,10) on uterine horns 
from nulliparous guinea pigs at 20-22 C in a 
modified Krebs bicarbonate saline solution, 
gassed with 5% Co 2 in 95% 02 and containing 
1 mM Ca ++ , 3.5 mM Mg ++ and 5.9 mM K § in a 
volume of 3 ml. The potentiation effect of 
prostaglandin of the uterine response to vaso- 
pressin was registered (Fig. 1). 

The radioactivity recovered from the plate 
was measured on aliquots of the ethanolic 
extract in a Packard Tricarb Liquid Scintillation 
Counter. 

Biological activity was only found present in 
the ethanolic extracts corresponding to the 
PGE 1 zone and it is related to a measured 
PGE 1 content of 0.5 ~g/g of wet tissue. PGE 2 
was not present in substantial amounts. The 
final recovery of PGE 1 from rat vesicle gland 
was about 30%. 

In a recent paper, Jouvenaz et al. (11), using 
a gas chromatography sensitive method, were 
able to detect amounts of prostaglandin as low 
as 1 ng in rat tissues. A PGE 2 content of 160 
ng/g of rat vesicular gland was measured after 
homogenization in aqueous medium, but, 
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apparen t ly ,  the  PGE 2 found  is f o rmed  during 
this process by enzymic  react ion.  This did no t  
occur in our  case in which  the  vesicular glands 
were homogen ized  direct ly  in alcohol ,  thus  pre- 
venting tha t  react ion.  On the o the r  hand,  no 
PGE 1 could be de tec ted ,  according to  the 
authors ,  using this new sensitive me thod .  

Our results  indicate  the  presence  of  PGE 1 in 
rat seminal  vesicle gland. This f inding is con- 
sis tent  wi th  the  observed in vitro b iosynthes is  
of PGE 1 f rom homo-7-1inolenic acid in rat 
vesicle gland ( to  be publ ished) .  

BERTA S. DE CUMINSKY 
OSVALDO MERCURI  1 
Catedra  de Bioquimica,  Ins t i tu to  de Fisiologia 
Facul tad  de Ciencias Medicas 
Calle 60 y 120, La Plata, Argent ina  

1Member of the "Carrera del Investigador Cienti- 
rico del Consejo Nacional de Investigaciones Cien- 
tificas y Technicas," Argentina. 

ACKNOWLEDGMENTS 
Alicia Mattiazzi gave helpful suggestions regarding 

biological assay. Standards of PGE 1 and PGE 2 were 
provided by Upjhon Co., Kalamazoo, Michigan. 

REFERENCES 

1. Nugteren, D.H., D.A. Van Dorp, S. Bergstrom, M. 
Hamberg and B. Samuelsson, Nature 212:38-39 
(1966). 

2. Bergstrom, S., and J. Sjovall, Acta. Chem. Scand. 
14:1701-1705 (1960). 

3. Bergstrom, S., and B. Samuelsson, J. Biol. Chem. 
237:Pc 3005-Pc 3006 (1962). 

4. Bergstrom, S., R. Ryhage) B. Samuelsson and J. 
Sjovall, Ibid. 238:3555-3564 (1963). 

5. Kataoka, K., P.W. Ramwell and S. Jessup, Science 
157:1187-1189 (1967). 

6. Van Dorp, D.A., R.K. Beerthuis, D.H. Nugteren 
and H. VonKeman, Biochim. Biophys. Acta 
90:204-207 (1964). 

7. Green, K., and B. Samuelsson, J. Lipid Res. 
5:117-120 (1964). 

8. Bygdeman, M., and B. Samuelsson, Clin. Claim. 
Acta 10:566-568 (1964). 

9. Clegg, P.C., W.J. Hall and V.R. Pickles, J. Physiol. 
183:123-144 (1966). 

10. Von Euler, U.S., and R. Eliasson, Prostaglandins 
8:94-96 (1967). 

11. Jouvenaz, G.H., D.H. Nugteren, R.K. Beerthuis 
and D.A. Van Dorp, Biochim. Biophys. Acta 
202:231-234 (1970). 

[Received June 19, 1970] 

LIPIDS, VOL. 6, NO. 4 
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ABSTRACT 

a-Tocopheryl acetate, an ester of the 
naturally occurring form of vitamin E, 
has a biopotency of 1.66 IU/mg as deter- 
mined by bioassays based on biological 
function. On a similar basis, 2L-a-toco- 
pheryl acetate, the 2-epimer of c~-toco- 
pheryl acetate, has a biopotency of 0.35 
IU/mg. Results of hemolysis bioassays 
indicate relative activities of 1.53 and 
0.56 for a- and 2L-a-tocopheryl acetates, 
respectively, compared with 2DL-or  atl- 
rac-a-tocopheryl acetate. Responses to 
plasma and liver storage tests average 1.35 
for c~-tocopheryl acetate compared with 
all-rac-(~-tocopheryl acetate. The config- 
uration at C-2 is most important but the 
configurations at C-4' and C-8" may also 
be important in determining biopotency. 
There is no evidence of synergism 
between a-tocopheryl acetate and 
2L-a-tocopheryl acetate. Since the two 
i somer s  comprising 2DL-a-tocopheryl 
acetate, the former International Stand- 
ard, have different rates of absorption, 
tissue storage, metabolism and excretion, 
a better standard for vitamin E is needed. 
a -Tocophe ry l  acetate has both the 
chemical and biological properties re- 
quired for a new International Standard 
for vitamin E. Redefinition of an Inter- 
national Unit in terms o f  1 IU = 0.60 nag 
of a-tocopheryl acetate would give a pre- 
cise reference for future research and a 
reasonable correlation with data collected 
in the past. 

INTRODUCTION 

c~-Tocopherol, 5,7,8-trimethyttocol, is bio- 
logically the most active member of the 
naturally occurring tocopherols and toco- 
tfienols. It is a polyisoprenoid derivative 
characterized by a tetramethyl-6-chromanol 
nucleus and a saturated C-16 side chain with 
centers of asymmetry at the 2, 4' and 8' 

1One of six papers to be published from the 
Symposium "Chemistry and Biochemistry of Toco- 
pherols," presented at the ISF-AOCS Congress, 
Chicago, September 1970. 

2p.o. Box 1911, Rochester, N.Y. 14603. 

positions (Fig. 1). The other tocopherols and 
tocotrienols have biological activities ranging 
from 0% to 50% that of a-tocopherol. The 
acetate esters of the tocopherols have been 
widely used for both scientific and commercial 
purposes. This review will describe the struc- 
tures of the various diastereoisomers of a-toco- 
pherol and their nomenclature and compare the 
biological activities of the corresponding ace- 
tate esters. 

NOMENCLATURE 

The nomenclature of the tocopherols as 
recently clarified by the Committee on Nomen- 
clature of the International Union of Nutri- 
tional Sciences (1) will be used throughout this 
review3. The name "alpha-tocopherol" is used 
for the compound, identical to the isomer iso- 
lated from natural sources, characterized as 
2D ,4'D,8'D-ot-tocopherol (2R,4 'R,8 'R~- toco-  
pherol) and formerly named d-alpha-tocopherol 
(1). Its isomeric structure is detailed in Figure 
1. Tocopherols can also be prepared synthe- 
tically. The condensation product of trimethyl- 
hydroquinone and natural phytol is epimeric 
only at the 2 position. This equimolar mixture 
of alpha-tocopherol and its 2 epimer is 
cha rac te r i zed  as 2DL,4'D,8'D-a-tocopherol 
(2R,4 'R,8 'R + 2S,4'R,8'R-c~-tocopherol) and 
has been named 2DL-a-tocopherol (1). This 
mixture has been resolved into the two epi- 
meric forms (2), alpha-tocopherol, identical 
with the naturally occurring isomer, and an 
u n n a t u r a l  i s o m e r  c h a r a c t e r i z e d  as 
2L,4'D,8'D-0~-tocopherol (2S,4 'R,8 'R~-toco-  
pherol) and named 2L-a-tocopherol (1). The 
c o n d e n s a t i o n  product of trimethylhydro- 
quinone and racemic isophytol is a mixture of 
the four possible enantiomefic pairs of dia- 
stereoisomers (8 isomers in all). It is character- 
ized as 2DL,4'DL,8"DL-a-tocopherol and the 
equimolar mixture has been named aIl-rac-a- 
tocopherol (1). Formerly, it was termed dl- 
alpha-tocopherol and has often been confused 
with 2DL-a-tocopherot. 

3The Editors of Lipids have not yet accepted the 
revised IUNS nomenclature system. Except for the 
section on "Nomenclature", the Editors used the 
terminology D, L or DL and all-rac or All-rac in this 
paper. This nomenclature system is inconsistent with 
the revised IUNS, AIN or IUPAC recommendations. 
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FIG. 1. 0z-Tocopherol, (d-oz-tocopherol), 
(2D,4"D,8'O-lX-tocopherol). 

STANDARDS FOR VITAMIN E 

In 1941, the Vitamin E Sub-Committee of 
the Accessory Food Factors Committee (Lister 
Institute and Medical Research Council) recom- 
mended "the adoption of synthetic racemic 
~-tocopheryl acetate as the international stand- 
ard for vitamin E" and further "recommended 
that the international unit for vitamin E should 
be defined as the specific activity of 1 mg of 
the standard preparation, this quantity being 
the average amount which, when administered 
orally, prevents resorption gestation in rats 
deprived of vitamin E" (3). The International 
Standard was formerly issued in the form of a 
1% solution in olive oil (3) until its distribution 
was discontinued in 1956 (4). The failure of the 
sub-committee to identify in detail the isomeric 
composition of the International Standard for 
vitamin E has resulted in subsequent confusion. 
This "synthetic racemic o~-tocopheryl acetate" 
was prepared from natural phytol and thus was 
2DL~-tocopheryl acetate, an equimolar mix- 
ture of cetocopheryl acetate and 2L-~-toco- 
pheryl acetate. The International Standard has 
often been referred to as d/-~-tocopheryl ace- 
tate and thus confused with all-rac-~-tocopheryl 
acetate. Use of the new IUNS Nomenclature 
should eliminate this ambiguity. 

In 1962, the Animal Nutrition Research 
Council introduced the ANRC Vitamin E 
Reference Standard (5). It is a gelatin-beaded 
preparation of 2I)L~-tocopheryl acetate and its 
potency is established on the basis of chemical 
assay and expressed in International Units. 
Unfortunately, it is labeled as containing 
d/-~-tocopheryl acetate and this ambiguity 

should be clarified by specifying that the 
ANRC Vitamin E Reference Standard contains 
2Dt.-a-tocopheryl acetate synthesized from 
natural phytol. 

V I T A M I N  E BIOASSAYS 

Bioassays for vitamin E can be based on a 
wide variety of biological responses. They can 
be categorized depending upon the physiolog- 
ical processes involved as follows: (a) bioassays 
involving a biological function such as the pre- 
vention of fetal resorption in rats or encephalo- 
malacia in chicks; (b) measurement of a physio- 
logical parameter, such as prevention of ery- 
throcyte hemolysis; and (c) measurement of 
vitamin E levels in vivo such as liver storage and 
plasma responses. 

A generalized picture of the physiological 
processes involved in the various types of 
vitamin E bioassays is summarized in Figure 2. 
The rate and the extent of absorption of orally 
administered vitamin E are controlled by the 
intestinal membrane barrier mediated by bile 
salts and other secretions into the intestine. 
Similarly the absorption of parenterally admin- 
istered vitamin E is controlled by cellular mem- 
brane barriers mediated by the type of emulsi- 
fier system in the preparation. Vitamin E is 
transported both in the lymph and in blood as a 
protein complex. The extent of tissue storage 
of vitamin E is determined both by plasma 
levels and by cellular membrane barriers. Vita- 
min E presumably exerts its specific biological 
functions as complexes with intracellular par- 
ticulate fractions such as mitochondria or 
microsomes. Levels of vitamin E in these intra- 
cellular particulate complexes are mediated not 
only by cellular membrane barriers but also by 
specific binding sites. 

The specificity of the various types of bio- 
assays for vitamin E in ascertaining the biolo- 
gical value of the tocopherol isomers is deter- 
mined by the degree of complexity of the 
physiological processes involved. Vitamin E 
plasma levels are determined principally by the 
relative rates of absorption involving a single 
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BIOPOTENCY OF~-TOCOPHERYL ACETATE 

TABLEI 

Biopotencyof ~pha-TocopherylAcetate  a 

283 

Standard 
(form of 

Deficiency symptom tocopheryl Number of Biopotency, 
and species acetate) assays IU/mg "Reference 

Fetal resorption 
Rat IS 30 1.71 b c 
Rat All-rac-0~ 1 1.36 ( 9 )  
Rat --- 1 1.46 (10) 
Rat --- 1 1.53 (10) 

Encephalomalacia 
Chick All-rac-O~ 3 1.68 ( 11 ) 
Chick All-rac-0t 1 1.36 ( 12 ) 
Chick All-rac-~ 1 1.77 d (12) 

Musele dystrophy 
Chick ANRC 1 1.53 e (14) 

Weighted mean biopotency, 39 bioassays f 1.675 --- 0 . 0 5 6 g  

aData from bioassays based on biological function. 
blncludes data reported earlier by Harris and Ludwig (7) and Ames et al. (8). 
cS.R. Ames and M.I. Ludwig, unpublished data. 
dRecalculated from data in their Table VIII fed "in diet" by conventional parallel line bioassay 

procedures. Calculated ED50 values were 0.90 and 1.17 for (2 and all-rac-O~-tocopheryl acetate respe- 
tively when fed at a weight ratio of 1:1.36. Thus, 1.17/0.90 x 1.36 = 1.77. 

eRecalculated from data on muscle score by conventional parallel line bioassay procedures. From 
the log dose-response lines, the calculated EDy values were 3.69, 5.65 and 15.6 for ~, all-rac-~t- and 
2L-~-tocopheryl acetate, respectively. Thus, 5 . 6 5 / 3 . 6 9  = 1.53. Authors reported ratio of 1.46. 

fEach separate bioassay reported is given equal weight. 
gStandard error of the sample mean. 

m e m b r a n e  barr ier .  T o c o p h e r o l  levels in t issues 
are d e t e r m i n e d  by  s o m e w h a t  more  com pl ex  
physiological  processes  involving p lasma t rans-  
po r t  and  two  m e m b r a n e  barr iers .  Only  those  
bioassays  based  on  the  p r e v e n t i o n  or reversal  of  
a v i t amin  E def ic iency  s y m p t o m  have the  
add i t iona l  specif ic i ty  involved in t he  f o r m a t i o n  
of  complexes  w i t h  in t race l lu la r  par t i cu la te  frac- 
t ions .  Such bioassays based  on  a biological  
f u n c t i o n  provide  the  u l t i m a t e  eva lua t ion  of  the  
nu t r i t i ona l  value of  the  var ious  forms of  vita- 
m in  E. 

BIOPOTENCY OF O~-TOCOPHERYL ACETATE 

o~-Tocopheryl ace ta te  ( 2 D , 4 ' D , 8 ' D )  iS t he  
mos t  active of  the  c o m m o n  esters  of  v i t amin  E. 
I ts  biological  p o t e n c y  can be  d e t e r m i n e d  in two  
ways:  (a) by  di rec t  b ioassay p re fe rab ly  against  
the  I n t e r n a t i o n a l  S t anda rd ;  however ,  all-rac- 
o~-tocopheryl ace ta te  is o f t e n  used;  and  (b)  by  
de t e rmin ing  the  ra t io  of  the  b i opo t enc i e s  of  a -  
and  2 L ~ - t o c o p h e r y l  ace ta tes  since the  In ter -  
n a t i o n a l  S t anda rd  is an  equ imo la r  m i x t u r e  of  
these  two isomers.  Data  on  the  b i o p o t e n c y  of  
o~-tocopheryl ace ta te  as measu red  b y  bioassays  
based  on  a b iological  f u n c t i o n  of  v i t amin  E are 
s u m m a r i z e d  in Table  I. 

The  classical m e a s u r e m e n t  of  v i t amin  E 
act iv i ty  is the  rat  fe ta l  r e s o r p t i o n  b ioassay  of  
Mason  and  Harris (6). Ames  and  Ludwig (un-  
pub l i shed  da ta)  f o u n d  t h a t  30 fe ta l  r e s o r p t i o n  
bioassays  of  a - t o c o p h e r y l  ace ta te  against  the  
I n t e r n a t i o n a l  S t anda rd  y ie lded  a m e a n  bio- 
p o t e n c y  of 1.71 IU/mg.  Thei r  r epo r t  inc ludes  
the  one  bioassay on  c~-tocopheryl ace ta te  com- 
pared  to the  I n t e r n a t i o n a l  S t anda rd  r epo r t ed  
earlier b y  Harris  and  Ludwig  (7)  and  the  th ree  
p e r t i n e n t  b ioassays  r e p o r t e d  by  Ames  et al. (8). 
Resul ts  of  fe ta l  r e so rp t ion  bioassays  in ra ts  
f rom two  o t h e r  l abora to r ies  are inc luded  in 
Table  I even t h o u g h  the  s t andards  used were 
no t  well  charac te r i zed  (9 ,10) .  

Dam and  Sondergaard  (11)  have r epo r t ed  
t h a t  the  resul ts  of  th ree  bioassays  based  on  
p reven t ion  of  encepha loma lac i a  in chicks 
resu l ted  in an average b i o p o t e n c y  of  1.68 
IU/mg.  Marus ich  et al. (12)  compared  the  
ef fec t iveness  of c~-tocopheryl ace ta te  and  all- 
rac-~-tocopheryl ace ta te  in p reven t ing  encepha-  
lomalacia .  Based on  data  in Table  VII  of  the i r  
paper ,  t hey  r epo r t ed  a b i o p o t e n c y  of  1.36 
IU/mg.  Data  r epo r t ed  in Table  VI l I  of  the i r  
paper  on  " i n  d i e t "  a d m i n i s t r a t i o n  were recalcu- 
la ted b y  conven t iona l  "para l le l  l i ne"  bioassay 
p rocedures  (13)  and  ind ica te  a p o t e n c y  of  1.77 
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IU/mg. Using the muscle dystrophy response in 
chicks, Scott and Desai (14) compared c~-toeo- 
pheryl acetate with the ANRC Vitamin E 
Reference Standard. They reported a potency 
of 1.46. Recalculation of their data on muscle 
dystrophy scores by conventional "parallel 
line" bioassay procedures (13) indicated a 
potency of 1.53 IU/mg. The differences 
between these three biological function bio- 
assays in two species were not significant. Based 
on a total of 39 bioassays, the weighted mean 
biopotency of 1.675 IU/mg is established for 
c~-tocopheryl acetate. 

An alternate method of establishing the bio- 
p o t e n c y  of  0~-tocopheryl acetate is by 
measuring the ratio of the biopotencies of 2L-a- 
tocopheryl acetate and c~-tocopheryl acetate. As 
described in detail in a subsequent paragraph, 
this ratio based on 18 bioassays employing five 
different biological functions in four species is 
0.213. Since the former International Standard 
is an equimolar mixture of a-tocopheryl acetate 
and its 2L-epimer and has a defined potency of 
I IU/mg, this relationship may be expressed 
algebraically as 

0.5 x Potency of O~-tocopheryl acetate 
in IU/mg 

+ 0.5 x Potency of 2L42~-tocopheryl acetate 
in IU/mg = 1.00 IU/mg [11 

and 
0.5 x P+ 0.5 x Px 0.213 = 1.00 

where P is the biopotency of c~-tocopheryl ace- 
tate in IU/mg. Solving this equation indicates 
that the biopotency of ~-tocopheryl acetate is 
1.65 IU/mg, a value in excellent agreement with 
the value determined by direct bioassay against 
the International Standard. 

The mean value for these two independent 
procedures for determining the biological 
activity of c~-tocopheryl acetate is 1.66 IU/mg. 
This is the best estimate of the true biopotency 
of a-tocopheryl acetate based on all available 
data using bioassays based on biological func- 
tion. 

BIOPOTENCY OF 2L-CL-TOCOPHERYL ACETATE 

2L~-Tocopheryl acetate (2L4'D,8'D), the 2 
epimer of c~-tocopheryl acetate, was isolated in 
pure form from synthetic 2DL-a-tocopheryl 
acetate by Robeson and Nelan (2) and was 
synthesized directly by Mayer et al. (15). Data 
on the biopotency of 2L-~-tocopheryl acetate 
by bioassays based on biological function are 
summarized in Table II. 

Using the fetal resorption bioassay, Ames et 
al. (8) have reported that 12 bioassays gave a 
mean biopotency ratio of 2L-C~- to o~-tocopheryl 

R. AMES 

acetate of 0.21. Witting and Horwitt (16) found 
2L-C~-tocopheryl acetate to be 0.20 as active as 
~-tocopheryl acetate in preventing creatinuria 
and growth depression in rats. Fitch and Diehl 
(17) found 2L~-tocopheryl acetate to be 0.21 
as active as ~-tocopheryl acetate in preventing 
muscular dystrophy in the rabbit. Based on 
prevention of dystrophy and anemia in 
monkeys, Fitch et al. (18) found 2L~-toco- 
pheryl acetate to be 0.14 as active as c~-toco- 
pheryl acetate. Dam and Sondergaard (11) 
reported that 2L-c~-tocopheryl acetate was 0.26 
as active as ~-tocopheryl acetate and 0.44 as 
active as all-rac-~-tocopheryl acetate in pre- 
venting encephalomalacia. Scott and Desai (14) 
compared 2L~-tocopheryl acetate with c~-toco- 
pheryl acetate and the ANRC Vitamin E 
Reference Standard in the prevention of 
muscular dystrophy in chicks. Recalculation of 
their data on muscle dystrophy scores by con- 
ventional "parallel line" bioassay procedures 
confirmed their reported relative activity of 
0.36 for 2L-a-tocopheryl acetate compared 
with 2DL-C~-tocopheryl acetate and determined 
a relative activity of 0.24 for 2L-a-tocopheryl 
acetate compared with c~-tocopheryI acetate. 
Based on a total of 18 bioassays employing five 
different biological functions in four species, 
the mean ratio of 2L-a-tocopheryl acetate to 
a-tocopheryl acetate was 0.213 and the mean 
biopotency of 2L-0t-tocopheryl acetate is 0.35 
IU/mg (compared with 2DL-a-tocopheryl ace- 
tate). 

RELATIVE  A C T I V I T I  ES OF TOCOPHERYL 
ACETATES BASED ON OTHER 

B I O L O G I C A L  TESTS 

The observation by Gyorgy and Rose (19) 
that the red blood cells of vitamin E deficient 
rats are hemolyzed by dialuric acid was the 
basis of the hemolysis bioassay for vitamin E as 
developed by Rose and Gyorgy (20) and modi- 
fied by Friedman et al. (21) and Bruggemann et 
al. (22). Supplementation of vitamin E 
deficient rats with progressively larger doses of 
vitamin E results in a progressive decline in 
erythrocyte susceptibility to hemolysis. The 
response to oral supplements is determined by 
the extent of intestinal absorption, plasma 
transport  and incorporation into specific 
binding sites in the erythrocyte membrane. 
Thus, the hemolysis bioassay is intermediate 
between bioassays based on biological function 
and those involving measurement of vitamin E 
levels in plasma or liver tissue. 

Data comparing orally administered a-toco- 
pheryl acetate, 2L-a-tocopheryl acetate and all- 
rac-OL-tocopheryl acetate in the erythrocyte 
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BIOPOTENCY OF 0t-TOCOPHERYL ACETATE 

TABLE I1 

Biopotency of 2Lqgt-Tocopheryl Acetate a 
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Standard 
(form of Relative 

Deficiency symptom tocopheryl Number of activity, Biopotency b 
and species acetate) assays 2L-~/~ IU/mg Reference 

Fetal resorption, 
rat 0/- 12 0.21 (0.35) 8 

Creatinuria-growth 
rat  ~- 1 0.20 (0.33) 16 

Muscle dystrophy, 
rabbit (~- 1 0.21 (0.35) 17 

Dystrophy-anemia, 
monkey 0~- 1 0.14 (0.24) 18 

Encephalomalacia, 
chick All-rac-~- 2 0.26 0.44 11 

Dystrophy, 
chick ANRC 1 0.24 c 0.36 d 14 

Weighted mean, 18 bioassays e 0.213 + 0.007 f 0.353 + 0.012 f 

aData from bioassays based on biological function. 
bValues in parentheses are calculated algebraically using Equation 1. 
CRecalculated from data on muscle score as described in Footnote e, Table I. Thus, 3.69/15.6 = 0.24 es- 

sentially confirming authors' reported value of "approximately 25%". 
dRecalculated from data on muscle score as described in Footnote e, Table I. Thus, 5.65/15.6 = 0.36 con- 

firming authors' reported value of 0.36. 
eEach separate bioassay is given equal weight. 
fStandard error of the sample mean. 

hemolys i s  b ioassay are s u m m a r i z e d  in Table  III. 
F r i e d m a n  et al. (21)  r e p o r t e d  t h a t  10 bioassays  
of  a - t o c o p h e r y l  ace ta te  c o m p a r e d  to all-rac-~- 
t o c o p h e r y l  ace ta te  gave a m e a n  ra t io  of  1.47. 
Weiser et  al. (23)  s ta ted  t h a t  the i r  resul ts  were  
in ag reemen t  w i t h  a 1.36 ra t io  b u t  r eca l cu la t ion  
of the i r  r epo r t ed  da ta  fo l lowing  arc sine t rans-  
f o r m a t i o n  (13)  y ie lded  a ra t io  of  1.61 for  c~- 
t o c o p h e r y l  ace ta t e  c o m p a r e d  w i th  all-rac-a- 
t o c o p h e r y l  ace ta te .  G loor  (10)  was r epo r t ed  to  
have f o u n d  a ra t io  of  1.44 for  a s imilar  com- 
par ison .  B r u g g e m a n n  et al. (22)  r e p o r t e d  o n  
hemolys i s  b ioassays  of  several  d i f fe ren t  prepa-  
r a t ions  of  c~-tocopheryl ace ta te  and  compar i -  
sons wi th  samples  of  2DL-C~-tocopheryl ace ta te .  
These  are separa te ly  t a b u l a t e d  and  gave m e a n  
ra t ios  of  1.74, 1.66, 2 .05 and  1.05. Ames  and  
Ludwig  ( u n p u b l i s h e d  da ta)  c o m p a r e d  ct-toco- 
phe ry l  ace ta te  four  t imes  against  t he  In te r -  
na t i ona l  S t anda rd  in the  hemolys i s  b ioassay  in 
ra ts  and  f o u n d  a m e a n  ra t io  of  1.47. T he  ra t io  
of  1.55 reca lcu la ted  f r o m  hemolys i s  tes t s  in 
h u m a n s  (24)  will be discussed later.  These  28 
bioassays y ie ld  a we igh ted  m e a n  ra t io  for  a -  
t o c o p h e r y l  ace ta te  w i t h  e i the r  all-rac-a-toco- 
phe ry l  ace ta te  or  the  I n t e r n a t i o n a l  S t anda rd  of  
1.53 for  the  hemolys i s  b ioassay.  

A l imi ted  n u m b e r  o f  hemolys i s  b ioassays  

c o m p a r i n g  2L-Ct-tocopheryl ace ta t e  w i th  e i the r  
a-, all-rac- or 2DL-Ct-tocopheryl  ace ta tes  are also 
s u m m a r i z e d  in Table  III. The  ca lcu la ted  m e a n  
ra t io  of  2L-Ot-tocopheryl ace ta t e  c o m p a r e d  w i th  
all-rac or 2DL-0~-tocopheryl ace ta te  of  0 .56  is 
s igni f icant ly  greater  t h a n  the  comparab l e  ra t io  
o f  0 .35 d e t e r m i n e d  by  bioassays  based  o n  bio-  
logical f unc t i on .  

Responses  of  a - t o c o p h e r y l  ace ta t e  in o t h e r  
biological  tes ts  are s u m m a r i z e d  in Table  IV. 
Dunk ley  et al. (25)  c o m p a r e d  c~-tocopheryl ace- 
t a te  and  all-rac-a-tocopheryl ace ta te  in the  
dairy  cow. The  relat ive e f f ic iency  of  sec re t ion  
of  a - t o c o p h e r o l  in mi lk  fo l lowing  oral  supple-  
m e n t a t i o n  of  the  ace ta te  esters  was 1.43. 

Two chick liver s torage bioassays  for  v i t amin  
E have b e e n  descr ibed  by  Pude lk iewicz  et  al. 
(26)  and  by  Dicks and  M a t t e r s o n  (27)  di f fer ing 
pr inc ipa l ly  in the  l eng th  of  t ime  the  supple-  
m e n t s  were fed. A m e a n  ra t io  of  1.34 for  c~- 
c o m p a r e d  w i th  all-rac-a-tocopheryl ace ta te  was 
f o u n d  in five tes ts  using a s u p p l e m e n t a t i o n  
per iod  of 14 days (26) .  A m e a n  ra t io  of  1.17 
was f o u n d  for  th ree  14-day b ioassays  and  a 
m e a n  ra t io  of  1.30 for  t h r ee  3-day bioassays  
involving a 3-day s u p p l e m e n t a t i o n  pe r iod  (27) .  
S u b s e q u e n t l y ,  M a t t e r s o n  (5)  s u m m a r i z e d  the  
chick hver  s torage d e t e r m i n a t i o n s  in  his labora-  
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BIOPOTENCY OF 0~-TOCOPHERYL ACETATE 

TABLE IV 

Responses of 0/-Tocopheryl Acetate in Other Biological Tests a 

287 

Standard Relative 
(form of activity 
tocopheryl Number of per mg. 

Response, species acetate) tests 0t/standard Reference 

Secretion in milk, 
cow All-rac-(~ 1 1.43 25 

Liver storage, 
Chick All-rac-0~ 5 1.34 b 26 
Chick All-rac-0~ 3 1.17 b 27 
Chick All-rac-0~ 3 1.30 c 27 
Chick All-rac-~ --- 1.34 b 5 
Chick All-rac-0/ --- 1.21 c 5 
Rat All-rac-0t 1 2.04 c 28 

Plasma levels, 
Chick All-rac-O~ 5 1.36 26 
Chick All-rac-~ 3 1.36 12 
Chick ANRC 1 1.17 d 14 
Chick 

rat, calf All-rac-O: 9 1.36 29 
Human All-rac-~ 1 3.48 e 24 

Mean relative activity 33 1.346 f 

aData from assays not based on biological function. 
bFourteen-day liver storage bioassay. 
CThree-day liver storage bioassay. 
dRecalculated from the authors' data using conventional slope ratio bioassay proce- 

dures. Slopes of the regression lines were 77.37 and 65.93 for 0r and all-rac-~-tocopheryl 
acetate, respectively. Thus, 77.37/65.93 TM 1.17. 

eRecalculated from the authors' data using conventional parallel line bioassay proce- 
dures. Plasma tocopherol levels following supplementation were corrected by subtracting 
corresponding presupplementation plasma levels. EDy values were 13.68 and 47.57 for 0/- 
and all-rac-C~-tocopheryl acetate, respectively. Thus, 47.57/13.68 = 3.48. 

fOmitting value of 3.48 resulting from recalculation of Horwitt's data. 

tory  and r epo r t ed  ratios of  1.34 and 1.21 for  a-  
compared  wi th  all-rac-a-tocopheryl aceta te  for  
the  14-day and 3-day bioassays,  respectively.  
However ,  the num ber  of  bioassays of  the  ace- 
ta te  ester  was no t  specified.  Quaife (28) has 
r epor ted  tha t  prel iminary data based on  three-  
day liver storage tes ts  in rats  indica ted  a ratio o f  
2.04 for  a- compared  wi th  all-rac-a-tocopheryl 
acetate .  

Elevat ion of  plasma tocophe ro l  levels has 
been  used by  several invest igators to es t imate  
vi tamin E responses .  This t ype  of  biological  tes t  
has the least specif ici ty since it is d e p e n d e n t  
principally on the rate of  abso rp t ion  and does 
not  involve measu remen t  of  a biological func-  
t ion.  F u r t h e r m o r e ,  the tocophero l s  found  by  
chemical  assay may not  have the same biolo- 
gical value. De te rmina t ion  of  the  ratio of  bio- 
logical response  of  a- to  all-rac-a-tocopheryl 
aceta te  in the chick has been  r epo r t ed  as 1.36 
(five tests)  by Pudelkiewicz et al. (26) and as 
1.17 (one recalculated slope ratio bioassay)  
f rom the  data of  Scot t  and Desai (14). Marusich 

et al. (29) have r epo r t ed  tha t  in a series of  
single tests involving adminis t ra t ion  orally in 
the  diet ,  orally as a single dose,  and by  intra-  
muscular  in jec t ion  in rats,  chicks and calves, the  
ratio of  response  of  a-  to all-rac-a-tocopheryl 
aceta te  was about  1.36 (nine tests  in all). Some 
of  the  plasma responses  in chicks r epor ted  
earlier (12) appear  to  be inc luded in the  data 
referred to above. 

Data in h u man s  compar ing  the  relative 
responses  of  a-  and all-rac-a-tocopheryl aceta te  
are l imited to that  r epor ted  by Horwi t t  (24). 
He mainta ined adul t  h u man s  on  a vi tamin E 
def ic ient  diet unti l  plasma t o c o p h e r o l  levels 
were low and then  measured  plasma tocophe ro l  
and e ry th rocy t e  hemolys is  at intervals during a 
138-day rep le t ion  period.  Supp lemen t s  of  all- 
rac-a-tocopheryl aceta te  were fed at 1.33 t imes  
as m u c h  by weight  as the  level o f  cor responding  
supp lemen t s  of  a - t ocophe ry l  acetate .  Sub- 
stantially greater  responses  were ob ta ined  for  
a - t ocophe ry l  ace ta te  than  for  all-rac- 
a - tocophe ry l  acetate .  The hemolys i s  responses  
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were recalculated using a probit transformation 
and indicated a ratio of activities of a- to all- 
rac-a-t_ocopheryl acetate of 1.55. Horwitt 's 
data on the plasma tocopherol responses cor- 
rected for zero time were recalculated as a 
parallel line bioassay and indicated a ratio of 
activities of a- to all-rac-a-tocopheryl acetate of 
3.48. 

BIOLOGICAL  A C T I V I T Y  OF 
OTHER DIASTEREOISOMERS 

Only two of the eight possible diastereoiso- 
mers of a-tocopheryl acetate have been isolated 
in pure form and their biopotencies deter- 
mined. These two isomers, c~-and 2L-a-toco- 
pheryl acetate have a fivefold difference in bio- 
potency indicating the importance of the con- 
figuration at C-2 in determining biological 
activity. Ames et al. (8), noting the similarity of 
t h e  biopotencies of 2DE- and all-rac- 
a-tocopheryl acetates in the fetal resorption 
bioassay, concluded that the configuration at 
C-2 was apparently dominant in determining 
biological activity. However, this conclusion 
was based on only five bioassays; three bio- 
assays of two preparations of 2DL-a-tocopheryl 
acetate and one bioassay of each of two prepa- 
rations of all-rac-a-tocopheryl acetate. Fried- 
man et al. (21) stated that a sample of all-rac-a- 
tocopheryl acetate assaying 93% pure by gold 
chloride titration was 94% as active as the Inter- 
national Standard in the hemolysis bioassay 
(weighted average of four comparisons). On the 
other hand, Bruggemann et al. (22) repor ted  
that a sample of all-rac~-tocopheryl acetate 
was only 85% as active as 2DL-a-tocopheryl 
acetate based on two hemolysis bioassays. In 
view of the bruited data, the identity of the 
biopotencies of 2DL-a-tocopheryl acetate and 
all-rac-a-tocopheryl acetate has not been ade- 
quately demonstrated. 

A carbon-labeled preparation of the four 
2D-isomers of a-tocopheryl acetate 
(2 R,4'RS,8'RS-a-tocopheryl acetate and 
inappropriately named "d"-a-tocopheryl ace- 
tate) and a tritium-labeled preparation of the 
f o u r  2L-isomers of a-tocopheryl acetate 
(2S,4"RS,8'RS-a-tocopheryl acetate and inap- 
propriately named "/"-a-tocopheryl acetate) 
were synthesized by Mayer et al. (15). Their de- 
tailed compositions were stated to be as follows: 

2D,4'D,8'L "d"O/-tocopheryl 
2D,4'L,8'D acetate 
2D,4"L,8'L (2D-isomer mixture) 

2L,4'D,8'D 1 2L,4"D,8"L "'l"-Ot-tocopheryl 
2L,4'L,8'D acetate 
2L,4"L,8"D (2L-isomer mixture) 

These two preparations were fed separately and 
in equimolar mixture to two rats by Weber et 
al. (30), and levels of radioactivity in blood, 
liver and heart muscle determined. The equi- 
molar mixture presumably had the same com- 
position as all-rac~-tocopheryl acetate (an equi- 
molar mixture of the eight possible isomers). 
From their graphical data on levels of total 
radioactivity in tissues, biological activity ratios 
for the 2D-isomer mixture compared with all- 
rac-a-tocopheryl acetate were recalculated by 
assuming that all radioactivity is as tocopherol 
isomers. Tile ratios based on blood levels were 
0.91 and 1.02 at 2 and 96 hr, respectively, and 
the corresponding ratios based on liver levets 
were 0.63 and 0.89. These activity ratios range 
from 47% to 75% of the mean ratio of 1.35 for 
a- and all-rac-a-tocopheryl acetate (Table IV) 
based on many liver storage and plasma level 
determinations. These data indicate that one or 
more of the 2D-isomers in the mixture has 
significantly less activity than a-tocopheryl ace- 
tate (2B,4'D,8'D)and that the configurations at 
C-4' and C-8' apparently can significantly affect 
the biological activity of diastereoisomers of 
a-tocopheryl acetate. Furthermore, these data 
suggest that the biological activities of the four 
enantiomeric pairs of diastereoisomers may not 
be the same as inferred by Ames et al. (8). 
Resolution of the problem of the biopotencies 
of the other six diastereoisomers of a-toco- 
pheryl acetate must await their preparation and 
bioassay. 

ABSORPTION A N D  EXCRETION OF 
THE DIASTEREOISOMERS OF 

(~-TOCOPHERYL ACETATE 

The relative rates of absorption of the cor- 
responding tocopherols and excretion of the 
2D- and 2L-isomer mixtures described above 
were investigated by Weber et al. (31) using 
orally administered tritium-labeled prepara- 
tions. The 2L-isomer mixture was absorbed 
more rapidly but excreted more rapidly than 
the 2D-isomer mixture. One half hour after 
administration, there was more radioactivity 
from the 2L-isomer mixture than from the 
2D-isomer mixture in all tissues examined, but 
at 2 hr, the pattern was reversed. Twenty-four 
hours after administration, almost twice as 
much radioactivity from the 2D-isomer mixture 
as from the 2L-isomer mixture was retained in 
depot fat and 92% as much in liver. Both pre- 
parations were metabolized to tocopherol 
quinone (32) and excreted as the T-lactone 
metabolite (33). However, three times as much 
of the metabolite was excreted in 24 hr fol- 
lowing administration of the 2L-isomer mixture 
than with the 2D-isomer mixture. 
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Desai et al. (34) investigated the absorption 
as the corresponding tocopherols of tritium- 
labeled preparations of ol-tocopheryl acetate 
and 2L-a-tocopheryl acetate as Tween emul- 
sions from ligated intestinal loops of chicks. 
2L-a-Tocopheryl acetate was more rapidly 
absorbed from duodenal loops but  not from 
jejunal or ileal loops. Desai and Scott (35) 
observed that the retention of 2L-a-tocopherol 
in chick plasma was about 25% that of ot-toco- 
pherol 48 hr after dosing with the cor- 
responding acetate esters, and that selenium 
supplementation lowered this relative retention. 
Scott (36) has proposed that a biological role of 
selenium may lie in a selenium-containing com- 
pound which acts as a carrier of vitamin E in 
physiological processes. Thus data on both rats 
and chicks indicate that the 2L-isomeric a-toco- 
pherols fed as the acetate esters are more 
rapidly absorbed and much more rapidly 
excreted than the 2D-isomeric forms. 

These differences in rates of absorption and 
excretion explain why the relative activities of 
a- and 2L-a-tocopheryl acetate are different in 
the three categories of biological responses. 
Since the 2L-isomer is excreted more rapidly 
than the 2D-isomer, plasma responses can vary 
widely depending on the time following the 
administration of the last dose. The more rapid 
excretion of 2L-C~-tocopherol is also a rational 
explanation for the different relative activities 
found by Matterson (5) for the 14-day and 
3-day liver storage bioassays in chicks. The 
longer feeding period would result in less 
storage of 2L-a-tocopherol from the standard, 
2DL-~-tocopheryl acetate, and a higher relative 
value for the activity ratio of a-tocopheryl ace- 
tate to the standard. The liver storage bioassay 
is valid for measuring the potencies of different 
preparations of a-tocopheryl acetate but not 
for comparison of the relative activities of dif- 
ferent isomers of vitamin E. These observations 
emphasize the necessity of relying only on data 
from bioassays based on biological function, to 
ascertain the biopotencies of the different toco- 
pherol isomers. 

POSSIBLE SYNERGISM 

The absorption and tissue deposition of a 
carbon-labeled mixture of 2D-isomeric cetoco- 
pheryl acetates and a tritium-labeled mixture of 
2L-isomeric r acetates when fed 
separately and in an equimolar mixture (30) 
were referred to above. Levels of radioactivity 
in blood, liver and heart muscle following 
administration to two rats of the equimolar 
mixture were about 55% higher than expected 
from data on the separate isomer mixtures. 
These observations suggested a synergistic 

effect of the two isomer mixtures and the 
authors considered that the calculation of the 
biopotency of an isomer mixture from that of 
the single components may not be justified. As 
was noted above, the activity ratios calculated 
from the data of Weber et al. (30) for the 
2D-isomer mixture and all-rac-~-tocopheryl ace- 
tate were not compatible with the ratios deter- 
mined for a-tocopheryl acetate and all-rae-~- 
tocopheryl acetate (Table IV). 

A series of mixtures of a- and 2g-~-toco- 
pheryl acetate were compared using the fetal 
resorption bioassay in rats by Ames et al. (8). 
The regression line of per cent 2L-isomer com- 
position on biological response was linear from 
0% to 100%. Synergism between these two iso- 
mers would have resulted in a curvilinear 
regression line with higher responses especially 
at the point of 50% L-isomer composition but 
this was not observed. These data show that 
there is no synergistic effect between t~-toco- 
pheryl acetate and 2L-a-tocopheryl acetate as 
exemplified by the equimolar mixture com- 
prising the former International Standard. Scott 
and Desai (14) found that the response for 
c~-tocopheryl acetate in the prevention of 
muscular dystrophy in chicks was 12% (recalcu- 
lated value is 8%) lower than predicted and 
ascribed this difference to synergism. However, 
observation of an 8% or 12% lower value in a 
single bioassay can be ascribed easily to normal 
biological variation. Witting and Horwitt (16) 
found no evidence of synergism or sparing 
action between a- and 2L-a-tocopheryl acetate 
in tests in rats involving prevention of creati- 
nuria and growth depression. 

A critical evaluation of possible synergism 
between a- and 2L-a-tocopheryl acetate can be 
made from all the bioassay data involving bio- 
logical function. Substitution of the mean 
weighted biopotencies determined from the 
data of Tables I and II in Equation 1 yields 

0.5 x 1.675 + 0.5 x 0.35 = 1.01 [2] 

Which is in excellent agreement with the de- 
fined biopotency of the International Standard, 
2DL-~-tocopheryl acetate, or 1.00 IU/mg. If a 
mixture of a- and 2L-a-tocopheryl acetate 
exhibited synergism, then the enhanced activity 
of the 2DL-a-tocopheryl acetate would result in 
depressed ratios of c~- to 2DL-a-tocopheryl ace- 
tate and 2L- to 2DL-a-tocopheryl acetate. Sum- 
mation of the respective biopotencies as in 
Equation 2 would result in a value significantly 
less than unity if synergism were present. A 
similar summation for the responses of the 
separate isomers in the hemolysis bioassay 
(Table III) indicates that 

0.5 x 1.533 + 0.5 x 0.556 = 1.04 [31 
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again no t  s ignif icant ly  d i f fe ren t  f rom un i ty  and  
ind ica t ing  no  synergism. 

Thus ,  the  evidence  f r o m  all bioassays based  
on  biological  f u n c t i o n  as well as on  the  e ry th ro -  
cyte  hemolys i s  tes t  con f i rm  the  conc lus ion  
based  on  data  f r o m  di rec t  bioassay.  Mis tures  of  
a - t o c o p h e r y l  ace ta te  and  i ts  2L-epimer  do no t  
exh ib i t  synerg ism and  e n h a n c e d  biological  
act ivi ty .  

NEED FOR A NEW I N T E R N A T I O N A L  
S T A N D A R D  FOR V I T A M I N  E 

Many of  the  p rob l ems  associa ted w i th  the  
eva lua t ion  of  the  b iopo t enc i e s  of  the  i somers  
oo f  a - t o c o p h e r y l  ace ta te  cou ld  be  resolved by  
a u t h o r i z a t i o n  of  a new I n t e r n a t i o n a l  S t anda rd  
for  v i t amin  E and  by  rede f in ing  the  In te r -  
na t iona l  Uni t  in  t e rms  o f  the  new  I n t e r n a t i o n a l  
S tandard .  The  f o r m e r  I n t e r n a t i o n a l  S t anda rd  is 
no  longer  available.  2DI , - a -Tocophery l  ace ta te  
can be syn thes ized  f rom na tu ra l  p h y t o l  bu t  any  
pu r i f i ca t ion  of  the  r eac t i on  m i x t u r e  m a y  
change,  and  c rys ta l l iza t ion  will change,  the  iso- 
mer  rat io.  Since 2DI , - a - tocophe ry l  ace ta t e  is by  
de f in i t ion  an  e q u i m o l a r  m i x t u r e  of  two  iso- 
mers ,  i t  is d i f f icul t  to  p repare  i t  in  the  pu r i t y  
no rma l ly  r equ i red  for  a re fe rence  s t andard .  
F u r t h e r m o r e ,  on ly  hal f  o f  th i s  m i x t u r e  of  two  
of  t he  eight  possible  d ias te reo i somers  of  a - toco-  
phe ry l  ace ta t e  co r re sponds  to  the  na tu ra l ly  
occur r ing  and  b io logica l ly  mos t  act ive form.  
These  two  i somers  are abso rbed ,  s to red  in tis- 
sues, m e t a b o l i z e d  and  exc re t ed  at  d i f fe ren t  
rates .  Diff icul t ies  in  i ts use as a b ioassay  s tand-  
ard  are obvious.  

The  use of  a - t o c o p h e r y l  ace ta te  as a new 
I n t e r n a t i o n a l  S t a n d a r d  would  have m a n y  
advantages ,  a - T o c o p h e r y l  ace ta t e  is readi ly  
available in  h igh pur i ty .  Since it is a single 
isomer ,  i ts  i somer ic  c o m p o s i t i o n  c a n n o t  be  
a l te red  by  c rys ta l l i za t ion  or o t h e r  pur i f i ca t ion  
procedures .  I t  is the  i somer  co r r e spond ing  to  
na tu ra l ly  occur r ing  v i t am i n  E, thus  fac i l i ta t ing  
i n t e r p r e t a t i o n  o f  the  v i t amin  E po tenc ies  of  
foods  and  feeds.  As a single pure  i somer  of  
v i t amin  E, i t  wou ld  have rep l icable  absorba-  
b i l i ty ,  t issue s torage,  m e t a b o l i s m  and  exc re t i on  
thus  r ender ing  possible  valid i n t e r l a b o r a t o r y  
compar i sons .  

Similar advantages  would  be associa ted w i t h  
the  r ede f in i t i on  of  the  I n t e r n a t i o n a l  Uni t .  It is 
illogical to  def ine  the  I n t e r n a t i o n a l  Uni t  in 
t e rms  of  a m i x t u r e  of  i somers  of  d i f fe ren t  bio-  
logical act ivi t ies  t h a t  f u r t h e r m o r e  is unavai lable .  
By def in ing  one  I n t e r n a t i o n a l  Uni t  as equal  to  
0 .60 mg of  pure  c t - tocopheryl  ace ta te ,  the  new 
Uni t  wou ld  be closely equ iva len t  to  t ha t  of  1.0 
mg of  the  f o r m e r  I n t e r n a t i o n a l  S tandard .  The  
appropr i a t e  c o m m i t t e e s  of  i n t e r n a t i o n a l  organi-  

za t ions  are u rged  to cons ider  these  recom-  
m enda t i ons .  
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ABSTRACT 

M e t h o d s  are now  available for  the  
d e t e r m i n a t i o n  of  all t he  specific toco-  
phe ro l  fo rms  f o u n d  in na ture .  A l t h o u g h  
the  greates t  in te res t  cen ters  on  a lpha-  
t ocophe ro l ,  m u c h  i n f o r m a t i o n  has  b e e n  
ga the red  o n  the  a m o u n t s  of  ind iv idual  
t o c o p h e r o l s  in foods  and  fats  cont r i -  
bu t ing  to  the  h u m a n  diet .  This  pape r  
summar izes  and  discusses the  r ecen t  l i ter- 
a ture  o n  the  t ocophe r o l s  in  na tu ra l ,  
p rocessed  and  p repa red  foods.  Alpha-  
t ocophe ro l ,  a l t h o u g h  the  mos t  widely  dis- 
t r i bu t ed ,  is in m a n y  ins tances  no t  the  
p r e d o m i n a n t  fo rm.  In  a n u m b e r  of  
i m p o r t a n t  t o c o p h e r o l  sources ,  e.g., soy- 
b e a n  oil, m u c h  larger a m o u n t s  of  gamma-  
t o c o p h e r o l  are found .  The  levels o f  toco-  
phero ls  are var iable ,  bu t  the  evidence  sug- 
gests t h a t  the  ident i t ies  of  the  specif ic  
fo rms  are charac te r i s t ic  o f  the  source.  In 
cereal  grains the  fu r t he r  obse rva t ion  m ay  
be made  t ha t  the  re la ted  t o c o l - t o c o t r i e n o l  
p a i r s  t e n d  to be  f o u n d  toge the r .  
P r o c e s s i n g  a n d  p repa ra t i on  a lmos t  
invar iably  reduce  the  t o c o p h e r o l  c o n t e n t ,  
some t imes  to  ins igni f icant  levels. 

1One of six papers to be published from the 
Symposium "Chemistry and Biochemistry of Toco- 
pherols" presented at the ISF-AOCS World Congress, 
Chicago, September 1970. 

INTRODUCTION 

In the  ha l f  cen tu ry  since the  d iscovery  of  
v i t amin  E m u c h  has  b e e n  pub l i shed  on  the  
a m o u n t s  of  this  n u t r i e n t  in  var ious foods  and  
fats. Most  of  th is  l i t e ra tu re  has  given da ta  for  
the  t o t a l  t o c o p h e r o l  c o n t e n t ,  r a t h e r  t h a n  for  
the  indiv idual  forms.  Only  r ecen t ly  have the  
t o c o p h e r o l s  t ha t  occur  in n a t u r e  been  fully 
iden t i f i ed  and  m e t h o d s  deve loped  for  the i r  
de t e rmina t i on .  These  m e t h o d s ,  using paper ,  
t h in  layer  (TLC)  and  gas c h r o m a t o g r a p h y  (GC),  
have been  appl ied to  m a n y  foods  and  fats,  b u t  
our  knowledge  of  b o t h  the  a m o u n t s  and  the  
fo rms  to be expec t ed  in var ious  foods  is far 
f r o m  comple te .  Harris ( I ) ,  in a review pub l i shed  
in 1962 o n  the  r e t e n t i o n  of  v i t amin  E in s to red  
and  processed  foods ,  conc luded  t h a t  the re  was 
at  t h a t  t ime  essent ial ly  no  pub l i shed  data  on  
the  indiv idual  t o c o p h e r o l s  in foods .  Dicks (2)  
compi led  all of  the  i n f o r m a t i o n  o n  the  v i t amin  
E c o n t e n t  of  foods  and  feeds available up  to  
1965:  on ly  a b o u t  5% of  the  en t r ies  gave values 
for  the  indiv idual  fo rms .  This  pape r  reviews t he  
r ecen t  l i t e ra tu re  on  the  t ocophe ro l s  in foods ,  
fa ts  and  the i r  p lan t  sources,  c o n c e n t r a t i n g  on  
t ha t  appear ing  since 1964,  and  a t t e m p t s  to  
assess our  cu r ren t  knowledge  of  the  iden t i t i es  
and  a m o u n t s  to  be expec ted .  

The  na tu ra l ly  occur r ing  fo rms  are eight  in 
n u m b e r :  alpha-,  beta- ,  gamma-  and  del ta- toco-  
phero l  (a-T,  /3-T, 7-T and 6-T),  and  alpha-,  
beta- ,  gamma-  and  de l t a - t oco t r i eno l  (a-T-3,  

TABLE I 

Tocopherols in Seeds, mg/100 g 

Number of 
Seed values averaged u-T a-T-3 /~-T 13-T-3 q,-T ")'-T- 3 6-T References 

Almond 2 27.4 0.5 a 0.3 a 0.9 a 5 b 
Barley 5 0.4 1.3 0.3 0.7 e 0.05 d 0.2 c 0.01 a 5-9 
Corn 11 0.6 0.2 f 0.4 a 3.8 0.5 f Trace 5,8-11 b 
Millet 1 0.05 Trace 1.3 0.4 5 
Oats 6 0.7 0.7 0.2 d 0.1 d 0.3 d 5-7,9-11 
Peanuts 1 9.7 6.6 
Peas 3 0.5 6.4 c 0.6 a 8,12 
Pecans 1 1.2 19.1 
Poppyseed 1 1.8 9.2 5 
Rice 5 0.3 Trace 0.3 d 0.5 c 0.04 e 1t,12 b 
Rye 4 0.8 1.3 d 0.4 d 0.9 0.6 a 5-7,9 
Walnut, English 1 0.4 15.8 1.3 b 
Wheat 9 1.0 0.4 h 0.9 2.5g 0.08 a 5,7-11,13 

aOne value reported. 
bSlover, unpublished data. 
CAverage of two values. 
dAverage of three values. 

eAverage of four values. 
fAverage of six values. 
gAverage of seven values. 
hAverage of eight values. 
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TABLE II 

Tocopherols in Grains, Determined by Gas Liquid Chromatography 
and Identified by Retention on Three Stationary Phases, mg/100 g, Fresh Weight a 

Grain a-T a-T-3 j3-3 /3-T-3 ~'-T 3'-T-3 6-T 

Barley 0.2 1.l 0.4 0.3 0.03 0.2 0.1 
Corn, fresh, yellow 0.06 0.2 0.4 0.4 
Corn, dry, yellow 0.6 0.3 4.5 0.5 
Millet 0.05 Trace 1.3 0.4 
Oat 0.5 1.1 0.1 0.2 
Rice, white 0.1 Trace 0.1 0.2 Trace 
Wheat 1.4 0.5 0.7 3.3 

aReference 5,11 and Slover, unpublished data. 

t3-T-3, 7-T-3 and 6-T-3) (3).  All these fo rms  
have been found  in foods  and fats,  a l though 
~-T-3 is rare and,  among  foods ,  has been  
repor ted  only in palm oil. 

Seeds and Seed Oils 

All natural  t ocophero l s  are derived f rom 
plant  sources in which  they  are concen t ra t ed  
principally in the  seeds. Al though  mos t  ana- 
lytical p rocedures  do no t  dist inguish the free 
and esterif ied forms,  it is c o m m o n l y  assumed 
tha t  t ocophe ro l s  occur  mainly as the free alco- 
hol.  Chow et al. (4) have de te rmined  b o t h  free 
and ester if ied tocophe ro l s  in a number  of  food  
oils, using a m e t h o d  no t  requir ing saponif ica-  
t ion.  Only the free alcohols  were found  in oils 
f rom barley,  corn,  oats ,  soybeans  and wheat  
bran,  indicat ing the absence of  any significant 
a m o u n t  o f  t ocophe ro l  esters.  

Published data on  the forms  in seeds have 
varied b o t h  wi th  regard to kind and amoun t .  
The values given in Table I are averages of  the  

amoun t s  r ep o r t ed  for  each tocophero l .  Of  the  
eight natural ly occurr ing forms  only 6-T-3 is 
missing. 0~-T has been found  in all seeds but  was 
the major  fo rm only  in three;  a lmonds ,  oats and 
peanuts .  Other  than  this there  are a few o the r  
instances of general agreement .  There  is a con- 
sensus that  barley contains  c~-T, or-T-3 and d-T; 
corn a-T and 7-T; oats a-T and a-T-3; and rye 
c~-T and/3-T-3. Al though  some authors  have no t  
r epor ted  13-T or /3-T-3 in whea t  grain, there  is 
ample evidence that  these forms  occur  in 
addi t ion  to 0t-T and a-T-3. Data are available for  
only  a few nuts ;  these conta in  principal ly T-T 
and a-T. Almonds  were the  r ichest  in a-T, 
averaging 27.4 rag/100 g. 

In our l abora tory  we have de te rmined  the  
tocophero l s  in samples of  mos t  o f  these seeds 
by GC, basing each iden t i ty  on relative 
r e t e n t i o n s  on  three  gas ch romatograph ic  
s ta t ionary  phases  (Table II). The t ocophe ro l  
pa t t e rns  were dis t inguished by the  n u mb er  of  
forms and by the relatively high levels o f  t o c o -  

TABLE III 

Tocopherols in Vegetable Oils, mg/100 g 

Number of values 
Oil averaged a-T a-T-3 t3-T ~-T-3 "y-T "y-T-3 6-T 6-T-3 References 

Coconut 1 0.5 0.5 0.1 1.9 0.6 5 
Corn 8 11.2 5.0 a 60.2 1.8 b 4,5,15-18 
Cottonseed 9 38.9 38.7 5,16,14-22 
Neem 1 58 59 20 
Olive 4 5.1 5,21 
Palm 4 25.6 14.3 a 3.2 a 31.6 b 28.6 a 7.0 a 6.9 a 10,15,19-22 
Peanut 11 13.0 21.4 2.1 c 5,16-23 
Rapeseed 5 18.4 38.0 1.2 a 15,16,22,24 
Safflower 3 38.7 17.4 24 a 5,19,20 
Sesame 2 13.6 29.0 10,20 
Soybean 14 10.1 59.3 26.4 d 5,10,15-22,24,26 
Sunflower 10 48.7 5.1 0.8 b 17-19,21,22,26,27 
Walnut 1 56.3 59.5 45.0 25 
Wheat germ 3 133.0 2.6 a 71.0 18.1 b 26.0 a 27.1 a 5,16,17 
Mustar dseed 1 8.6 17.6 5.8 16 

aOne value reported. 
bAverage of two reported values. 
c e .Averag of four reported values. 
aAverage of 12 reported values. 
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TABLE IV 

Tocopherols  in Peanut  Oils, mg/ lO0 ga (22) 
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Number  of 
Genotype  individual varieties a-T "y-T 6-T 

Spanish 4 8.4-13.0 20.4-23.8 0.8-2.2 
(10.7)b (22.6) (1.3) 

Virginia 7 13.7-19.7 19.5-28.8 0.8-1.4 
(16.4) (22.0) (1.1) 

Runner 6 12.2-23.0 20.0-30.6 0.7-2.5 
(16.6) (26.6) (1.5) 

aAverage values in parentheses. 

trienols. In corn, oats, rye and wheat the 
related saturated-unsaturated pairs were found 
together; barley and rice followed the same 
pattern except for the 6-T/6-T-3 pair, from 
which ~-T-3 was missing. 7-T-3 was found in 
both fresh and dry corn, and was a major form 
in the fresh corn. Its presence in rice is to be 
expected, since it was first found in Japanese 
rice by Green and Marcinkiewicz (13), although 
then identified as 7-methyltocol. 

Vegetable oils, in contrast to seeds, generally 
have simpler tocopherol patterns and contain 
principally the saturated forms a-T, 7-T, and 
6-T (Table III). t3-T in wheat germ oil is to be 
expected, but its presence in corn oil rests on 
one report and requires confirmation. None has 
been found in corn grain. Some of the reports 
of 6-T are also doubtful, although its presence 
in such important oils as soybean oil and 
peanut oil is well established. In only a few oils 
is a-T the major form; in most, 3'-T predomi- 
nates. Coconut oil and palm oil have similar 
patterns, although the amounts in coconut oil 
are negligible. Although 7-T has been reported 
in palm oil, Whittle and Pennock (14), using 
t w o - d i m e n s i o n a l  TLC, found equivalent 
amounts of 7-T-3 instead. On the basis of these 
averaged values c~-T accounts for about one 
third of the total tocopherol in the oils. 

It is to be expected that botanical varieties 
or genotypes of the same plant source would 
have different tocopherol contents, although 
this has not been extensively investigated. 
Stfirm et al (22) have determined a-T, 7-T and 
5-T in peanut oils from seed from 17 individual 
varieties of three genotypes of peanuts, 
Spanish, Virginia and Runner, grown under the 
same conditions and selected for soundness and 
maturity (Table IV). There were differences 
both among genotypes and among varieties of 
the same genotype: 0~-T was lowest in the 
Spanish varieties. The richest sources for all 
three tocopherol forms were found among the 
Runner varieties. 

These genetic effects may often be difficult 

to distinguish from those due to differences in 
maturity and environmental temperature. It 
was found many years ago by Green (7) that 
the pattern of tocopherols in some seeds 
changes greatly during maturation so that dif- 
ferences in maturity at harvest may affect the 
tocopherol content. Environmental tempera- 
ture has also been found to affect not only the 
tocopherol content but also the unsaturation of 
the fatty acids in some seed oils. Beringer and 
Saxena (27) carried out pot experiments with 
oats, sunflower and flax held at either 12 C or 
28 C during seed development, and determined 
a-T + a-T-3 and the fatty acid composition of 
the extracted oil. The effect on oats was minor, 
but sunflower seed oil from seeds grown at 
28 C contained more tocopherol (68 vs. 28 
rag/100 g) and less linoleate (30% vs. 67%) than 
those grown at 12 C. These findings suggest 
that seed from different growing areas or grown 
in different seasons may vary in tocopherol 
content. However, Piorr et al. (28) have deter- 
mined a-T and 3'-T in sunflower seed oils from 
three varieties grown in South Africa, Hungary 
or the USSR in 1965 and 1966 and found no 
major differences among them. The effect of 
the three variables, variety, growing area and 
crop year, was small. In 16 of 17 samples a-T 
fell between 59 and 73 mg/100 g oil. 3'-T was 
much lower and more variable (1.9-8.3 mg/100 
g). The effects of the growing environment on 
the tocopherol content of this and other seed 
oils needs further study. 

Other factors such as storage, processing and 
use have also been examined. Gracian and 
Arevalo (20) determined a-T, 7-T and 5-T in a 
number of fresh, stored and refined food oils. 
Fresh virgin olive oil contained only a-T at 15.5 
mg/100 g oil; stored virgin olive oil contained 
only 4.1 mg/100 g; while the refined oil was 
devoid of all tocopherol. The differences 
between crude and refined soybean oil were not 
so clear cut; the crude oil contained 11.5, 35.7 
and 27.0 mg of a-T, 7-T and 6-T per 100 g oil; 
refined oils contained 16.0 51.5 and 26.9 
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TABLE V 

Tocopherols in Vegetables and Fruits, mg/1 O0 g 

Vegetable and fruit a-T a-T-3 13-T ~-T-3 3'-T 6-T References 

Slover, 
Asparagus (fresh weight 1.8 0.05 0.07 unpublished data 

Slover, 
Carrots (fresh weight) 0.51 0.04 0.01 0.08 unpublished data 
Cucumber 8.4 12 
Mango, flesh, green 0.26 0.27 12 
Mango, flesh, ripe 0.98 12 
Muskmelon 10.1 12 
Tomato 18.2 12 

mg/lO0 g. This merely indicates that although 
processing may be expected to decrease the 
tocopherol content, crude oils will not always 
contain more than refined oils because of their 
natural variation. 

Vegetables and Fruits 

The amounts of tocopherols found in vege- 
tables and fruits are small compared to those in 
seeds and seed oils. A few values are given in 
Table V, principally from the work of Mannan 
and Ahmed (11) who analyzed a number of 
foods grown in East Pakistan. The values of a-T 
for cucumber, muskme lon  and tomato seem 
high, considering the amount of  water in these 
vegetables. Booth and Bradford reported much 
lower values for these commodities in their 
extensive survey of a-T in fruits and vegetables 
(29). In a discussion of  the amount of  a-T in 
vegetables Booth (30) has suggested that in 
general dark slow-growing leaves are richest, 
containing 10-40 mg/100 g fresh weight, that 
stems and leaves contain 1.0-10 rag/100 g, 
fruits, 0.5-20 mg/100 g, and that the content of 
a-T increases with maturity. He has also 
pointed out that leaves contain an enzyme that 
destroys tocopherols when the leaf is damaged, 
creating a problem in both food preparation 
and analysis. The enzyme requires oxygen and 
may be deactivated by heating. Cooking in 
boiling water for 30 rain destroyed the enzyme 
and caused a loss of only 8% or less of a-T in 
brussels sprouts, cabbage and carrots (31). The 
activity of this enzyme may account for the 

TABLE VI 

Toeopherols in Hard, 
Soft and Durum Wheats, mg/100 g (12) 

Number 
Wheat of  samples a-T a-T-3 ~T ~T-3 

Hard 5 1.35 0.47 0.73 3.28 
Soft 4 1.24 0.50 0.65 3.04 
Durum 2 0.99 0.67 0.48 3.67 

low values reported for some vegetables, such as 
that for asparagus in Table V. 

Processed and Prepared Foods 

Wheat, wheat fractions and wheat baked 
products have been analyzed more extensively 
than any other single food. Frazer and Lines 
(32) studied the changes in flour tocopherols 
caused by ageing and by treatment of the flour 
with chlorine dioxide, using two-dimensional 
paper chromatography to determine a-T, a-T-3 
+/3-T, and fl-T-3. Freshly milled untreated flour 
contained 0.26, 0.26 and 1.00 rag/100 g, 
respectively, of these forms. After C102 treat- 
ment 17% of the a-T, 34% of the a-T-3 +/3-T 
and 50% of the ~3-T-3 remained. These results 
are similar to those of Mason and Jones (8) who 
found retentions of 14%, 35% and 57% for a-T, 
f3-T, and /3-T-3 after C102 treatment. On the 
other hand Moore et al. (33) found retentions 
of only 6%, 9% and 16% for a-T, a-T-3 +/3-T 
and/3-T-3. Untreated flour stored in an open tin 
for 190 days retained 35%, 36% and 37% of 
a-T, a-T-3 +/3-T-3 and fl-T-3, respectively (32). 

As a part of a larger study of wheat nutrients 
Slover et al. (12) analyzed tocopherols in wheat 
grains, their flours and products made from 
them, as well as the forms in a series of con- 
sumer wheat products collected in 10 specific 
locations in the Unted States. Only small 
a m o u n t s  o f  t o c o p h e r o l  survived flour 
processing and baking; this was especially true 
of the cake flours which were treated with 
benzoyl peroxide. There were slight but con- 
sistent differences among the hard, soft and 
durum wheats (Table VI); durum wheat con- 
tained the least amounts of the saturated a-T 
and/3-T, and the greatest amounts of the toco- 
trienols a-T-3 and fl-T-3. The tocopherols in 
baked products were highly variable and 
depended on the shortening used. The a-T con- 
tent of whole wheat bread, for example, varied 
from 0.02 to 0.46 mg/100 g (dry weight), while 
3'-T varied from traces to 1.40 mg; /3-T, /3-T-3 
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and 6-T were also found in all samples. Toco- 
pherol patterns varied from that characteristic 
of lard to that expected from soybean oil-based 
shortening. 

Bunnel et al. (34) have analyzed a number of 
typical American foods, as eaten, for their a-T 
and total tocopherol content,  and calculated 
the a-T in typical American breakfast, lunch 
and dinner menus. These menus provided a 
daily intake of a-T ranging from 2.6 to 15.4 
rag, with an average of 7.4. Many of the higher 
values included substantial contributions from 
items such as margarine and pastry whose toco- 
pherol content is derived from vegetable fat. 
They found that frozen foods fried in vegetable 
oils were lower in tocopherol than expected, 
suggesting extensive destruction during freezer 
storage. 

Herring and Drury (10), in work on the 
tocopherols in corn, wheat, oats and rice 
focussed their attention on the a-T content of 
these grains and products made from them. For 
some products they also reported values for the 
"r-T in corn and rice, [3-T and a-T-3 in wheat, 
and 3'-T and a-T-3 in oats. The amounts of a-T 
in whole corn, wheat, oats and rice averaged 
1.53, 0.87, 1.54 and 0.35 mg/100 g, respec- 
tively. Up to 90% of the a-T was lost in 
processing. 

Dairy Products and Infant Foods 

Herring and Drury have also reported values 
for the tocopherols in bovine and simulated 
milks (9). Two samples of simulated milk con- 
tained a-T at 5.8 and 21.7 mg/100 g lipid and 
3'-T at 27.8 and 35.8 mg/100 g lipid. In con- 
trast, cow's milk contained only a-T at 1.7 
mg/I00 g lipid. They also found in further 
work on milk and milk substitutes ( 3 5 ) t h a t  
simulated milks were also richer than human 
milk, which contained an average of 1.14 mg 
a-T/qt. Infant formulas based on vegetable oils, 
however, contained 2.30-7.67 mg a-T/qt,  plus 
up to 15.2 mg 3'-T and 4.8 mg 7-T. Dicks- 
Bushell and Davis (36) have also investigated 
the tocopherol content of infant foods. They 
determined the amounts in 5 infant formulas 
and 10 infant cereals. The a-T in formulas 
varied from 0.08 to 1.06 mg/100 g; that in the 
infant cereals from 0.05-0.49 mg/100 g. 
Amounts of non-a-tocopherols ranged from one 
to approximately three times the a-T content. 
In view of these low levels, the low a-T/PUFA 
ratios found and the importance of vitamin E in 
infant nutri t ion they concluded that infant 
formulas should be supplemented. Kanno et al. 
(37) found both a-T and 3'-T in bovine milk fat. 
Mean values for a-T and 3'-T over a 1-year 
period were 2.83 and 0.15 mg/100 g lipid, 

respectively. During the summer a-T and 3'-T 
averages 3.38 and 0.18 mg/100 g lipid; in 
winter, 2.16 and 0.11. No other forms were 
found. Tsuga et al. (38) found the same forms 
in cow's milk and a similar change from winter 
to summer, a-T varied from 1.8 mg/100 g fat in 
February to 3.48 in July; in the same period, 
3'-T varied from 0.06 to 0.22. 

Other Animal Products 

Few other animal products have been 
e x a m i n e d  for their tocopherol content, 
principally because the amounts are low and 
make httle contribution to the diet. Ackman 
and Cormier (39) found small amounts of a-T 
in Atlantic cod, flounder, mackerel and lobster; 
this presumably enters the food chain by way 
of the algae and seaweed. The dark tissue of the 
winter cod had about five times as much as the 
white tissue (1.17 vs. 0.22 mg/100 g, fresh 
weight). Lobster tail and claw meat were the 
richest, with 1.67 mg a-T/100 g fresh weight. 
They also found that holding fish in the 
starving state decreased a-T, in some cases to 
zero. 

Tsuga et al. (38) found a-T, 7-T and ~-T in 
white Leghorn eggs at 4.0, 2. i and 0.1 mg/100 
g hpid, respectively. Lard has been found to 
contain small variable amounts of tocopherol. 
Blattna et al. (17) analyzed two samples and 
found 7.0 nag a-T/100 g in one and only traces 
in the other. In our laboratory we have 
analyzed only one sample and found 1.2 mg 
a-T, 0.07 mg a-T-3 and 0.07 mg 3,-T/100 g. 

In summary, there has been a significant 
increase in recent years in our knowledge of the 
tocopherols in foods, particularly for the major 
sources such as seeds and vegetable oils. For 
some of these, consistent patterns are beginning 
to emerge. Refined and prepared foods are less 
predictable. These have tocopherol contents 
that depend on processing, treatment and 
formulation, and both identities and amounts 
vary greatly. The accumulation of a body of 
useful data wilt depend on the use of specific 
reproducible methods applied to adequately 
described samples. There is still much work to 
be done in this field. 
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A Function for (x-Tocopherol" Stabilization of the Microsomal 
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ABSTRACT 

Events accompanying electron trans- 
port in the membrane fraction of liver 
and other tissues have led us to propose a 
specific function for ~-tocopherol based 
on a sequence of biochemical changes we 
observed to occur in these membranes 
and on pertinent information from other 
laboratories. The activity of a membrane- 
bound enzyme system (TPNH oxidase) 
which involves transport of electrons 
from substrate to oxygen, has been 
shown to promote simultaneous forma- 
tion of peroxide functions on the 
posi t ion  polyunsaturated fatty acids 
(PUFA) of phospholipids in the mem- 
brane. The phospholipid peroxides then 
u n d e r g o  a chain cleavage reaction 
producing phospholipids containing a 
variety of carbonyl moieties in the 13 
position. The process results in marked 
alteration of the membrane structure. 
During the overall reaction c~-tocopherol 
present in the membrane is converted to a 
compound more polar than tocopheryl 
quinone and the conversion is dependent 
on the same enzymic factors promoting 
the phosphotipid alterations. The mem- 
brane alteration process is enhanced in 
microsomes from animals fed diets con- 
taining relatively high levels of PUFA or 
diets low in 0~-tocopherol, and is dimi- 
nished by low levels of dietary PUFA or 
relatively high levels of ~-tocopherol. The 
experimental data indicate that enzymic 
electron transport associated with TPNH 
oxidation by the microsomal membrane 
involves free radical functions. The latter 
apparently can promote extensive peroxi- 
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dative alterations of phospholipids that 
result in structural changes in the mem- 
brane unless adequate a-tocopherol is 
present in this organelle. This system 
appears to be part of the microsomal drug 
metabolizing system. 

INTRODUCTION 

It has been recognized for some time that 
diets containing significant quantities of poly- 
unsaturated fatty acids (PUFA) but not con- 
taining an appropriate level of ~-tocopherol can 
promote destructive processes in various animal 
tissues (1). Both the short and long term con- 
sequences of feeding such diets indicate that 
some m e t a b o l i c  system is significantly 
influenced by the relative amounts of polyun- 
saturated fat and ~-tocopherol in the diet. 
Because of the properties of the substances 
involved, a number of investigators logically 
proposed that autoxidation of unsaturated 
fatty acids in tissues of animals deficient in 
tocophero l  or other suitable antioxidant 
produce toxic substances and cause damage to 
lipoprotein structures which initiate the path- 
ological changes seen (2-4). Our studies with in 
vitro systems indicate that peroxidation of lipid 
does indeed occur, however it appears not to be 
a random autocatalytic process, but one pro- 
moted by the highly localized production of 
free radicals formed as part of the mechanism 
of action of certain enzymes. When there is 
adequate tocopherol in the tissues to react with 
them, such radicals apparently produce very 
little alteration in the lipids of structures 
around the site of their origin. When the toco- 
pherol level is inadequate, measurable damage 
may occur to cellular membranes as a result of 
ordinary enzymic activities. Such a localized 
mechanism for the production of cellular 
lesions also has the advantage of being able to 
account for the rather specific nature of the 
damage seen in tocopherol deficiency diseases, 
and, in addition, of providing an explanation 
for at least part of the metabolic turnover of a- 
tocopherol in normal animal tissues. The data 
to be presented will show that the activity of a 
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TABLE I TABLE II 

Distribution of TPNH 
Dependent  Phospholipid Oxidat ion 

Activity in Microsomes of  Tissues of Various Species 

Animal  Tissue Specific activity a 

Rat Liver 64.2 
Muscle 15.1 
Brain 23.9 

Hu man Liver 28.6 
Muscle 9.3 
Brain 6.4 

Rabbit Liver 23.9 
Chick Liver 36.3 

Muscle " 23.5 
Brain 6.4 
Kidney 17.1 

Toad Liver 35.4 
Muscle 38.1 

Catfish Liver 16.6 
Muscle 6.2 

aMill imicromole of malondialdehyde detected by 
the thiobarbituric acid react ion per mill igram microso- 
mal protein. 

constitutive enzyme system (TPNH oxidase) in 
animal tissues apparently catalyzes the produc- 
tion of radicals in sufficient concentration to 
cause a specific type of oxidative degradation 
of phospholipids in membranes of cells con- 
taining this enzyme system. The behavior of the 
TPNH oxidase system, present in the endo- 
plasmic reticuhim of liver and other tissues, will 
be shown to be sensitive to the levels of  dietary 
PUFA and a-tocopherol which existed in vivo. 
The reaction rapidly metabolizes tocopherol to 
an unknown compound and causes extensive 
alteration of membrane structures in vitro. The 
latter process is accelerated in tissues from ani- 
mals maintained under dietary conditions 
which are known to precipitate tocopherol 
deficiency disease. It would be an unusual co- 
incidence, therefore, if the biochemical events 
to be described are not involved in the patholo- 
gical changes seen in tissues of animals sub- 
jected to high PUFA-low tocopherol diets. 
These events represent the first example which 
demonstrates that the effects of  dietary toco- 
pherol and PUFA can be observed to converge 
upon the same enzymic system, and in which 
the enzyme system causes chemical alteration 
of these dietary components. We are proposing 
a function fo r . a - t ocophe ro l  based on its 
behavior in the endoplasmic reticulum during 
the reaction described. This proposed function 
differs from the generally held antioxidant con- 
cept only in that it defines a specific metabolic 
system, capable of initiating lipid peroxidation, 
where tocopherol can exert its effect. 

Comparison of TPNH Dependent  
Oxidative Chain Cleavage of 20:4to6 and Associated 

Malondialdehyde Formation in Microsomes From 
Tocopherol Sufficient and Tocopherol Defic ient  Rats a 

Dietary 20:4to6  Malondialdehyde 
group Consumed, formed, 

% of total m#moles/mg/protein 

Tocopherol sufficient 16 19 
Tocopherol deficient 89 55 

aMicrosomes were isolated as described in the text 
from rats given the purified diet specified. The diet of 
supplemented rats contained 10 mg% u-tocopheryl 
acetate.  The react ion systems were incubated for 45 
min at 37 C. 

MATERIALS AND METHODS 

Chemicals 

Materials for the purified diets were ob- 
tained from Nutritional Biochemicals Corp., 
Cleveland, Ohio, except for the stripped lard. 
The latter was purchased from Distillation 
Products Industries, Rochester, N.Y., as were 
also d-a-tocopherol and d-~-tocopherol-5-14C - 
methyl. The following reagents and chemicals 
were obtained as indicated. TPNH and N-propyl 
gallate: Sigma Chemical Co., St. Louis, Mo.; 
diphenyl-p-phenylene diamine, aniline, di- 
phenyl amine and 2-thiobarbituric acid: East- 
man Organic Chemicals, Rochester, N.Y.; 
alumina: Bio-Rad Laboratories, Richmond, 
Calif.; N-methyl aniline hydrochloride: K and K 
Laboratories, Plainview, N.Y.; ADP: P-L Bio- 
chemicals, milwaukee, Wis.; Santoquin: Mon- 
santo Chemical Co., St. Louis, Mo. All supplies 
related to gas liquid chromatographic analyses 
were obtained from Applied Science Labora- 
tories, State College, Pa. Other chemicals used 
were of reagent grade quality. 

Animals 

Adult, male rats of the Sprague-Dawley 
strain were used in all experiments. The ani- 
mals were fed a rat laboratory ration obtained 
from Rocktand Laboratories, Monmouth, Ili., 
unless otherwise indicated. 

Preparation of Microsomes 

Microsomes were prepared from freshly iso- 
lated rat liver by homogenization in 0.15 M 
potassium phosphate buffer, pH 7.4 (1 g of 
liver to 5 ml of buffer) and centrifuging at 
10,000 x g for 1 hr (4 C). The microsomal 
fraction was washed twice by resuspension in 
0.15 M phosphate buffer and centrifuging at 
100,000 x g. The final washed particles can be 
stored for several weeks as the sedimented 
pellet at -20 C. When ready for use, the pellet 
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FIG. l. Utilization of 20:4to6 in microsomal phos- 
pholipid and formation of malondialdehyde during 
TPNH oxidation by microsomes. The composition of 
the reaction system and conditions of the incubation 
are given in the text. o o 20:4w6 content of 
microsomal phospholipids in experimental system; 
o--o 20:4w6 content of microsomal phospholipids in 
control system; �9 �9 malondialdehyde formation in 
experimental system; �9149 malondialdehyde formation 
in control system. 

was resuspended in 0.1 M tris-HC1 buffer, pH 
7.4, so that 1 ml of the suspension contained 
the microsomes from 1 g of liver. Microsomes 
from brain and kidney were prepared in the 
same way. Muscle microsomes were prepared 
by the method of Martonosi et al. (5) except 
that the particles were suspended in 0.1 M tris 
HC1 buffer, pH 7.4, when resuspended. The 
protein content of enzyme preparations was 
assayed by the method of Lowry et al. (6). 

Incubation System 

The incubation systems had the following 
composition (except where indicated other- 
wise). Experimental: microsomes, t mg pro- 
tein/ml of reaction system; tris-HC1 buffer, 0.1 
M (pH 7.4); ADP, 4 mM (Disodium salt; pro- 
motes the solution of FeC13 in aqueous system 
and is presumed to make the metal ion available 
to a binding site in a chelated form, Reference 
15); FeC13, 0.012 mM; TPNH, 0.3 mM. Con- 
trol: same as the experimental system except 
that no TPNH was added. Reaction volumes 
were from 1 to 10 ml. Incubations were carried 
out at 37 C in a shaking waterbath for 1 hr or 
as specified. 

Assays for TPNH Dependent Oxidative Chain 
Cleavage of Phospholipid PUFA 

Disappearance of Phospholipid Polyunsatu- 
rated Fatty Acids. Control and experimental 
reaction systems of 10 ml each were extracted 
at the end of a 1.0 hr incubation period by 
adding 15 vol of CHC13-CH3OH (2:1) con- 
taining a known amount of an internal fatty 
acid methyl ester standard. After standing for 
30 min, 1/5 vol of 0.9% NaC1 was added and 
the two phases allowed to separate at 4 C. The 
chloroform layer was recovered and evaporated 
to dryness. The lipid residue was recovered. 
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FIG. 2. Phospholipid peroxide formation and 
oxygen consumption during TPNH oxidation by liver 
microsomes. 02 consumption was determined with 2 
ml reaction systems while peroxide determinations 
were performed on 1 ml systems. The values used to 
plot the curves shown are those of the experimental 
system minus the control systems. In the control 
systems the values obtained for 02 consumption were 
essentially negligible and the peroxide values did noI 
change from their initial low value, indicating that 
incubation of microsomes per se does not contribute 
to the peroxide formation. See text for details. 
= ~. oxygen uptake; o o peroxide formation. 

Total lipid phosphorus was determined (7) after 
decomposing a measured amount of the lipid in 
hot H2SO 4. A sample of the lipid extract was 
taken for the preparation of methyl esters using 
BF3-methanol, Gas liquid chromatography was 
performed at 185 C on a Perkin-Elmer model 
881 equipped with a flame ionization detector 
and a 6 ft x 1A in. O.D. column packed with 
ethylene glycol succinate, 12% on Chromosorb 
W, 60/80 mesh. Absolute quantities of each 
fatty acid present were calculated from the 
internal standard, and the extent of PUFA utili- 
zation determined by the difference in content 
between experimental and control. 

Malondialdehyde Formation. This substance 
was determined after termination of the control 
and experimental reaction systems with 0.5 ml 
of 35% trichloroacetic acid per milfiliter of 
incubation system. The procedure was the same 
as that of Ottolenghi (8). 

Oxygen Consumption. For short term 
reaction, the oxygen uptake of 2 ml systems 
was determined over a period of 2-5 min, with 
an oxygen electrode. For longer incubation 
p e r i o d s ,  a d i f f e r en t i a l  manometer was 
employed, using 5-10 ml reaction systems. 

Peroxide Formation. The peroxide content 
of the reaction systems was determined by the 
procedure of Kokatnur et al. (9). 

Turbidity Measurements. This assay was per- 
formed by observing the change in optical 
density of the reaction systems at 520 mp (10). 

Determination of Tocopherol Utilization During 
TPNH Dependent PUFA Utilization by Microsomes 

Approximately 3/ac of  d-a-tocopherol-5-~ 4 C- 
methyl was dispersed in 0.05 ml of ethanol and 
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FIG. 3. Turbidity change in the microsomal sus- 
pension during TPNH oxidation accompanied by per- 
oxidative chain cleavage of microsomal PUFA. �9 �9 
turbidity of experimental system; �9 turbidity of 
control system; o o 20:4co6 content of micro- 
somal phospholipids in experimental system; o--o 
20:4~o6 content of microsomal phospholipids of con- 
trol system. 

0.5 ml of 16% Tween 80 in 0.9% NaC1 and 
injected intraperitoneally. Three hours later the 
liver was removed from the rat and microsomes 
prepared as above. Control and experimental 
reaction systems were incubated for 45 min at 
37 C and then the lipids were extracted with 
CHC13-CH3OH (2:1) containing 30 mg each of 
c~-tocopherol, or- tocopheryl quinone (11) and a 
mixture of dimer and trimer compounds (12), 
all of which serve as carriers. Purification of 
these three components was achieved by chro- 
matography on alumina columns according to 
the procedure of Mellors and Barnes (13). The 
radioactivity of the recovered material was 
determined by liquid scintillation counting, cor- 
rected for quenching. 

Standard Diets 
To demonstrate the effect of dietary fat on 

the enzymic process, a purified diet used by 
Young and Dinning (14) was prepared in two 
ways: with the 3% lard and 3% cod liver oil as 
described, and without the lard and cod liver 
oil, but containing 1.3% linoleic acid instead, 
adjusting the carbohydrate content to com- 
pensate for the reduced fat content. All diets 
were fed ad lib. Addition of ot-tocopheryl ace- 
tate was made as described in the Tables and 
Figures. 

Hemolysis Assay for Radicals 
Rat blood, freshly drawn by heart puncture, 

was centrifuged and the plasma and buffy coat 
removed. The erythrocytes were washed twice 
with approximately 2 vol of 0.9% NaC1. Packed 
red cells (0.1 ml/ml of the TPNH oxidase sys- 
tem) were used in the hemolysis assay. After 
incubation, the reaction systems were centri- 
fuged to sediment ghosts and unhemolyzed 
cells and the intensity of the hemoglobin color 
was measured by determining the optical den- 
sity of the supernate at 545 m/a. 
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FIG. 4. Effect of increased dietary level of ~toco- 
pheryl acetate on the formation of malondialdehyde 
(MA) by rnicrosomal TPNH oxidase. See text for 
source of diet composition. Basal supplemented diet 
(El) contained 10 mg of tocopheryl acetate per 100 g 
of diet. The number associated with each diet designa- 
tion represents a multiple of the amount of tocopheryl 
acetate in the basal diet, e.g., E3 contained 30 mg/100 
g diet and E5 contained 50 mg/100 g diet. Animals 
were on the designated diet 4 days. �9 El; o E3; �9 E6; 
A E9. 

RESULTS A N D  DISCUSSION 

An interest in the biochemical function of 
a-tocopherol and two sets of observations by 
others led the authors to undertake an investi- 
gation of the relationship between c~-toco- 
pherol, membrane-bound oxidoreductase sys- 
tems and the lipids which form part of the 
structure of those membranes. The first obser- 
vations were those of Beloff-Chain et al. (16) 
who reported that the incubation of liver 
microsomes with TPNH, ADP and inorganic 
phosphate resulted in TPNH oxidation and an 
excessive amount of oxygen uptake, but no 
formation of ATP. The second set of obser- 
vations were those of Hochstein and Ernster 
who determined that a substance with char- 
acteristics resembling malondialdehyde was 
produced during this reaction. They concluded 
that TPNH oxidation by liver microsomes was 
accompanied by lipid peroxidation (17) and 
subsequently determined that inorganic iron 
was involved in the process (18). 

TPNH Dependent Disappearance of 
Microsomal PUFA 

It was determined in our laboratory that the 
PUFA in the microsomal phospholipids were 
disappearing at a high rate in the reaction. The 
most abundant PUFA present (20:4co6, com- 
prising 15% to 20% of the microsomal fatty 
acids) rapidly fell to less than half of its original 
level (19). Figure 1 shows that within 20 min 
the 20:4co6 level of the microsomes was 
reduced to one third of its initial value. Other 
PUFA present (20:5(.o6 and 22:6co3) showed 
similar decreases. During the reaction, the 
material reacting with thiobarbituric acid to 
form a pigment absorbing at 532 m~t accumu- 
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TABLE III 

Disappearance of 14C-labeled a-Tocopherol in Microsomes During the Oxidation of TPNH a 
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Specific activity of compounds 
isolated from microsomes, DPM/mg 

Recovery of total 
Dimer- a-Tocopheryl counts in extracted 

System trimer a-Tocopherol quinone lipid fraction,  % 

Unincubated 
microsomes 57 4- 13 399 4- 18 66 4- 15 87 4- 2 

Control  55 4- 11 388 4- 88 137 _+ 74 81 4- 12 
Experimental 80 4- 26 57 4- 24 231 4-24 59 4- 10 

aThe control and experimental  incubation systems were 10 ml in volume and were 
composed as described under Materials and Methods. Incubations were carried out  in a 
shaking water bath at 37 C for 1 hr. At the end of  that time the reaction system was ex- 
tracted with CHCI3-CH3OH (2:1) containing known amounts of carrier Ot-tocopherol, 
0~-tocopheryl quinone and a mixture of dimer and trimer compounds. The unincubated 
microsomes were extracted immediately after isolation from the liver. The total counts in 
the extracted lipids were determined and then the latter were fractionated on alumina as 
described in the text. The recovered fractions were analyzed by thin layer chromatography 
for purity and their specific activity determined.  Values are averages of three experiments + 
standard deviations. 

la ted.  This  p r o d u c t  was s h o w n  to be ma lond i -  
a ldehyde  and  is the  on ly  one  of  the  m a n y  
ca rbony l  p r o d u c t s  f o r m e d  by  the  m i c r o s o m a l  
r eac t ion  w h i c h  forms  the  p i gm en t  (20) .  I t  was 
also d e t e r m i n e d  t h a t  m a l o n d i a l d e h y d e  fo rma-  
t i on  was always p r o p o r t i o n a l  to  the  t o t a l  
a m o u n t  of  P U F A  ut i l ized in t he  reac t ion .  The  
resul ts  ind ica te  t h a t  ox ida t ive  chain  cleavage of  
P U F A  was occurr ing .  The  r eac t i on  was s h o w n  
to be  e n z y m a t i c  and,  on  reaching  c o m p l e t i o n ,  
c o n s u m e d  1 mole  of  P U F A  and  4 moles  of  0 2 
for  each  mole  of  TPNH ox id ized  (21).  

Phospho l ip id  pe rox ides  were s h o w n  to  be  
i n t e rmed ia t e s  in the  r eac t ion  (Fig. 2). The  per- 
oxides  a c c u m u l a t e d  dur ing  the  early par t  of  the  
r eac t ion  if  t he  i n c u b a t i o n  m e d i u m  is oxy-  
gena ted  (22)  bu t  f o r m  at lower  levels w h e n  
i n c u b a t e d  in air. (Oxygen  e lec t rode  experi-  
m e n t s  have s h o w n  the  oxygen  c o n c e n t r a t i o n  
drops  to very  low levels w i th in  m i nu t e s  in  sys- 
t ems  i n c u b a t e d  in air. Oxygen  u p t a k e  by  the  
r eac t i on  u n d e r  these  cond i t ions  is l imi ted  to  t he  
ra te  of  d i f fus ion  of  0 2  f r o m  a m b i e n t  air i n to  
the  i n c u b a t i o n  sys tem)  The  level of  pe rox ide  
a c c u m u l a t i o n  is d e t e r m i n e d  by  the  d i f fe rence  in 
the  ra te  of  f o r m a t i o n  and  the  ra te  at wh ich  t he  
p e r o x i d e s  decompose  to  f o r m  malond i -  
a ldehyde ,  p h o s p h o l i p i d - b o u n d  a ldehydes  and  
o t h e r  p r o d u c t s  (22) .  The  s t ruc tu re  of  the  
mic rosoma l  m e m b r a n e  undergoes  ma jo r  physi-  
cal change dur ing  the  P U F A  u t i l i za t ion  w h i c h  
can be  observed  by  m e a s u r e m e n t  of  the  tu r -  
b id i ty  of the  i n c u b a t i o n  sys tem dur ing  t he  
r eac t ion  (Fig. 3). The  n a t u r e  of  this  phys ica l  
change  is no t  k n o w n  a l t h o u g h  e l ec t ron  p h o t o -  
mic rographs  ind ica t ed  t h a t  the  m i c r o s o m a l  
part icles  r e m a i n e d  in tac t .  

Distribution of the TPNH Dependent System 
in Tissues of Various Species 

A l t h o u g h  all of the  s tudies  in th is  r epor t  
were done  wi th  ra t  liver mic rosomes ,  the  phe-  
n o m e n a  descr ibed above  are also present  in 
o the r  t issues in  the  ra t  and  various o t h e r  
species. Table  I lists the  specif ic  ac t iv i ty  of  t he  
process  in  mic rosomes  f r o m  several sources.  In 
a lmos t  all cases the  ac t iv i ty  was h ighes t  in liver 
mic rosomes ,  and  those  f rom rat  had  the  highest  
act ivi ty  of  any.  There  was also s ignif icant  
ac t iv i ty  in skele ta l  muscle  whi le  whole  b ra in  
had  general ly  less ac t iv i ty .  

Conversion of (~-Tocopherol to a Polar 
Compound During the Reaction 

The effec t  of  d ie ta ry  o l - tocopherol  on  t he  
act ivi ty  of  th is  enzymic  sys tem was de t e rmined .  
Microsomes  f rom rats  fed a diet  c o n t a i n i n g  10 mg 
of  a - t o c o p h e r y l  ace ta te  per  100 g o f  diet  were 
observed  to uti l ize 2 0 : 4 w 6  and  fo rm malond i -  
a ldehyde  at a m u c h  s lower  ra te  t h a n  micro-  
somes  f rom rats  on  the  same diet  w i t h o u t  toco-  
phero l  (Table  II).  The  resul t s  suggested t h a t  
a - t o c o p h e r o l  was in te rac t ing  w i t h  the  TPNH 
d e p e n d e n t  P U F A  perox id iz ing  sys tem in some 
way tha t  depressed  the  ra te  of  the  reac t ion .  To 
tes t  this  poss ib i l i ty  fu r the r ,  several groups  of  
rats  were p laced on  a diet  wh ich  was supple- 
m e n t e d  w i th  d i f fe ren t  a m o u n t s  of  a - t o c o p h e r y l  
ace ta te  as descr ibed  in Figure  4. Liver micro-  
somes  were p repa red  f rom animals  in the  
var ious groups  and  assayed for  the  enzymic  
act ivi ty  b y  d e t e r m i n i n g  the  course of  ma lond i -  
a ldehyde  f o r m a t i o n .  The  resu l t s  s h o w n  in 
F igure  4 clearly ind ica te  t h a t  as the  level of  
a - t o c o p h e r y l  ace ta te  in t he  diet  increased,  
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TABLE IV 

Conversion of 14C-labeled a-Tocopherol to an 
Apparently Higher Polar Substance in Microsomes During TPNH Oxidation a 

Specific activity of compound isolated from microsomes, DPM/mg 

Acidic % Recovery of 
Dimer- a-Tocopheryl methanol total counts in 

System trimer a-Tocopherol quinone fraction lipid fraction 

Unincubated microsomes 22.7 203.1 56.0 62.8 88 
Control 36.5 100.6 134.4 95.6 94 
Experimental 17.6 11.5 142.4 491.8 69 

Unincubated microsomes 35.9 260.1 112.5 112.6 85 
Control 26.9 214.9 136.8 151.6 86 
Experimental 34.1 37.4 106.5 420.1 64 

Unincubated microsomes 40.4 330.4 167.0 262.3 91 
Control 37.2 255.4 175.5 293.2 88 
Experimental 46.8 26.5 148.0 914.7 73 

aThe composition of the reaction systems and conditions of incubation were as described in 
Table L The extractions of the lipids and fractionation on alumina columns were as described in Table 
I and under Materials and Methods. The acidic methanol fraction was obtained by eluting the columns 
with 15% HCI in methanol after recovery of the other components was completed. 

TPNH d e p e n d e n t  cleavage of  P U F A  decreased 
bu t  was no t  comple t e ly  suppressed  even by  the  
highest  d ie ta ry  level t e s ted  (90  r ag /100  g). 
The  s igmoid shape of  the  progress curves sug- 
gested t h a t  t o c o p h e r o l  p r o d u c e d  a lag per iod ,  
the  l eng th  of  w h i c h  was re la ted  to the  level of  
s u p p l e m e n t a t i o n  of  the  v i t amin  and  t h a t  the  
v i t amin  was p reven t ing  rapid  ox ida t ive  chain  
cleavage of  P U F A ,  at  least  ini t ial ly,  dur ing  
TPNH ox ida t ion .  

Studies  on  m e t a b o l i s m  of  a - t o c o p h e r o l  b y  
Wiss et al ( 2 3 ) a n d  K r i s h n a m u r t h y  and  Bieri  (24)  
had  suggested t h a t  th i s  c o m p o u n d  t u r n e d  over  
rap id ly  in liver. In add i t i on ,  Sk inner  and  
Alaupovic  (25)  r e p o r t e d  t h a t  rad ioac t ive  toco-  
phe ro l  given to ra ts  appea red  in liver micro-  
somes  as a m e t a b o l i t e  wh ich  t hey  des igna ted  as 
c o m p o u n d  " O , "  and  la ter  suggested b y  Draper  
et al (26)  to  be  a m i x t u r e  of  d imer  and  t r imer .  
Since the  enzymic  act iv i ty  we were investi-  
gat ing appears  to  be par t  of  the  drug m e t a b o -  
l izing sys tem (27) ,  i t  s eemed  reasonable  to  con- 
sider the  poss ib i l i ty  t h a t  TPNH o x i d a t i o n  was 
p r o m o t i n g  the  p r o d u c t i o n  of  oxygen  radicals  
wh ich  could  a t t ack  P U F A ,  bu t  t ha t  the  l a t t e r  
might  be p r o t e c t e d  f r o m  such  a t t a c h  by  ct- 
t o c o p h e r o l  in an o rde red  m e m b r a n e  s t ruc tu re .  
In t ha t  case, a - t o c o p h e r o l  would  be  ac t ing  as a 
radical  t r app ing  agent  and  would  undergo  
chemical  a l t e ra t ion .  Since such ac t ion  was in 
ag reemen t  w i t h  the  p roper t i e s  of  t he  v i t amin ,  
we inves t iga ted  the  behav io r  of  a - t o c o p h e r o l  in 
the  m i c r o s o m e  dur ing  TPNH ox ida t ion .  

Rats  were in jec ted  i n t r ape r i t onea l l y  w i t h  
14C-labeled a - t o c o p h e r o l  as descr ibed  u n d e r  

Materials  and  Methods ,  and  a f te r  a l lowing 3 hr  
for  a b s o r p t i o n ,  l iver m i c r o s o m e s  were  prepared .  
These  were i n c u b a t e d  in con t ro l  and  experi-  
m e n t a l  sys tems and  t h e n  the  l ipids were  
e x t r a c t e d  w i th  CHC13-CH3OH (2 :1 )  con ta in ing  
k n o w n  weights  of  a - t o c o p h e r o l ,  a - t o c o p h e r y l  
q u i n o n e  and  a d imer - t r imer  mix tu re ,  all as 
carriers.  In  add i t ion ,  u n i n c u b a t e d  mic rosomes  
were also ex t r ac t ed  in the  same way.  Af te r  
de t e rmin ing  the  a m o u n t  of  r ad ioac t iv i ty  in the  
ex t rac t s ,  the  t o t a l  l ipids were f r a c t i ona t ed  on  
a lumina  co lumns  and  the  th ree  carr ier  sub- 
s tances  were recovered .  Recove ry  o f  these  com- 
p o u n d s  was always h igher  t h a n  95% and  o n  th in  
layer  c h r o m a t o g r a p h y  (TLC) appeared  as single 
spots.  The  specif ic  act ivi t ies  of the  c o m p o u n d s  
were de t e rmined .  Table  III  shows t h a t  dur ing  
TPNH ox ida t i on  in mic rosomes ,  a b o u t  85% of  
the  rad ioac t ive  m i c r o s o m a l  t o c o p h e r o l  dis- 
appeared .  The  cond i t i ons  of  the  i n c u b a t i o n  it- 
self had  l i t t le  ef fec t  o n  m i c r o s o m a l  t o c o p h e r o l  
since the  a m o u n t  p resen t  in the  con t ro l  sys tem 
was a p p r o x i m a t e l y  the  same as in u n i n c u b a t e d  
mic rosomes ;  t he re fo re ,  the  loss of  t o c o p h e r o l  in 
the  e x p e r i m e n t a l  sys tem m i c r o s o m e s  was a con-  
sequence  of  TPNH ox ida t ion .  A l t h o u g h  the re  
appea red  to be increased  rad ioac t iv i ty  in the  
q u i n o n e  f rac t ion ,  th is  was subsequen t l y  f o u n d  
n o t  to  be s ignif icant .  Recovery  of  t o t a l  coun t s  
in the  l ipid f r o m  the  e x p e r i m e n t a l  sys tem 
mic rosomes  t e n d e d  to be low, and  since the  
recovery  of  the  th ree  carriers was essent ial ly  
comple te ,  it was a s sumed  t h a t  some o t h e r  
radioac t ive  subs t ance  or  subs tances  were still on  
the  a lumina  co lumns .  

S u b s e q u e n t  e x p e r i m e n t s  p roved  t h a t  th is  
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TABLE V 

Inhibition of TPNH Oxidase-Catalyzed Hemolysis 
by Substances Known to React With Radicals a 

Compound added Per cent  inhibition 
to react ion system of  hemolys is  

Diphenyl-p-phenylenediamine (8) b 93.4 _ 2.4 
N-Propyl gallate (3) 92.2 _ 2.1 
Diphenyl  amine (7) 93.9 + 0.8 
Santoquin (6) 95.9 _ 1.2 
Aniline (4) 88.3 + 0.8 
N-Methyl aniline (4) 94.2 _ 0.2 

aThe reaction systems were 1 ml in volume 
and their compos i t ion  and condit ions  of  incubation 
were as described in the text. One tenth milliliter of 
packed, washed erythrocytes were added to both con- 
trol (without radical-trapping agent) and experimental  
(with agent) systems. Final concentrat ion of  inhibi- 
tors was 1 x 10  "3M. 

bThe number in parenthesis indicates the number 
of experiments done. 

was correct. Table IV shows results confirming 
the decrease in radioactive a-tocopherol in 
microsomes incubated with TPNH. In addition, 
after eluting the dimer-trimer group, a-toco- 
pherol and c~-tocopheryl quinone from the 
alumina, 15% HC1 in methanol was passed 
through the column. Additional lipid was 
recovered by this procedure and its specific 
activity determined. The data in Table IV show 
that the material eluted from the column on 
which the experimental system lipid was frac- 
tionated contained considerably more radio- 
activity than the material from the columns on 
which the control system and unincubated 
microsome extracts were fractionated. These 
findings indicate that microsomal c~-tocopherol 
is converted to a compound with chromato- 
graphic behavior of a polar lipid compound. 
The nature of the material eluted with acidic 
methanol is unknown, nor is it known if the 
radioactivity it contains is in a single compound 
since TLC shows the presence of several spots 
each of which contains some radioactivity. 
This, however, may have been the result of 
decomposition in the acidic methanol. Polar 
compounds eluted from alumina by acidic 
methanol were also observed by Chow et al 
(11) in the ether extract of acid-hydrolyzed rat 
urine after injection of 14C-labeled a-toco- 
pheryl quinone and 14C-labeled c~-tocopheryl 
hydroqu inone .  The compounds contained 
almost half of the total radioactivity in urine. 
These investigators concluded that the polar 
compounds they observed were degradation 
products produced by the acid hydrolysis of 
conjugated a-tocopheronic acid. In our studies, 
no acid hydrolysis of the microsomal lipid was 
performed before column chromatography. As 

100 
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FIG. 5. Hemolysis of erythrocytes by a factor 
having properties of a free radical produced by the 
microsomal TPNH oxidase system. Control and experi- 
mental reaction systems of 1.0 ml volumes were used, 
each containing 0.1 ml of washed erythrocytes. The 
assay was performed as described in the text. �9 
experimental system; o--o control system. 

suggested above, it is possible that elution with 
methanolic HC1 might cause degradation of a 
conjugate on the column if such a compound 
were extracted from the microsomes by the 
procedure used. Our recent experiments have 
shown that most of the a-tocopherol in the 
microsomal system was metabolized during the 
first 2-3 rain of the TPNH oxidase reaction, 
during which time only a small amount of the 
microsomal PUFA has been consumed. 

The results of our studies with the behavior 
of 14C-labeled ~-tocopherol in microsomes 
during TPNH oxidation suggested that free 
radicals produced by the enzyme system may 
attack a-tocopherol in the microsomal mem- 
brane under certain conditions, promoting the 
formation of the polar product, and, as a result, 
the tocopherol content of the membrane 
rapidly falls. When that occurs, the attack on 
PUFA must then be greatly enhanced. This 
concept would adequately explain the lag 
periods observed in microsomes from animals 
supplemented with higher levels of 0~-toco- 
pherol (Fig. 4). 

Erythrocytes as Indicators of Radical Formation 

Our attempts to demonstrate by electron 
spin resonance studies the formation of radicals 
during the reaction were negative. This may 
have been due to very short half lives of the 
radicals involved or for reasons we have 
explained in more detail in a recent report (20). 
However, the fact that peroxidative cleavage of 
PUFA is prevented by a wide variety of struc- 
turally unrelated radical trapping agents, and 
that it promoted rapid sulfite oxidation (21), 
indicated radical involvement. We recently 
determined that washed erythrocytes can be 
used to detect the presence of a factor 
produced by this enzymic reaction which 
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TABLE VI 

Effect of Dietary Lipid on the TPNH Oxidase-Catalyzed 
Chain Cleavage of Phospholipid Polyunsaturated Fatty Acids in Liver Microsomes a 

Specific activity b 

Dietary group 3% CLO-3% lard c 1.5% Linoleic acid d 

Tocopherol deficient 56.7 __ 19.0 11.5 _+ 2.7 
Tocopherol sufficient 5,1 _+ 3.5 5.1 + 0.9 

aThe diets were identical other than for the difference in the amount and type of fat 
contained (see text). The carbohydrate content was adjusted as required. 

bm#moles of malondialdehyde formed at 532 mg/mg protein. 
CValues are averages of nine experiments. 
dValues are averages of 16 experiments. 

attacks the erythrocyte membrane, causing 
rapid hemolysis, but is prevented from doing so 
by a number of radical trapping agents. The 
factor also exists only when the enzyme system 
is functioning, disappearing immediately when 
the enzyme is inactivated, indicating a very 
short half life. The factor is, therefore, if not in 
fact a radical, a highly reactive chemical species 
with properties of a free radical. Figure 5 shows 
the result of incubating rat erythrocytes with 
the TPNH oxidase system. Complete hemolysis 
of 0.1 ml of packed red ceils was promoted by a 
1.0 ml reaction system in less than 1 hr. Essenti- 
ally no hemolysis occurred in the control system. 

Table V gives data which support the 
assumption that the factor generated by the 
TPNH oxidase system is a radical. Six different 
substances known to be radical trapping agents 
or substances capable of reacting with radicals 
were tested for their ability to prevent hemoly- 
sis during TPNH oxidase activity. All were 
approximately 90% effective at 1 x 10-3 M final 
concentration in protecting erythrocytes from 
hemolysis, presumably by their own reaction 
with the radicals. In addition, treating the rats 
which donated erythrocytes with an antioxi- 
dent yielded red cells which did not hemolyze 
in the reaction. Similarly, treating rats from 
which microsomes were prepared gave a micro- 
some preparation which did not hemolyze 
normal red cells during TPNH oxidation. 

Effect of Dietary Lipid on the TPNH 
Dependent Chain Cleavage of PUFA 

An additional dietary factor other than the 
level of a-tocopherol was also found to affect 
the reaction promoting cleavage of microsomal 
PUFA. Rats fed a diet containing significant 
amounts of fat, especially polyunsaturated 
fatty acids yielded liver microsomes in which 
the reaction is very active. Table VI shows how 
changing the dietary fat content and the level 
of tocopherol supplementation affect the sys- 
tem. The most active microsomes in this study 

were those from tocopherol deficient animals 
whose diet contained 3% cod liver oil and 3% 
lard. Animals fed the same tocopherol deficient 
diet but in which the 6% fat mixture of cod 
liver oil and lard was substituted by 1.5% 
linoleic acid yielded microsomes only about 
one fifth as active even though liver tissue from 
both sets of animals contained essentially the 
same a m o u n t  o f  p h o s p h o l i p i d  bound 
arachidonic acid, which is the chief substance 
of the reaction. Supplementation of both diets 
with a-tocopherol  resulted in low activity in 
both groups. There are several possible explana- 
tions for this effect: diets which contain higher 
levels of fats, especially PUFA, may facilitate 
the incorporation of  the PUFA into sites in the 
microsomal membrane where they are suscep- 
tible to radical attack while diets promoting in 
vivo synthesis of PUFA may result in a dif- 
ferent distribution; the TPNH oxidase system 
which promotes radical formation may be 
induced by diets with higher levels of fats; 
radical production by the TPNH oxidase system 
is promoted only by certain types of dietary 
fatty acids. All of these possibilities can be 
tested. 

The significance of these studies lies in their 
support of the concept that a-tocopherol may 
exert its major biological effect by acting as a 
trapping agent for radicals produced by the 
normal activity of certain membrane-bound 
enzymes. Such radicals may be essential to the 
mechanism of the reaction and yet have the 
potential for initiating peroxidation of  polyun- 
saturated fatty acids in phospholipids adjacent 
to the enzyme in the membrane unless a-toco- 
pherol is present to inhibit the process. One 
would expect tocopherol to be consumed 
during such activity and the data contained in 
this report shows that it is. An end product of 
a-tocopherol metabolism in animals has been 
shown to be a-tocopheronolactone (28) but the 
sequence of events which produces this sub- 
stance is not known. Because of this and the 
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fact that the identity of the tocopherol metabo- 
lite observed in our studies is unknown,  any 
relationship between the two processes cannot 
be assessed. 

According to Krishnamurthy and Bieri (24) 
the total amount of radioactivity excreted in 
the urine of the rat over a 21-day period after 
injecting 14C-labeled a-tocopherol was only 
about 1% of the injected dose, while Simon et 
al. (28) observed 30% excretion of the injected 
radioactivity in urine over a similar period of 
time in the rabbit..Bieri believes that the route 
by which labeled tocopherol is administered is 
important in the distribution of the vitamin 
and, therefore, to the rate of formation of 
radioactive metabolic products. This certainly 
seems likely. Our own studies with 14C-labeled 
a-tocopherol were done by intraperitoneal 
injection. In our studies the effects of a-toco- 
pherol on the enzymic system which we have 
described are the same whether tocopherol is 
given in the diet or by injection. The route of 
injection may determine the proportional distri- 
but ion of the vitamin among the organs, but it 
probably does not influence the site within 
those organs where the tocopherol molecules 
will be situated except perhaps in the case of 
unusually large doses. 

The nature of the radicals which appear to 
be produced by the enzyme is unknown,  
although we believe we have eliminated the 
superoxide anion [" 02-1 (20). Since the system 
i n v o l v e d  is associated with the TPNH 
dependent drug metabolizing system, it is pos- 
sible that the radicals being produced are those 
functioning in hydroxylation reactions. It is 
interesting that Lin and Chen have recently 
shown that in some hydroxylation reactions the 
peroxide of the substance forms first, and then 
this peroxide intermediate is reduced to the 
hydroxylated compound (29). It appears pos- 
sible that our observations on TPNH dependent 
PUFA degradation are manifestations of the 
drug metabolizing system functioning without a 
suitable substrate since Orrenius et al. (27) and 
Slater (30) have shown that drugs which are 
hydroxylated by the TPNH dependent micro- 
somal system decrease lipid peroxidation when 
added to the reaction. Gram and Fouts have 
shown that lipid peroxidation associated with 
the drug metabolizing system could be con- 
trolled by adding a-tocopherol to the reaction 
(31). These findings together with the results 
presented in this report suggest that a role for 
tocopherol in the liver microsome is to prevent 
excessive damage to the phospholipids in endo- 
plasmic reticulum when the TPNH oxidase 
system is generating strongly oxidizing radicals 
for reactions such as sterol hydroxylations, 

desaturation of fatty acids, squalene hydroxyla- 
tion and the detoxification of drugs and other 
organic substances such as carbon tetrachloride. 
The metabolism of carbon tetrachloride by liver 
microsomes has been shown to promote lipid 
peroxidation in these particles (32) and results 
in hepatic injury in the intact animal character- 
ized by a loss of phospholipid PUFA (33). 
Further evidence that tocopherol is required to 
maintain the structure of the endoplasmic 
reticulum was given by Molenaar, Hommes, 
Braams and Polman, who demonstrated that in 
human beings suffering from abetalipopro- 
teinemia, tocopherol deficiency develops and 
the endoplasmic reticuhim disappears from the 
cells of the intestinal mucosa. Treatment of 
these patients with a-tocopherol resulted in the 
restoration of the normal endoplasmic reticu- 
lure structure (34). 

It appears possible that erythrocytes may be 
a useful tool in searching for enzymes whose 
mechanisms of action produce potentially 
damaging factors (such as free radicals). Perti- 
nent to this view is the fact that Goldstein and 
Balchum (35) have shown that an activated 
form of oxygen (ozone) is capable of producing 
fragility changes in erythrocytes. However, the 
factor produced by the TPNH oxidase reaction 
causes complete hemolysis of erythrocytes 
within minutes. Neither the individual reactants 
nor the products of this reaction cause this 
hemolysis. The hemolysis occurs only when the 
enzyme is actively functioning. The hemolyzing 
agent, therefore, must be a component which 
reacts readily with membrane lipids and has a 
very short half life. These findings, t o g e t h e r  
with the protecting effect of free radical 
trapping agents and the fact that the enzyme is 
part of the mixed function oxidase complex, is 
strongly suggestive of an enzyme-catalyzed 
production of radicals. 

The results of the studies presented can 
explain why structurally unrelated antioxidants 
may be substituted for tocopherol and why 
some are more effective than others, i.e., those 
which can be transported in sufficient quan- 
tities to the proper metabolic sites in mem- 
branes. None, in the long run, seem to have the 
effectiveness of tocopherol and this is probably 
a reflection of a molecular structure well suited 
for the purposes required. 

If damage to cellular structures in toco- 
pherol deficiency disease is due to attacks on 
structural lipids caused by radicals produced 
normally by the activity of certain enzymes,  
then the various animal species must have quite 
different amounts of such radical producing 
enzymes in various tissues or of ability to 
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t ranspor t  dietary t ocophe ro l  to those  sites of  
act ivi ty,  or  bo th ,  in order  to  account  for  the  
differing degrees of  in tens i ty  and specif ic i ty  of  
the lesions produced .  

We have observed tha t  the  lipid p roduc t s  o f  
the radical at tack on microsomal  phosphol ip ids  
can polymer ize  which suggests that  they  may 
be related to the fo rma t ion  of  ceroid p igments  
seen in t ocophe ro l  def ic ient  animals and in 
aging humans ,  especially since the al tered lipids 
exhibi t  an exci ta t ion-emiss ion spec t rum similar 
to tha t  o f  the pigments .  Chio and Tappel  have 
shown  that  ma lond ia ldehyde  and various amino  
acids fo rm produc t s  wi th  proper t ies  resembling 
those  of  age p igments  (36). 

The  fact  tha t  m e m b r a n o u s  subcellular 
particles are susceptible to  lipid pe rox ida t ion  
when  exposed  to a variety of  substances  and 
physical  cond i t ions  has been  well es tabl ished.  
These include h e m o p r o t e i n s  (37), carbon te t ra-  
chloride (32), ascorbic acid (8), chao t rop ic  
agents (38),  light (39) and x-rays (40). It is, 
the re fore ,  no t  surprising tha t  microsomal  mem- 
branes  will undergo significant a l tera t ion if they  
conta in  enzymes  whose  activity ini t iates peroxi-  
da t ion  of  const i tu t ive  phosphol ip ids  unless 
adequate  amoun t s  of  an an t iox idan t  are 
present .  

If this k ind of  in te rac t ion  be tween  certain 
enzymes  and phosphol ip ids  in t ocophe ro l  
def ic ient  tissues represents  the pr imary lesion 
of  this nut r i t iona l  disorder ,  it remains  to be 
de t e rmined  how such m e m b r a n e  changes can 
result  in the severe cellular damage observed in 
rabbi t  muscle,  chick cerebella,  rat testes,  etc. In 
this regard,  it is in teres t ing  to note  tha t  
ma lond ia ldehyde  has been  shown to inhibit  
DNA repl icat ion,  pro te in  synthesis  and cell 
division in f ibroblas t  cultures (41) and b o t h  
malond ia ldehyde  and peroxidiz ing l inolenate  
cause inact ivat ion of  r ibonuclease  A and o the r  
enzymes ,  especially those  wi th  essential  sulf- 
hyd ry l  groups (42). 
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ABSTRACT 

Normal and bile fistula rats were 
injected with 1-14C-linoleat e and arachi- 
donate as albumin complex and the gly- 
cerides and glycerophosphatides of the 
liver and bile were isolated at various time 
intervals. The distribution of radioactivity 
among the individual molecular species 
was determined by thin layer and radio 
gas chromatography and specific enzymic 
hydrolyses. At 30 min after administra- 
tion of linoleate 30% of the radioactivity 
in liver was in lecithins and 8% in cepha- 
lins, while at 120 rain 48% was in leci- 
thins and 16% in cephalins. After arachi- 
donate,  58% and 64% of the counts were 
in lecithins and 12% to 13% in the cepha- 
lins at the above periods of sampling. The 
specific activity of the palmitoyl  l inoleoyl 
lecithins and cephalins was two to three 
times higher than that of the cor- 
responding stearoyl l inoleoyl species, 
which was of the same order but much 
lower magnitude than found previously 
for lecithins using labeled phosphate and 
choline. The palmitoyl  and stearoyl 
species of arachidonoyl  lecithins pos- 
sessed equal specific activities, in sharp 
contrast to previous findings with radio- 
active phosphate,  which showed a 12 
t imes higher specific activity for the 
palmitoyl  arachidonate. The palmitoyl  
arachidonoyl cephalins had two to three 
times greater specific activity than the 
corresponding stearoyl species in agree- 
ment with previous work using labeled 
phosphate. The distribution of radio- 
activity suggests that the arachidonate 
was incorporated into the lecithins largely 
via acyl transfer, while the linoleate con- 
tr ibuted to both acyl transfer and de 
novo synthesis. Interpretat ion of the 
mechanism of uptake of these acids into 
the cephalins awaits further studies. 

1presented in part at the Federation of American 
Societies for Experimental Biology Meeting, Atlantic 
City, April 1970. 

INTRODUCTION 

Although it has been well established (1-3) 
that there exist marked differences in the meta- 
bolic activity between 1-palmitoyI 2-1inoleoyl 
and 1-stearoyl 2-arachidonoyl lecithins of rat 
liver, it has not been possible to decide unequi- 
vocally whether these discrepancies are due to 
the saturated or the unsaturated acids in these 
molecules (1-5). A similar uncertainty exists 
regarding the metabolic activity of other 
molecular species of lecithins and related phos- 
phatides, such as the phosphatidyl  ethanol- 
amines. This has been due to the inability to 
effectively resolve these phospholipids and to 
trace their origin to the responsible metabolic 
pathway. 

Since the dienoic and polyenoic fatty acids 
in the glycerophosphatides occur mainly in the 
2 position and are paired with the saturated 
acids in the 1 position, an analytical scheme 
was envisaged which could assess the metabolic 
activity of any of the homologous pairs rapidly 
and accurately. It involved the introduct ion of 
the appropriate 14C-labeled unsaturated fatty 
acid into the test system and a combined thin 
layer and radio gas chromatographic analysis of 
the labeled diglyceride moieties of the glycero- 
pliosphatides. From the measurements of the 
mass and radioactivity specific activitigs could 
be calculated and the relative turnover rates of 
the species assessed. 

This report  demonstrates the practical 
feasibility of the analytical system and suggests 
that the metabolic activity of a glycerophospha- 
tide species is related to both component  acids 
and is determined by the mechanism of biosyn- 
thesis of the species, 

MATERIALS AND METHODS 

Labeled Acids 

1-]4C-linoleic acid (8-12 ~c/~M) was pur- 
chased from New England Nuclear Corp., 
Boston, Mass. According to the distributors it 
had a radiochemical purity of greater than 98%. 
1-14C-arachidonic acid (53 /lc/#M) was ob- 
tained from Applied Science Laboratories,  Inc., 
State College, Pa. It contained a minor propor- 
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tion of unspecified trans-isomers. Argentation 
thin layer chromatography (TLC) of the methyl 
esters showed that over 99% of the counts 
resided in the dienoic and tetraenoic subfrac- 
tions, respectively. Furthermore, radio gas chro- 
matography of the methyl esters of these fatty 
acids revealed the activity in single peaks cor- 
responding to linoleic and arachidonic acids. 

Injection Solutions and Animals 

An aliquot of the undiluted labeled acid (l 0 
pC) was treated with a slight excess of dilute 
sodium hydroxide (0.13 ml) and the salt was 
compiexed with 0.35 ml of bovine serum albu- 
min in physiological saline to give a solution of 
5 moles of acid per mole of albumin. Bovine 
serum albumin was purchased from Sigma 
Chemicals Co., St. Louis, Mo., and Pentex Bio- 
chemicals, Kanakee, Ill. The solution (0.5 ml) 
was injected via the jugular vein into male rats 
under light ether anesthesia. After injection the 
animals were allowed to recover. The rats 
(325-350 g) were of the Wistar strain and had 
been maintained on Purina Chow for seven days 
prior to the experiment. In a few instances bile 
was collected for 120 rain by means of bile 
fistulae (6) introduced just before injection. 
Two rats were used for each time period in the 
linoleate experiments and one rat for each time 
period in the arachidonate experiments. 

Isolation of Phospholipids 

At suitable time intervals, the animals were 
bled from the abdominal aorta. The livers were 
rapidly excised and rinsed with cold saline. 
The liver and bile lipids were extracted 
according to the method of Folch et al. (7). 
The glycerophosphatides were isolated by TLC 
on silica gel G (Merck and Co.) using prepara- 
tive plates (20 x 20 cm, 0.5 mm thick layers). 
The phosphatidyl ethanolamines were obtained 
with chloroform-methanol-water (65:25:4 v/v) 
and the phosphatidyl cholines with chloro- 
form-methanol-ammonia (65:35:5 v/v) as the 
developing solvents (8). The purity and identity 
of the phospholipids so obtained was confirmed 
by TLC with chloroform-methanol-acetic acid- 
water (25 : I5 :4 :2  v/v) and by specific staining 
(9). 

Resolution of Molecular Species 
of Glycerophosphatides 

The molecular species of the phosphatides 
were resolved in the form of their diglyceride 
acetates following digestion with phospholipase 
C alone (lecithins) or with phospholipase C plus 
sphingomyelin (cephalins)and acetylation, as 
previously described (10,11). Diglyceride ace- 
tates of uniform degree of unsaturation were 

isolated by silver ion TLC, and the diglyceride 
classes were resolved on the basis of molecular 
weight by gas chromatography (I 0). 

Determination of Specific Radioactivity 

For this purpose the diglyceride acetates of 
uniform degree of unsaturation were examined 
further in a radio gas chromatograph equipped 
with a device for a continuous monitoring of 
radioactivity in the effluent stream of the 
column. The gas chromatograph was a modified 
Barber-Colman 5000 Series instrument. The 
working conditions were as described for 
studies on intact 14C-Iabeled triglycerides (12). 
Both mass and radioactivity were measured 
quantitatively in relation to radioactive triocta- 
noin used as internal standard. The specific 
activities (dpm/pM) of the individual molecular 
species were calculated from the proportions of 
the mass and radioactivities as determined in 
the radio gas chromatograph after correction 
for the split ratio between the hydrogen flame 
and the radioactivity detectors. Alternatively, 
the specific activity of known weights of puri- 
fied diglyceride acetates was obtained by 
counting in the scintillation spectrometer 
(Nuclear Chicago Corporation, 720 Series). The 
values obtained in this manner were in good 
agreement (-+ 10%) with those obtained using 
radioactive trioctanoin and radio gas chromato- 
graphy as outlined previously (12). The counts 
were corrected to 100% efficiency by the 
channel ratio method. The weights of the puri- 
fied diglycerides were obtained by gas chro- 
matography in the presence of internal standard 
(10). 

RESULTS 

It was found necessary to inject intra- 
venously about 10 pc of each fatty acid to 
obtain sufficient radioactivity in the liver lipids 
for a separate radio gas chromatographic 
assessment of the palmitoyl and stearoyl species 
of the glycerophosphatides. Judging from the 
recovery of counts after injection of equal 
doses of labeled material, the arachidonic acid 
was taken up by the liver about two times as 
readily as the linoIeic acid. Furthermore, the 
bulk of the arachidonate appeared in the glycer- 
ophosphatides at all times of sampling, while 
the linoleate was incorporated initially to a 
greater extent in the triglycerides. The dif- 
ferences in the total uptake and distribution of 
these unsaturated acids in the rat liver lipids are 
shown in Table I. At 30 min approximately 
60% of the counts from linoleate were localized 
in the neutral lipid fraction and 40% in the 
phospholipid fraction. By 120 min, the bulk of 
the activity (70%) was found in the phospho- 
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D I F F E R E N T I A L  T U R N O V E R  O F  P H O S P H A T I D E S  

T A B L E  I 

I n c o r p o r a t i o n  o f  1 -14C-Lino le i c  a n d  1 - 1 4 C - A r a c h i d o n i c  Ac ids  In to  L ip id  Classes o f  R a t  Liver  a 
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1 - 1 4 C . L i n o l e a t  e 

30 Min 120  Min 

1 - 1 4 C - A r a c h i d o n a t e  

L ip id  
f r a c t i o n  E x p t .  1 E x p t .  2 E x p t .  1 E x p t .  2 5 Min 15 Min 30  Min 120  Min 

N e u t r a l  l ip id  60 .2  55 .6  27 .7  31 .9  35 .6  34 .5  23 .9  16.1  
P h o s p h o l i p i d  39 .8  4 4 . 4  72 .3  68.1 64 .4  65 .5  76.1 83 .9  
Ca rd io l i p in  0.5 0 .5  1.4 1.0 . . . . . . . . . . . .  
PE b 8.1 8.5 18.7  14 .0  10 .4  11 .0  12 .6  12 .6  
PC 29 .3  33.1  4 8 . 4  49 .1  4 9 . 0  4 9 . 3  57 .6  64 .0  
PS, PI,  Sph ,  LPC 1.9 2 .3  3 .8  4 .0  5 .0  5.2 5.9 7 .3  

aVa lues  given as per  cen t  o f  t o t a l  c o u n t s  i n c o r p o r a t e d .  To ta l  d i s i n t e g r a t i o n s  per  m i n u t e  i n c o r p o r a t e d  per  
liver at  the  v a r i o u s  t imes  r a n g e d  f r o m  2 . 0 7 - 3 . 2 1  x 106  ( l ino lea te )  a n d  3 . 7 6 - 5 . 9 9  x 106  ( a r a c h i d o n a t e ) ,  w h i c h  
r e p r e s e n t e d  9 . 3 - 1 4 . 5 %  a n d  1 6 . 9 - 2 7 . 0 %  o f  t he  a d m i n i s t e r e d  r a d i o a c t i v i t y ,  r e spec t i ve ly .  The  mass  p r o p o r t i o n s  o f  
v a r i o u s  l ip id  classes we re  o f  t h e  o r d e r  r e p o r t e d  p rev ious ly  (9 ,14 ) .  

b A b b r e v i a t i o n s :  PE, p h o s p h a t i d y l  e t h a n o l a m i n e ;  PC, p h o s p h a t i d y l  c h o l i n e ;  PS, p h o s p h a t i d y l  se r ine ;  PI 
p h o s p h a t i d y l  i nos i to l ;  Sph ,  s p h i n g o m y e l i n ;  LPC,  lyso  p h o s p h a t i d y l  cho l ine .  

lipids with the remaining 30% residing in the 
neutral lipids which is in general agreement 
with previous work (13). At all times, the phos- 
phatidyl  cholines contained about three fourths 
and the phosphatidyl  ethanolamines nearly one 
fourth of the counts in the total  phospholipid 
fraction. Phosphatidyl  serine, phosphatidyl  
inositol and sphingomyelin together with lyso- 
phosphatidyl  choline contained only minor 
amounts of the radioactive linoleate again in 
accordance with earlier work (14). The rapid 
and preferential incorporat ion of arachidonic 
acid into the phospholipids was apparent from 
the earliest samplings (5 min), and was in agree- 
ment with previous work with 14C-labeled 
arachidonate (15). At no time did the distribu- 
t ion of radioactivity from either acid approxi- 
mate the mass proport ions of the different 
phospholipid classes in the rat liver. 

The mass proport ions of the fat ty acids of 
the lecithins and cephalins agreed closely with 
those reported in the literature (2-4) and 
remained essentially unchanged during the 
experimental  period. Table II gives the mole- 
cular weight distribution of the diglyceride 
acetates derived from the purified liver phos- 
pholipids obtained from a series of animals. 
Only minor variations are seen in the pro- 
portions of the various molecular weight classes 
in each glycerophosphatide when the animals 
are maintained on the same diet. However, the 
liver lecithins differ greatly from the cephalins 
in the ranges of the molecular weights repre- 
sented. In comparison to the lecithins, the 
cephalins contain about one half the species 
with carbon number 36, two thirds those with 
38, three haives those with 40 and double the 
amount of species with carbon number 42, as 

also noted by Wood and Harlow (16). Unlike 
liver, the biliary lecithins contained mainly 
carbon numbers 36 and 38, which was antici- 
pated from the fat ty  acid analyses of Balint et 
al. (17). 

For  analysis of the specific activities of indi- 
vidual molecular species, the dienoic and 
tetraenoic diglyceride moieties of the glycero- 
phosphatides were isolated by silver ion TLC. 
These species represented over 70% and 90% of 
the radioactivity of labeled linoleate and arachi- 
donate,  respectively. The dienes represented 
28% and 70% of the mass of liver and bile 
lecithins. There were only small amounts of 
tetraenoic lecithins in bile. The mass of 
tetraenes represented 41% of the lecithins and 
51% of cephalins, which was in agreement with 

T A B L E  II 

C a r b o n  N u m b e r  D i s t r i b u t i o n  
o f  Ra t  Liver P h o s p h o l i p i d s  a 

P h o s p h o l i p i d s ,  mo le  % 
C a r b o n  

n u m b e r  b Liver PC c Liver  PE Bile PC 

34 0 .7  +-0.1 --- 1.2 
36  17 .9  -+ 1.6 8.7 4" 1.1 62 .6  
38 34 .7  --- 1.3 22 .5  ---0.8 2 9 . 6  
4 0  4 1 . 6  + 2 . 6  59 .6  + 2 . 2  6 .6  
4 2  5 .0  -1"0.4 9 .2  -1"0.8 --- 

a T h e  va lues  f o r  l iver PC are  m e a n s  +-- s t a n d a r d  
d e v i a t i o n  fo r  seven ra t s ,  t h o s e  f o r  liver PE are m e a n s  + 
s t a n d a r d  dev i a t i on  fo r  n ine  ra t s .  Va lues  fo r  bile PC are 
averages  o f  t w o  ra t s .  

b R e f e r s  to  d ig lyce r ide  a c e t a t e s  u sed  f o r  gas c h r o -  
m a t o g r a p h y  a n d  i n c l u d e s  the  n u m b e r  o f  acy l  c a r b o n  
a t o m s  in the  m o l e c u l e  p lus  2 ( a ce t a t e ) .  

CAbbrev ia t i ons :  PC, p h o s p h a t i d y l  c h o l i n e ;  PE, 
p h o s p h a t i d y l  e t h a n o l a m i n e .  
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TABLE III 

Specific Activity of Dienoic Glycerophosphatides of Rat Liver 
After Injection of 1-14C-Linoleic Acid a 

PC, dpm/#mole PE, dpm/#mole 

Minutes 34 b 36 b Total 34 36 Total 

Liver 
30 10,170 5,350 7,410 10,110 4,040 7,220 
30 7,870 3,450 5,510 9,890 3,910 7,050 

120 17,210 6,940 11,860 22,700 9,540 16,400 
120 16,820 7,410 11,790 21,700 7,430 14,980 

Bile 
120 20,390 15,810 19,970 

aTwo rats were used for each time interval. Each pair of glycerophosphatides was ob- 
tained from the same liver. 

bCarbon No. 34 and 36 designate the number of acyl carbons in the phosphatide molecle 
and are essentially palmitoylqinoleoyl and stearoyl-linoleoyl, respectively, containing trace 
amounts of other species (16:0, 20:2; 14:0, 22:2; etc.). The dienoic fractions isolated at 30 
and 120 min contained an average of 2.2% and 4.7% (PC) and 0.5% and 1.5% (PE), 
respectively, of the total administered radioactivity. 

earlier work (4,18). Complete accounts of the 
molecular species of rat liver lecithins (19)and 
cephalins (B.J. Holub and A. Kuksis, in pre- 
paration) have been presented elsewhere. Table 
III gives the specific activities of the isolated 
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FIG. 1.Radio gas chromatographic analysis of 

dienoic palmitoyl and stearoyl lecithins. Upper print: 
Mass analysis. Lower print: Radioactivity analysis. 
Peak 24 represents glycerol 1-14C-trioctanoate, inter- 
nal standard. Other peaks as explained in Table II. 

dienoic species derived from the liver glycero- 
phosphatides 30 and 120 min after injection of 
1-14C4inoleate. At 30 min, the dienoic 
lecithins and cephalins had approximately equal 
specific activities whereas at 120 min the spe- 
cific activity of the cephalins exceeded that of 
the lecithins in confirmation of the findings of 
Balint et al. (5). At 120 min, the specific 
activity of the dienoic lecithins of bile was 
nearly twice that of the liver lecithins. If 
allowance is made for the difference in the total 
r a d i o a c t i v i t i e s  administered, the specific 
activities for the bile lecithins are seen to be in 
the range reported by Balint et al. (5). 

The relative specific activity of the pal- 
mitoyl-linoleoyl and stearoyl-linoleoyl species 
was ascertained by means of radio gas chro- 
matography of the isolated dienoic diglyceride 
acetates. Figure 1 shows the mass (upper 
tracing) and radioactivity (lower tracing) 
obtained from such analyses on a sample of 
liver lecithin labeled with linoleate. It can be 
seen that much less activity was found in the 
stearoyl-linoleoyl pair than would have been 
expected from the relative masses of the 
palmitoyl and stearoyl species. This indicated 
that radioactive linoleate was incorporated pre- 
ferentially into the palmitoyl lecithins. Table 
III shows that in a series of experiments at 30 
and 120 min, the palmitoyl-linoleoyl species of 
the liver lecithins and cephalins consistently 
showed a specific activity two to three times 
that of the corresponding stearoyl-linoleoyl spe- 
cies. The palmitoyl linoleoyl lecithins of the bile 
showed a specific activity 1.3 times that of the 
stearoyl homologues, although these dienes were 
comprised largely of the palmitoyl linoleoyl pair. 
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FIG. 2. Radio gas chromatographic analysis of tetraenoic palnfitoyl and steazoyl lecithins. Left 

print: Mass analysis. Right print: RadioactiNty analysis. Peaks as explained in Table II. 

The  pur i f ied  d ienoic  and  t e t r aeno ic  digly- 
ceride ace ta t e s  were also sub jec ted  to t rans-  
m e t h y l a t i o n  and the  der ived fa t ty  acid m e t h y l  
esters e x a m i n e d  by  radio  gas c h r o m a t o g r a p h y .  
At  120 min ,  10-12% of the  rad ioac t iv i ty  
recovered  f r o m  1-14C-l inoleate  in the  i so la ted  
dienes  was f o u n d  in the  pa lmi t ic ,  and  a b o u t  1% 
in stearic,  w i th  the  r e m a i n d e r  in l inoleic  acid. 
The  da ta  in Table  III have been  co r rec ted  for  
this  by  sub t r ac t ion .  Unl ike  l inolea te ,  insignifi-  
cant  a m o u n t s  of 1 -14C-arach idona te  were 
ut i l ized for  f a t ty  acid synthes i s  at  these  t imes ,  
and  no  co r rec t ions  were necessary.  

Table  IV shows t ha t  at  all t imes  s tudied ,  the  
specif ic  act ivi ty  of  the  t o t a l  a r a c h i d o n o y l  
lec i th ins  was a p p r o x i m a t e l y  twice  t h a t  of  the  
co r re spond ing  cephal ins  in ag reemen t  w i t h  the  
in vi t ro  s tudies  of Possmayer  et  al. (20) ,  w ho  
f o u n d  t r i t i a t ed  a rach idon ic  acid to  be prefer-  
ent ia l ly  i n c o r p o r a t e d  in to  leci th in .  Figure 2 
shows the  mass  ( left  t rac ing)  and  rad ioac t iv i ty  
(r ight  t rac ing)  of  a t e t r aeno ic  lec i th in  f r ac t ion  
labeled w i th  a r ach idona te .  Con t r a ry  to  the  

obse rva t ions  w i th  l inolea te ,  s ignif icant  ac t iv i ty  
was f o u n d  also in the  s tearoyl  species,  and  t he  
relat ive specific act ivi t ies  of t he  pa lmi toy l  and  
s tearoyl  a r ach idona te s  were a p p r o x i m a t e l y  
equal.  F r o m  Table  IV it can be  seen t h a t  the  
rad ioac t iv i t ies  of  the  t e t r aeno ic  pa lmi toy l  and  
s tearoyl  lec i th ins  a p p r o x i m a t e d  the i r  mass dis- 
t r ibu t ions .  Of t he  t e t r a e n o i c  cephal ins ,  t he  
pa lmi toy t  species cons i s ten t ly  s h o w e d  a specif ic  
aci t ivi ty  some two to  th ree  t imes  t h a t  of  the  
co r re spond ing  s tearoyl  species. 

D I S C U S S I O N  

At  least th ree  d i f fe ren t  pa thways  are 
t h o u g h t  to  be o f  i m p o r t a n c e  for  the  incorpora -  
t ion  of  long chain  f a t t y  acids in to  liver phospho -  
lipids. One of  these  involves de novo  synthes i s  
via phospha t i d i c  acid (21) ,  a n o t h e r  a s tepwise  
m e t h y l a t i o n  of  p h o s p h a t i d y l  e t h a n o l a m i n e  to  
p h o s p h a t i d y l  chol ine  (22) .  A th i rd  p a t h w a y  
depends  on  the  acy la t ion  of  lysophosphog ly -  
cerides (23) .  Recen t  s tudies  in vivo (3-5)  have 

TABLE IV 

Specific Activity of Tetraenoic Glycerophosphatides of Rat Liver 
After Injection of 1-14C-Arachidonic Acid a 

PC, dpm/#mole PE, dpm#tmole 

Minutes 36 b 38 b Total 36 38 Total 

5 9,150 10,100 9,730 9,230 2,700 4,260 
15 9,000 10,950 10,200 9,880 4,200 5,750 
30 16,050 15,020 15,410 16,780 5,450 8,150 

120 24,340 19,120 21,470 16,980 9,070 11,340 

aEach pair of glycerophosphatides was obtained from the same liver. The ratio of the 
specific activities of total PC/PE at 5, 15, 30 and 120 min were 2.28, 1.77, 1.89 and 1.89, 
respectively. 

bCarbon numbers designated as in footnote to Table III. Carbon No. 36 and 38 are es- 
sentially palmitoyl-arachidonoyl and stearoyl-arachidonoyl, respectively, containing trace 
amounts of other species. The tetraenoic fractions isolated at 5, 15, 30, and 120 minutes 
contained 8.3%, 10.1%, 14.6% and 17.3% (PC) and 1.8%, 2.3%, 3.2% and 3.4% (PE), 
respectively, of the total administered radioactivity. 
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suggested that the metabolic processes involved 
in the biosynthesis of the individual molecular 
species of the glycerophosphatides are deter- 
mined both by their degree of unsaturation and 
also by the chain length of the saturated acid 
which they contain. On the basis of in vitro 
studies (18,24) it has been claimed that  the 
phosphatidic acid pathway is highly operative 
in the formation of the monoenoic and dienoic 
species of phosphatidyl  choline and phospha- 
t idyl ethanolamine, whereas the more polyun- 
saturated molecules arise mainly via acylation 
of endogenous lysophosphatides. The quantita- 
tive importance of these pathways in vivo, how- 
ever, has not been appraised. 

Previous observations on the labeling of leci- 
thins using 1,2-14C-choline (2) and p32 (3) 
showed the palmitoyl  l inoleoyl species to have 
an average specific activity ten times that of the 
stearoyl l inoleoyl species. Since a ratio of spe- 
cific activities of 2.5 and not 10 was noted in 
this study, it would appear that the two species 
were not formed exclusively via de novo 
synthesis. If both  species were formed via acyl 
transfer, a ratio of 0.6 would have been 
expected for their specific activities. Such a 
prediction can be made since the 1 posit ion of 
our lecithin preparation contained equimolar 
concentrations of palmitate and stearate as did 
the endogenous lysolecithins of rat liver (25). 
From the nearly equal acyltransferase activities 
given by Brandt and Lands (26) for the 1-pal- 
mitoyl  and 1-stearoyl lysolecithins and the 
knowledge of the relative concentration of the 
two linoleoyl species in liver lecithin, we would 
expect the palmitoyl  l inoleoyl species to have a 
specific activity 0.6 times that of  the stearoyl 
homologue. The experimental value of 2.5 sug- 
gests that the two linoleoyl species are also not 
being formed equally by acyl transfer. Other 
investigators (27) have suggested that rat liver 
lecithins containing palmitic and linoleic acids 
are formed mainly via CDP-diglyceride. This is 
in apparent agreement with the work of Tre- 
whella and Collins (3) who showed the pal- 
mitoyl  l inoleoyl lecithin to have the highest 
specific activity of all liver lecithins after 
administration of p32. Furthermore,  the studies 
of  Akesson (28) showed the dienoic diglycer- 
ides of rat liver to be essentially of the pal- 
mitoyl  l inoleoyl type. These results suggest that 
the palmitoyl  linoleoyl lecithin was derived via 
de novo synthesis. If the stearoyl l inoleoyl 
homologue in our study were also being made 
exclusively de novo, it should have reached a 
specific activity only 10% that of the palmitoyl  
species. The fact that its specific activity was 
40% that of the palmitoyl species suggests that 
some 75% (40-10/40 x 100) of the stearoyl 

homologue could have been formed via acyl 
transfer. Although methylat ion of phosphat idyl  
ethanolamine is of significance in the liver (22) 
it appears to be more active for the hexaenoic 
species (4,29). 

Using p32 in vivo (3,4) and 14C-glycerol in 
vitro (18) and in vivo (30) several workers have 
found a relatively low incorporat ion of the 
label into the arachidonoyl lecithins, which sug- 
gests that the phosphatidic acid pathway makes 
only a minor contribution to the synthesis of 
these species. Using p32 (3) it has been found 
that the palmitoyl  arachidonoyl lecithins show 
a specific activity some 12 times greater than 
the corresponding stearoyl species. The latter 
findings are in contrast with our work with 
1-14C-arachidonic acid which gave a ratio of 
1 : t  for the specific activities of the palmitoyl  
and the stearoyl species. This indicates that  the 
arachidonic and the phosphoric acids do not 
enter the lecithin molecules at the same rate or 
by the same pathway. In accordance with our 
findings in vivo, Possmayer et al. (20) have 
demonstrated that arachidonic acid is much 
more readily introduced into the lecithin than 
into the phosphatidic acid by rat liver micro- 
somes. If both  arachidonoyl lecithins had arisen 
via acyl transfer a ratio of t.35 of palmitoyl  
over stearoyl arachidonates would have been 
expected, as compared to the experimentally 
determined values of 0.82-1.27. The present 
results therefore suggest (31) that 1-stearoyl 
2-arachidonoyl lecithin, and perhaps to a lesser 
extent  the palmitoyl  homologue were formed 
mainly via transfer of arachidonic acid to endo- 
genous lysolecithin as claimed previously from 
in vitro studies (32). 

It has also been speculated (27) that the 
arachidonoyl lecithins might be synthesized 
mainly by methylat ion of phosphatidyl  etha- 
nolamine. In apparent agreement with this con- 
cept is the finding from p32 studies (4) that  the 
a rach idonoyl  cephalins possess a specific 
activity considerably greater than the cor- 
responding lecithins. Since our studies with 
labeled acid gave arachidonoyl  lecithins with a 
specific activity twice that of  the corresponding 
cephalins, it would seem that arachidonic acid 
was not entering lecithin by methylat ion of 
cephalin as a major pathway. It is possible, 
however, that  some palmitoyl  arachidonoyl 
species could have been derived by preferential 
m e t h y l a t i o n  of appropriate phosphatidyl 
ethanolamines (2,33). 

In view of the sparsity of data available on 
the metabolism of the homologous phospha- 
t idyl ethanolamines with which to compare our 
results obtained with labeled acids, it was not 
possible to deduce the mechanism for incorpo- 
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ra t ion  o f  the  acids in to  the  cephal ins  in vivo. 
It  m u s t  be  p o in t ed  o u t  t h a t  our  da ta  for  

each t ime  per iod  is based  on  one  or two  an imals  
and  a very small  pe rcen tage  of  the  a d m i n i s t e r e d  
rad ioac t iv i ty .  The  reu t i l i za t ion  of ace ta te ,  f r o m  
degrada t ion  of  the  labeled subs t r a t e ,  for  the  de 
novo  sy n th e s i s  and  e longa t ion  o f  f a t ty  acids 
could  af fec t  the  da ta  and  the  conc lus ions  
d rawn.  

The  di f ferent ia l  ra tes  of  i n c o r p o r a t i o n  of  the  
l i n o l e i c  and  a rach idon ic  acids in to  t he  
pa lmi toy l  and  s tea roy l  lec i th ins  and  cephal ins  
of  rat  fiver e m p h a s i z e  the  h e t e r o g e n e i t y  o f  t he  
m e t a b o l i s m  of  g l y c e r o p h o s p h a t i d e s ,  wh ich  had  
been previous ly  d e m o n s t r a t e d  by  m e a n s  o f  
labeled glycerol ,  p h o s p h a t e  and  t he  n i t r o g e n o u s  
bases.  It is h o p e d  tha t  in t he  f u t u r e  it will be 
possible  to in te r re la te  the  t u r n o v e r  of  specif ic  
par ts  o f  the  g l y c e r o p h o s p h a t i d e  mo lecu le s  to  
each  o th e r  and  to i m p o r t a n t  molecu la r  events  
in the  m e t a b o l i s m  of  the  cell and  t issue.  
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Incorporation of p32 Orthophosphate Into 
Phospholipid of Epiphyseal Cartilage 
ELI HAVIVI, Department of Nutrition, Hebrew University, 
Hadassah Medical School, Jerusalem, Israel 

ABSTRACT 

Injected p32 orthophosphate was 
found to be incorporated into phospho- 
lipids in the epiphyseal cartilage of young 
chicks. The phospholipid levels were 
found to be greater in the ossifying carti- 
lage and in new bone then in the resting 
cartilage. Phosphatidyl choline was the 
most heavily labeled lipid, reaching peak 
specific activity at 24-26 hr. The specific 
activity of phosphatidyl ethanolamine 
continued to increase for the 48 hr period 
of the experiment. Phosphatidyl serine 
and sphingomyeline were labeled to a 
lesser  extent; however phosphatidyl 
serine displayed the most rapid turnover 
of any of the phospholipid studied, 
attaining peak specific activity at 12-15 
hr. 

INTRODUCTION 

Protein and polysaccharide have for many 
years been recognized to be the major consti- 
tuent of the extracellular substances of epiphy- 
seal cartilage. This has been shown, in recent 
works, to contain lipid too. Studies by Irving 
(1-4) and Melcher (5) have demonstrated the 

presence of lipid in epiphyseal cartilage at the 
site of active calcification where calcium was 
being laid down. The lipid stained with Sudan 
black B; Irving and Wuthier (6) suggested that it 
was phospholipid. Fels (7), Mikulecky and 
Tobias (8) and Irving and Wuthier (9) believed a 
binding of phospholipid occurred at these sites, 
in a protein-polysaccharide-phospholipid com- 
plex which was the active compound involved 
in bone calcification. 

In an effort to define further the role of 
lipids, particularly phospholipids, in calcifica- 
tion, we studied phospholipid synthesis in 
rapidly calcifying epiphyseal cartilage from 
young chicks, in vivo. 

EXPERIMENTAL PROCEDURE 

White Leghorn chicks, l 0-15 days old, were 
injected with 300/~c p32 orthophosphate/100 g 
body weight, p32 orthophosphate was obtained 
from New England Nuclear, Boston, Mass. 
Groups of six birds were decapitated every 4 hr 
over 48 hr, but over the period of the peak 
p h o s p h o r u s  incorpora t ion ,  the intervals 
between samples were shorter. 

Four to 10 rain after death the proximal 
tibial epiphyses were removed from their shafts 
and cleaned of all soft tissues. They were then 
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FIG. 1. Incorporation of p32 orthophosphate into 
phosphatidyl choline of epiphyseal cartilage. Three 
groups of six animals were injected p32 orthophos- 
phate, each animal received 300 ~c/100 g body 
weight, after time periods indicated, radioactivity of 
tibial epiphyseal cartilage was measured. Legend: 

resting cartilage, - . . . .  new bone, 
ossifying cartilage. 
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FIG. 2. Incorporation of p32 orthophosphate into 
phosphatidyl-ethanolamine of epiphyseal cartilage. 
Three groups of six animals were injected p32 ortho- 
phosphate, each animal received 300 /~c/100 g body 
weight, after time period indicated, radioactivity of 
tibial epiphyseal cartilage was measured. Legend: 

resting cartilage, - ' - ' -  new bone, - -  - 
ossifying cartilage. 
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TABLE I 

Components of Chick Epiphyseal Cartilage a 

315 

Tissue weight, mg 
Dry tissue, % 

Total Phospho- 
Samples Wet Dry Ash lipids lipids 

Resting 595.8 - 7 2  b 134.1 - 11.30 2.76 -t-0.51 2.77 +--0.30 0.85 -+0.13 
cartilage 

Ossifying 270.3 +-45 49.2 -+ 6.50 1.62 +0.17 4.62 -+0.73 2.32 -+0.43 
cartilage 

New bone 291.0 -+ 54 81.6 -+ 8.90 20.89 4- 1.90 4.82 +-- 0.49 2.77 -+ 0.51 

aSamples were cleaned, weighed and dried at 105 C for 24 hr. The inorganic content was determined by 
ashing at 550 C for 24 hr. Values expressed as means of six groups each consisting of six animals. 

bS.D. 

divided up  in to  res t ing carti lage,  ossifying carti- 
lage and  new bone .  Blood t races  were r e m o v e d  
b y  washing the  slices w i th  cold saline. The  
samples  were h o m o g e n i z e d  w i th  a "Vi r t i s  4 5 "  
at  4 C for 3 rain.  

The  to ta l  t ipids were e x t r a c t e d  th ree  t imes  
by  the  Fo lch  (10)  p rocedure .  The  t issues were 
t h e n  decalcif ied w i th  0.5 M EDTA for 48 hr ,  
dialyzed and  lyophi l ized .  Then  the  lipid 
e x t r a c t i o n  was r epea t ed  a n o t h e r  t h r ee  t imes  by  
the  same m e t h o d ,  and  the  t issue f inal ly  
ex t r ac t ed  w i th  sl ightly acid m e t hano l - ch l o r o -  
fo rm (11) ;  the  acidic ex t r ac t  was neut ra l ized .  
The  ex t rac t  con ta in ing  the  l ipids was evapo-  
ra ted  to d ryness  u n d e r  a r educed  pressure and  
pur i f ied  using a sephadex  c o l u m n  (12) .  The  
t o t a l  l ipids were d e t e r m i n e d  gravimetr ical ly .  
The  phospho l ip ids  were separa ted  on  silicic acid 
co lumns ,  neu t ra l  l ipid be ing  e lu ted  w i th  chloro-  
fo rm and  phospho l ip ids  w i t h  m e t h a n o l .  

I den t i f i ca t ion  and  sepa ra t ion  was carr ied ou t  
by  two-d imens iona l  c h r o m a t o g r a p h y  o n  silica 
gel loaded  pape r  (11).  The  var ious  l ipids were 

i~ 2'4 ~'2 ~0 78  
Time after injection, hr 

FIG. 3. Incorporation of p32 orthophosphate into 
sphingomyelin. Three groups of six animals were 
injected p32 orthophosphate 300 #c/100g body 
weight, for varying time periods. New bone was the 
most heavily labeled at all time period reach a peak at 
22 hr. Legend: -- resting cartilage, - . . . .  new 
bone, - - - ossifying cartilage. 

de t ec t ed  on  c h r o m a t o g r a m s  by  s ta in ing t he  
dried papers  w i th  0 .001% aqueous  so lu t ion  
r h o d a m i n e  6G and  viewing u n d e r  UV light 
( 3 6 6 0  A). A u t o r a d i o g r a m s  were deve loped  on  
" G e v a e r t  Osray M. Blue base"  film. The  radio- 
active areas were cut  ou t ,  and  e lu ted  w i t h  
m e t h a n o l  and dissolved in 10 ml  of  coun t ing  
so lu t ion  (0.4% PPO; 0 .005% POPOP per l i ter  
to luene) .  The  recovery  of  the  rad ioac t iv i ty  
f r o m  the  c h r o m a t o g r a m s  was 78-90%, No resi- 
dual  organic  p h o s p h o r u s  could have b e e n  
de t ec t ed  fo l lowing ashing of  t he  c h r o m a t o -  
grams af te r  the  e lu t ion .  The  samples  were 
c o u n t e d  in a Packard  Tri Carb Liquid  scinti l la-  
t i on  s p e c t r o m e t e r  (Model  3380) .  The  degree of  
q u e n c h i n g  was e s t ima ted  by  the  Channe l  rat io  
m e t h o d  and  the  da ta  su i tab ly  cor rec ted .  Spe- 
cific act ivi ty was expressed  in t e rms  of  d p m / m g  
phospho l ip id .  The  phospho l ip ids  were assayed 
b y  measur ing  the i r  p h o s p h o r u s  c o n t e n t  (13) .  

R E S U L T S  

In Table  I the  values of  wet  and  dry weight  
and  ash of  ep iphysea l  cart i lage are given. Mois- 
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FIG. 4. Incorporation of p32 orthophosphate into 
phosphatidyl-serine. Three groups of six animals were 
injected p32 orthophosphate 300 #c/100g body 
weight, for varying time periods. Ossifying cartilage 
and new bone reach a peak after 15 hr. Legend: 
- -  resting cartilage, - . . . .  new bone, - - - 
ossifying cartilage. 
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TABLE I1 

Phospholipid Composit ion of Epiphyseal Cartilage a 

Total lipids pb. % 

Cartilage 

Phospholipid Resting Ossifying New bone 

Sphingomyelin 6.4 4- 0.07 c 6.18 4- 0 . l  7 5.3 4- 0.30 
Phosphatidylcholine d 61.2 -+0.71 53.8 -+0.36 4 6 . 8 - 1 . 0 0  
Phosphat idyle thanolamine d 14.7 -+0.28 23.2 "t-0.52 24.1 -+0.52 
Phosphatidyl  serine d 5.4 4- 0.21 4.5 -+ 0.01 5.2 + 0.23 
Phosphatidyl  inositol  4.4 4-0.21 3.8 -+0.13 3.2 +0 .18  
Phosphatidic acid 0.9 + 0.02 3.4 -+ 0.09 0.9 __. 0.04 
Total P#g  153-340 520-900 740-1100 

aThe various phospholipid classes were separated on silica gel loaded paper; 5-10 gg 
lipid phosphorus was used per chromatogram. The chromatograms were developed by 
ascending chromatography in the first direction using chloroform-methanol-2,6 dimethyl  4 
heptanone-acetie acid-water (45 :15 :30 :20 :4 ,  v/v) and allowed to dry. In the second direc- 
t ion they were develolSed with chloroform-methanol-2,6,  d imethyl  4 heptanone-pyridine-0.5 
M pH 10.4 ammonium chloride buffer (30 :25 :25 :35 :8 ,  v/v). 

bpercentage of the total  lipid P was obtained from the silica gel-loaded paper chromato- 
gram. The recovery of P was 91-96%. 

CMean of 46-50 samples _4- SEM. 

dThese phospholipids included the lysophospholipids.  

ture content of cartilage was 7%80%. Ash con- 
tent of cartilage was about 2-3% that of new 
bone, 21%. The total  lipids extracted from 
various epiphyseal zones are shown in Table I. 
As will be seen, the lipid content of the carti- 
lage increased as mineralization progressed. The 
total  lipid content was greatest in the ossifying 
cartilage and in the new bone. The highest 
phospholipid level was found in new bone. 

Table II shows the phospholipid composi- 
t ion of  the epiphyseal cartilage. A large amount  
of phosphatidyl  choline was found in all zones. 
In the ossifying cartilage, phosphatidyl  ethanol- 
amine was present in a higher proport ion than 
in the resting cartilage. 

Figures 1, 2, 3 and 4 present the incorpora- 
tion of injected pa2 orthophosphate into phos- 
pholipid. As can be seen, the radioactivity of all 
phospholipids increased with time and reached 
a peak value between 15 and 36 hr. An 
e x c e p t i o n  was phosphatidyl  ethanolamine 
which increased in the ossifying and new bone 
until the end of the experiment at 48 hr. 
Resting cartilage showed consistently lower 
labeling than the other zone. 

Phosphatidyl choline was the most heavily 
labeled phospholipid. At the peak point 50-60% 
of the total p32 orthophosphate incorporated 
was present in phosphatidyl  choline (Fig. 1). 

Phosphatidyl ethanolamine contained 
40-50% of the p32 orthophosphate  incorpo- 
rated at 48 hr, the other phospholipids 
decreasing in p32 label at this time (Fig. 2). 

Sphingomyelin (Fig. 3) reached a peak 

between 21-23 hr. A small amount  of phospha- 
t idyl  serine was detected on the chromatogram 
(Table I1). Its maximum specific activity was 
found at 12-15 hr, the earliest peak of any of 
the phospholipids studied (Fig. 4). Three 
a d d i t i o n a l  radioactive phospholipids were 
detected on the chromatograms. One gave a 
positive inositol test with ammoniacal silver 
nitrate. The second was phosphatidic acid and 
the third diphosphatidyl  glycerol. In these phos- 
pholipids the amount of p32 orthophosphate 
incorporated was low. 

DISCUSSION 

These studies revealed that injected radio- 
active phosphate is readily incorporated into 
chick epiphyseal phospholipids, confirming 
earlier in vitro studies with other precursors that 
o s s i f y i n g  tissues have active metabolism 
(14-19). The major route for the biosynthesis 
of phosphatidyl  choline has been shown to 
occur via the diglyceride-CDP-choline pathway 
in most mammalian tissue studied (20) and also 
in bones and bone cell cultures (19). Ortho- 
phosphate contributes to the labeling of phos- 
phat idyl  choline through CDP-choline and to 
phosphatidyl  ethanolamine through CDP-etha- 
nolamine, whereas the phosphatidyl  inositol 
may be labeled via glycerol phosphate through 
the reaction of CDP diglyceride + inositol (20). 
Dirksen et al. reported that sphingomyelin and 
phosphatidyl  serine were not labeled in calvaria 
bone incubated with p32 orthophosphate  but 
were incorporated after 4 hr incubation in a 
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m e d i u m  conta ining C 14 serine. 
It is k n o w n  (21) tha t  there  are metabol ic  

d i f ferences  be tw een  the zones of  epiphyseal  
cartilage and the  newly fo rmed  bone.  The levels 
of phosphol ip id  in the  ossifying region and in 
the  new bone  were f o u n d  to  be more  or less 
equal.  Because of  the high specific activity of  
the phospho l ip id  in these two  zones and the 
close relat ionship be tween  the  ext rac tabi l i ty  of  
the  acidic phosphol ip ids  and the  level o f  
mineral  a direct  in te rac t ion  b e t w e e n  these  lipids 
and bone  minerals has been  suggested (22-25).  
Having found  phosphol ip ids  at the site o f  calci- 
f ica t ion the  ques t ion  arises as to whe the r  acidic 
l ipids are direct ly involved in the  calcif icat ion 
process  (9). The possibil i ty exists tha t  phospho-  
lipids may be uti l ized or b o u n d  during calcifica- 
t ion.  This fits in wi th  similar f indings on bovine 
fetal cartilage by Wuthier and Irving et al. (9,22),  
who  showed tha t  ossifying cartilage is far r icher  
in phospho l ip id  than  are the  adjacent  zones.  

The high level of  incorpora t ion  of  p32 
o r t h o p h o s p h a t e  in to  ossifying cartilage and new 
bone  permi t  several suggestions as to  how phos-  
phol ipids  are involved in bone  fo rmat ion .  
Termine  et ai. (26) suggest tha t  a complex  of  
p r o t e i n - p o l y s a c c h a r i d e  phosphol ip ids  and 
amorphous  calcium phospha t e  may  be fo rmed  
during calcification.  Phosphol ip ids  may serve as 
agents for cat ion t ransfer  (e.g. for Ca ++ ) to the 
calcifying areas (9,22).  The wel l -known aff ini ty  
of  phosphol ip ids  for calcium and their  abili ty 
to  fo rm membrane- l ike  s t ructures  have been  
emphas ized  by J o h n s o n  (27). 

The increase of  phosphol ip id  synthesis  in the 
ossifying cartilage and in new bone  strongly 
suppor t s  the  first two  theor ies  on the relat ion- 
ship be tween  phospho l ip id  and bone  format ion .  
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Distribution and Metabolism of Two Orally Administered 
Esters of Tocopherol 1 
HUGO E. GALLO-TORRES 2, O. SEAL MILLER, JAMES G. HAMILTON and CAROL TRATNYEK, 
Department of Biochemical Nutrition, Hoffman-La Roche Inc., Nutley, New Jersey 07110 

ABSTRACT 

A comparison of the distribution of 
total radioactivity in rat tissue lipids after 
t h e  o r a l  a d m i n i s t r a t i o n  o f  
d,l-3,4-3H2-~-tocopheryl nicotinate and 
d, 1-c~-tocopheryl- l ' ,2 ' -3H2-acetate in 
equimolar concentrations has demon- 
strated that there is considerable variation 
in the concentration of vitamin E in 
organs at different times after dosing. A 
higher total radioactivity was found in 
the tissues of animals receiving a-toco- 
pheryl nicotinate than after a-tocopheryl 
acetate 12 hr after feeding with an 
emulsion, but not at most other time 
intervals studied. These findings indicate 
that the tissue uptake of vitamin E after 
oral dosage with nicotinate ester is, per- 
haps, poorer than that occurring after 
feeding with tocopheryl acetate, or that 
a-tocopheryl nicotinate has a faster turn- 
over than the acetate ester. Although 
total radioactivity in the blood and liver 
of those animals dosed with a-tocopheryl 
acetate varied slightly with time, there 
was a high peak of radioactivity at 12 hr 
after dosage with nicotinate ester. In both 
groups of rats, the adrenals, ovaries, adi- 
pose tissue and heart appeared to extract 
vitamin E from the blood for a period of 
up to 48 hr postabsorptively. Metabolic 
products of tocopherol detected by glass- 
fiber paper chromatography were found 
in both instances. This analysis revealed 
that, when orally administered, both ct- 
tocopheryl nicotinate and a-tocopheryl 
acetate are extensively metabolized by 
the tissues of the rat. The metabolite 
most abundantly occurring under these 
conditions was a-tocopheryl quinone. In 
the adrenal glands, however, the most 
highly labeled compound was unesterified 
tocopherol, which increased with time 
and comprised up to 90% of the chro- 
matographed radioactivity. From the data 

1 Presented at the Federation of American Societies 
of Experimental Biology and Medicine Meeting, 
Atlantic City, April 1970. 

2present address: Department of Vitamin and 
Nutritional Research F. Hoffman-La Roche & Co., 
4002 Basle, Switzerland. 

obtained, it can be assumed that the 
adrenal tissue plays a definite role in the 
metabolism of vitamin E. 

INTRODUCTION 

Evidence has recently been presented (I ,2)  
indicating that a higher concentration of toco- 
pherol appears in the lymph when a-tocopheryl 
nicotinate is administered to rats with a 
thoracic duct fistula than when a-tocopheryl 
acetate is given. This difference in absorption 
and lymphatic transport could result in higher 
tissue concentrations of vitamin E following 
oral dosage with the nicotinate ester. Because it 
is possible that some of the suspected biological 
activities of vitamin E (such as its possible 
"anti-inflammatory action") can take place 
only when the vitamin is present in adequately 
high concentrations at its site of action (target 
tissue), we have engaged in the search of 
vitamin E derivatives capable of producing high 
tissue concentrations of this vitamin. 

The object of the present investigation was 
to determine the organ distribution, storage and 
metabolism of orally administered a-tocopheryl 
nicotinate, and to correlate these findings with 
those obtained after the administration of c~- 
tocopheryl acetate. The latter was selected for 
comparison purposes because it constitutes the 
most widely used form of vitamin E in animals 
and humans. 

EXPERIMENTAL PROCEDURES 

Female albino rats (CD Charles River 
Breeding Labs., North Wilmington, Mass.), 
weighing between 230 and 250 g, were main- 
tained on a diet of laboratory Purina chow and 
water, ad lib. The animals were fasted overnight 
before administration by stomach tubes of an 
emulsion containing labeled vitamin E ester. 
The emulsion (4 ml) was of the same composi- 
tion as that utilized in studies of cholesterol 
absorption and has been described in detail 
elsewhere (3). Ethanolic solutions containing 
2.3 mg of d,l-a-tocopheryl nicotinate mixed 
with 50 LtC of d,l-3,43H2-a-tocopheryl nico- 
tinate were added to the emulsion and adminis- 
tered to a group of rats. Another group of 
animals received the same emulsion in which 
had been dissolved ethanolic solutions of 2 mg 
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of d,l-~-tocopheryl acetate and 50 /~C of 
d, l -~-tocopheryl- l ' ,2 ' -3H2-acetate .  In both 
instances the test emulsion was given with the 
aid of a steel oral cannula to unanesthesized 
animals. The rats were subsequently confined 
to restraining cages to prevent coprophagy, and 
were allowed to drink .85% saline ad lib. during 
the entire duration of the experiment. Both the 
radioactive substances and the vitamin E carrier 
esters were products synthesized at Roche 
Laboratories. When checked for purity by 
either thin layer silicic acid or glass-fiber paper 
c h r o m a t o g r a p h y  using liquid scintillation 
counting (1-3), the radioactive substances were 
found to be > 99% pure; these compounds 
were, tl~erefore, used without further purifica- 
tion. 

Collection of Samples 

The animals were subdivided into groups of 
two, taken out of the restraining cages, anesthe- 
s ized w i t h  Penthrane  (Methoxyfluorane, 
Abbott  Laboratory, North Chicago, Ill.) and 
killed 3, 6, 12, 24 or 48 hr after administration 
of the emulsion. As much blood as possible was 
taken from the abdominal aorta. The samples 
of blood were collected with heparinized tubes. 
A sample of skeletal muscle was taken from 
both thighs and adipose tissue was removed 
from the latus and epididimal fat pads. The 
visceral organs were removed immediately after 
taking the blood sample, rinsed two or three 
times with distilled water, weighed and kept 
frozen until  further processing. 

Tissue Lipid Extraction and 
Radioactive Measurements 

Samples of total blood were extracted and 
p r o c e s s e d  as descr ibed  for cholesterol 
absorption studies (3). The extracting solvents 
were purified as reported previously (3). The 
heart, skeletal muscle, liver and kidney were 
homogenized with a minimum amount of water 
in a drill press (Sears, Roebuck and Co.) at 
1000 rpm. After complete homogenization was 
achieved, the organs were lyophilized in a Virtis 
Freeze-Drying Unit and the lipids were subse- 
quently extracted with varying amounts of 
ethanol-isopropyl ether (2:1). 

The spleen, adrenals, ovaries and adipose 
t i s sue  were homogenized vigorously and 
extracted simultaneously with ethanol-iso- 
propyl ether, using ~0 ml extracting solvent per 
g of wet tissue. 

After extraction, the samples were centri- 
fuged at 2000 rpm, the supernatant phase 
removed, evaporated to dryness under N2, and 
finally dissolved in 0.4 to 4 ml volumes of 
extracting mixture. To measure total radio- 

activity, one aliquot was applied to a small 
piece of glass-fiber paper and allowed to dry. 
The radioactivity was then counted. Another 
aliquot was utilized to separate the tocopherol 
and its metabolites from the lipids. This was 
done by glass-fiber paper chromatography 
(ITLC-SG, Gelman Instruments Co., Ann 
A r b o r ,  Mich.). Solvent systems recently 
developed for the separation of vitamin E meta- 
bolites in lymph (2) were used. In all instances, 
measurement of radioactivity was achieved by 
using a Packard Tri-Carb liquid scintillation 
Spectrometer, with Model 544 attachment (1). 
The results are thus reported in dpm/g wet 
tissue and there was no significant quenching 
by the samples used. 

RESULTS AND DISCUSSION 

Figure 1 illustrates the appearance of total 
radioactive vitamin E in the blood, liver, spleen 
~nd kidney of rats orally dosed with either 
a-tocopheryl nicotinate or ~-tocopheryl ace- 
tate. The uptake of radioactivity resulting from 
administered nicotinate ester was higher than 
that from acetate ester feeding only 12 hr after 
administration of the emulsion. At most other 
experimental periods a higher uptake of vitamin 
E after dosage with o~-tocopheryl acetate was 
observed than after (~-tocopheryl nicotinate. 
After dosage with ~-tocopheryl acetate the 
labeled vitamin E in the blood increased slightly 
with time. This concentration of radiovitamin E 
in the blood is the result of a balance between 
the rates of absorption from the gastrointestinal 
tract, release by the liver and the concomitant 
metabolism by peripheral tissues. 

Both a-tocopheryl nicotinate and c~-toco- 
pheryl acetate were readily converted in the 
studied animals to free tocopherol and its 
metabolites (see Table I). This conversion 
presumably started at the level of the intestinal 
mucosa (1,2). After dosage with either of the 
two tocopherol esters, most of the radioactivity 
was recovered as tocopheryl quinone. Under 
the present experimental conditions, there was 
a significantly higher concentration of free 
tocopherol in the blood after the administra- 
tion of vitamin E acetate than after nicotinate, 
thus indicating that dosage with ce-tocopheryl 
acetate is of greater effect than c~-tocopheryl 
nicotinate as regards c~-tocopherol in the blood. 
It is possible that these differences in concen- 
tration in the blood tocopherol of the two 
groups of animals may correlate with differ- 
ences in the biological activity of these two 
tocopherol esters. 

It was previously shown that independently 
of the nature of the administered tocopherol 
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FIG. 1. The appearance of  total  3H-radioactivity in the  blood, liver, spleen and kidneys of rats, 
after the  oral administrat ion of  d , l -3 ,4 -3H2~- tocophery l  nicotinate (x ...... x) or d , l~ - tocophe ry l - l ' , 2 ' -  
3H2-acetate ('* ") to normal  rats. Four  ml o f  an emulsion containing protein,  carbohydrate ,  
monoole in ,  saline and the radioactive vitamin E ester were given by s tomach tube. The animals were 
killed at specified t ime intervals and the  total  radioactivity in the organs was analyzed as described in 
the  text .  

ester, the bulk of the radioactivity appearing in 
the lymph of rats is associated with free toco- 
pherol (1,2). The present experiments show 
that, regardless of the ester of tocopherol given, 
most of the radioactivity recovered in the 
blood, liver and other organs, is associated with 
tocopheryl-p-quinone. The reason for the dif- 
ference in composition of vitamin E metabo- 
lites in the lymph and other tissues of rats on a 
normal diet is not yet clear. It may be pertinent 
to mention that although after dosage with 
tocopheryl nicotinate the lymph contained pre- 
dominantly free tocopherol, a small percentage 
of radioactivity appearing in the liver of these 
lymph-fistulated animals (2) was associated 
almost entirely with tocopheryl quinone. 

Only traces of the acetate ester, as such, 
appeared in the blood of animals dosed with 
a-tocopheryl acetate, although higher amounts 

of the nicotinate ester per se were detected 
when a-tocopheryl nicotinate was administered. 
These findings were expected in view of our 
recent reports (1,2) on the lymphatic appear- 
ance of these two compounds. A higher amount 
of the intragastrically administered nicotinate 
escaped hydrolysis than that of the acetate. 
These observed results may be related to dif- 
ferences in the specificity and site of action of 
the lipolytic pancreatic enzymes acting on these 
two substrates. Complete hydrolysis of a-toco- 
pheryl acetate would occur in the intestinal 
lumen prior to passage through the mucosal 
wall. Deesterification of ~-tocopheryl nico- 
tinate, on the other hand, may not be com- 
plete, thus allowing some of this ester to appear 
as such in the lymph and, subsequently, in the 
blood, liver and other tissues, as demonstrated 
in Table 1. 
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FIG. 2. The appeara.e~ce o f  total  3H-radioactivity in the adrenals, heart ,  ovaries and adipose tissue 
o f  normal  rats dosed orally with two esters o f  tocopherol .  Exper imental  procedure and other  
explanat ions as described in Figure 1. 

The above findings in the rat do not agree 
with the observations that, following its oral 
administration, a-tocopheryl nicotinate appears 
primarily as the fed ester in the blood and liver 
of vitamin E-deficient chickens (R. Bunnel, 
personal communication). At the moment,  
these findings are difficult to reconcile, 
although they may simply represent species dif- 
ferences in the intestinal absorption of the 
nicotinate ester. 

When the total radioactivity in the liver was 
analyzed, it was found that it contained the 
highest concentration of radiovitamin E in both 
groups of experimental animals. Although dif- 
ficult to eliminate in this type of experiment, 
contamination with blood probably played no 
significant role in producing the high concentra- 
tion of radioactivity found in the liver of these 
animals, because there were marked qualitative 
and quantitative differences between these two 
tissues during all experimental periods. The 
liver is, therefore, the main site of storage of 
vitamin E. Although radioactivity concen- 

tration, as assessed by dpm/g wet tissue, 
showed only small variations with time in the 
group of rats dosed with a-tocopheryl acetate, 
in animals dosed with ce-tocopheryl nicotinate a 
significant time course variation was observed, 
maximum storage occurring 12 hr after admin- 
istration of this ester, after which the concen- 
tration declined to the levels found in the early 
postabsorptive periods (Fig. i). These findings 
reflect differences in the rate of absorption of 
these two vitamin E esters and also point out 
the important role of the liver in the regulation 
of vitamin E dynamics of pool sizes. 

Analysis of the hepatic metabolites by glass- 
fiber paper chromatographic methods revealed 
that most of the radioactivity was as a-toco- 
pheryl quinone (4,5). It was found that (Table 
I) up to 84% of the chromatographed radio- 
activity in the animals given a-tocopheryl nico- 
tinate and up to 86% in those animals fed 
a-tocopheryl acetate was associated with the 
quinone. The observed high concentration of 
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tocopheryl quinone in the liver is at variance 
with the report of other investigators (6,7) who 
were unable to show a significant accumulation 
of the quinone in the livers of rats or chickens 
dosed with free 14C.a_tocopherol" 

The reasons for the above discrepancies are 
not clear, but it might be worth mentioning 
that the experimental conditions used by other 
investigators were very different from ours. We 
used normal rats and fed the tocopherol ester in 
a relatively large volume (4 ml) of an emulsion 
containing protein, carbohydrate and a mono- 
glyceride. Thus, the method of administration 
of the vitamin, whether in a free form or 
esterified, the vehicle (aqueous, emulsion), the 
size of the dosage, the species and nutritional 
status of the animal, etc., are all factors which 
have to be considered when trying to explain 
such discrepancies. In addition, differences in 
the technical procedure employed should also 
be considered, because a-tocopheryl quinone, a 
product of chromanol oxidation, can arise as an 
artifact during isolation procedures (8). This 
possibility was ruled out in the present experi- 
ments because the adrenal tissue showed low 
concentrations of tocopheryl quinone in the 
two groups of animals. Samples of tissue con- 
taining high amounts of lipids were treated with 
silicic acid, and after this procedure the content 
of a-tocopheryl quinone did not vary in the 
sample. Moreover, rats dosed intravenously 
with either nicotinate or acetate ester (Gallo- 
Torres and Miller, unpublished data) showed 
only a very minor conversion of the ester to 
quinone in their livers, although the analytical 
procedure utilized was the same as the one 
reported here. This rules out the possibility of 
the quinone being an artifact during extraction 
procedures. 

The rate of appearance of radioactivity in 
the spleen and kidney is also shown in Figure 1. 
Radiovitamin E increased steadily with time in 
the rats to which c~-tocopheryl acetate was 
given, but less markedly in those dosed with 
a-tocopheryl nicotinate. In the latter group a 
high peak of radioactivity was seen in both 
tissues at the above-mentioned 12 hr period. A 
study of the splenic metabolites revealed that 
only 12 hr after feeding there was a higher 
appearance of unesterified tocopherol in the 
animals receiving the nicotinate ester as judged 
by per cent of chromatographed radioactivity 
(Table I). The analysis of the metabolic 
products in the kidney revealed that tocopheryl 
quinone accounted for most of the chromato- 
graphed radioactivity. No qualitative dif- 
ferences were observed in the two groups of 
rats as regards renal metabolites. 

The data in Figure 2 depict the uptake of 
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FIG. 3. The appearance of total 3H-radioactivity in 
the skeletal muscle of normal rats dosed orally with 
two esters of tocopherol. Experimental procedure and 
other explanations as described in Figure 1. 

radioactivity by the adrenals, heart, ovaries and 
adipose tissue of animals dosed with either vita- 
min E nicotinate or acetate. When expressed in 
dpm/g wet tissue, the adrenal gland showed the 
greatest accumulation of radioactivity. A sig- 
nificant finding was the demonstration of a 
gradual and linear increase in the adrenal radio- 
activity when the animals received a-tocopheryl 
acetate, although the uptake in the animals 
dosed with c~-tocopheryl nicotinate was signifi- 
cantly lower. In both groups, however, an 
increasing ratio of adrenal-blood radioactivity 
was seen. Thus, 3, 6, 12, 24 and 48 hr after 
administration of the emulsion, the corre- 
sponding ratio was 3, 6, 12, 32 and 32. This 
increment with time in the adrenal-blood radio- 
activity ratio was observed in animals dosed 
with a-tocopheryl nicotinate as well as in those 
receiving a-tocopheryl acetate. These findings 
are in accord with the observation of Weber et 
al. (9) who showed that 24 hr after the oral 
administration of l-a- or d-c~-tocopherol to rats, 
the concentration of these two isomers in the 
adrenal gland was respectively 32 and 37 times 
higher than in the blood. 

Further indication of the important role 
played by the adrenal gland in the metabolism 
of vitamin E was obtained with the analysis of 
the  l a b e l e d  metabolites in that organ. 
Regardless of the ester fed, the most abundant 
compound appearing in the adrenal was free 
tocopherol which increased with time (Table I). 
Thus, in animals dosed respectively with vita- 
min E acetate or nicotinate, 3 hr after feeding 
75% and 67% of the chromatographed radio- 
activity from the samples was associated with 
unesterified tocopherol. This proportion of free 
tocopherol was even higher 48 hr post- 
prandially, when the corresponding fractions 
reached as much as 82% and 90%. None of the 
other tissues examined showed such a high con- 
centration of a-tocopherol. These results sug- 
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gest that the adrenal gland plays some as yet 
undefined role in the metabolism of vitamin E. 
More information is required on the effect of 
a-tocopherol on the adrenal function and its 
interrelationship with other vitamins (notably 
ascorbic acid, vitamin A and pyridoxine) sus- 
pected to have an effect on this organ. Thus, 
the demonstration that the adrenal gland also 
accumulates a considerable amount of vitamin 
C should be further evaluated in experiments in 
which vitamin E is concomitantly studied, since 
it has been demonstrated in vitro that ascorbic 
acid and tocopherol potentiate in their antioxi- 
dant effect (10). One of the actions of vitamin 
E is to limit lipid peroxidation. Therefore, a 
minimum of peroxidation of the adrenal lipids 
can be expected in cases when the concentra- 
tion of these two vitamins has reached an 
adequate level. This, however, remains to be 
properly documented. 

The rapidly metabolizing myocardial tissue 
showed an increasing uptake of radioactivity 
(Fig. 2) during the first 48 hr after feeding rats 
on a normal diet with a-tocopheryl acetate or 
a-tocopheryl nicotinate. Glass-fiber paper chro- 
matography of the heart lipids revealed a very 
high concentration of oxidation products which 
remained at the origin of the chromatograms 
and were more polar than tocopheryl quinone 
and a-tocopheryl nicotinate (Table I). The 
nature of these more polar vitamin E com- 
pounds remains to be clarified, and also whether 
their existence is related to the metabolic 
activity of the cardiac muscle. 

There was an increase with time in the radio- 
vitamin E in the ovaries of the two groups of 
animals. Up to 24 hr after dosage, the increase 
in uptake by ovarian tissue was far greater and 
more obvious in the nicotinate group than in 
the acetate group. However, at 48 hr the ace- 
tate group uptake surpassed that of the nico- 
t i n a t e  group. Most of the radioactivity 
recovered in this tissue was also associated with 
a-tocopheryl quinone. 

Figure 2 also shows that there was no signifi- 
cant difference in the uptake of total radioacti- 
vity by the adipose tissue after administration 
of either tocopherol ester. The uptake of radio- 
activities by adipocytes at 48 hr indicates the 
importance of this tissue in vitamin E storage. 
Assuming a normal distribution of fat, this 
could account for 30% of the body store. The 
observed parallelism after feeding with either 
tocopherol ester was no t  only quantitative but 
also qualitative, since most of the chromato- 
graphed radioactivity was associated with toco- 
pheryl quinone in both instances. Here, it is 
pertinent to mention that Weber and Wiss (11) 
reported that certain dietary polyunsaturated 

fatty acids produced a considerable increase of 
a-tocopheryl quinone in the depot of rats. In 
their studies, as well as in the present report, 
the level of unchanged a-tocopherol was found 
to be simultaneously decreased. 

As shown in Figure 3, there was an increase 
in radioactivity with time in animals dosed with 
either tocopheryl nicotinate or tocopheryl ace- 
tate. Twelve hours after dosage, the value for 
the group dosed with nicotinate was larger than 
that for the group dosed with acetate. However, 
at 48 hr the reverse was found. The relative 
proportion of vitamin E metabolites was dif- 
ferent in both groups of rats (Table I). Thus, in 
animals receiving vitamin E nicotinate, the 
tocopheryl quinone was about 34% of the chro- 
matographed radioactivity 3 hr postprandially, 
but at 48 hr it had increased to 79%. On the 
other hand, 3 hr after dosage with vitamin E 
acetate, tocopheryl quinone constituted 54% of 
the  chromatographed radioactivity which 
decreased to lower concentrations (28%). Con- 
comitantly, 48 hr after administration of a- 
tocopheryl acetate, most of the chromato- 
graphed radioactivity (66%) was associated with 
free tocopherol, but this was not the case when 
a-tocopheryl nicotinate was fed. These dis- 
similarities reflect a marked difference in the 
metabolism of the two compounds in muscular 
tissue. 

When the nicotinate ester was administered, 
a low, but definite, percentage of the chromato- 
graphed radioactivity found in the examined 
tissues was associated with a-tocopheryl nico- 
tinate, as such. In contrast, after administration 
of the acetate ester, only traces of a-tocopheryl 
acetate appeared in the tissues. In addition, 
regardless of the time interval studied, most of 
the tissues showed a significantly higher con- 
centration of polar compounds after dosage 
with a-tocopheryl acetate than with a-toco- 
p h e r y l  nicotinate. These findings clearly 
emphasize that these two esters of tocopherol 
are metabolized to a different extent by the 
tissues of the rat. 

Finally, chromatographed radioactivity cor- 
responding to tocopherol dimer was either low 
or absent in the present experiments. This is 
evident from Table I. Three hours post- 
absorptively, the dimer appeared to be, at the 
most, 7% of the chromatographed radioactivity 
in the blood of animals given vitamin E 
nicotinate. An even lower concentration of this 
metabolite was seen in the blood of rats admin- 
istered vitamin E acetate. The liver contained a 
smaller percentage of dimer than the blood at 
the corresponding observation periods. Some 
tissues contained only traces of it and others 
were virtually devoid of this metabolite. The 
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f inding of  variable concen t ra t ions  of  t o c o p h e r o l  
d imer  in the tissues of  the rat  is at variance wi th  
that  of  Strauch et al. (8) who were unable  to  
demons t r a t e  dimers  af ter  the  oral administra-  
t ion  of  ~ - tocophero l  to  rats. These di f ferences  
in f indings are, perhaps,  the result  o f  d i f ferent  
rates of  ox ida t ion  of vi tamin E in the  d i f fe rent  
t issues examined .  
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Characteristics of Fatty Acid Esterification by 
Homogenates of Bovine Mammary Tissue1,2 
E.W. ASKEW 3, R.S. EMERY and J.W. THOMAS, Department of Dairy, 
Michigan State University, East Lansing, Michigan 48823 

ABSTRACT 

F a t t y  acid es ter i fy ing  act iv i ty  of 
h o m o g e n a t e s  of  bov ine  m a m m a r y  t issue 
was associated wi th  the  par t i cu la te  frac- 
t ion  of  the  cell, was s t rongly  d e p e n d e n t  
u p o n  ATP, CoA, D,L-glycerol-3-phos-  
pha te ,  and  M g 2 +  and  was s t imu la t ed  by  
NaF,  d i t h i o t h r e i t o l  and  bov ine  se rum 
a lbumin .  The sys tem made  phospho l ip ids ,  
mono- ,  di- and  t r iglycer ides  bu t  did no t  
ester i fy b u t y r a t e .  The  inab i l i ty  to  f o r m  
grea ter  t h a n  58% tr iglycer ide suggested 
some fac tor (s )  was l imi t ing  the  acy la t ion  
of  di- to  t r iglyceride.  The resul ts  were 
cons i s t en t  wi th  glyceride synthes is  by  the  
a -g lyce rophospha t e  pa thway .  

INTRODUCTION 

Acce le ra ted  l ipid m e t a b o l i s m  at  pa r tu r i t i on ,  
synthes is  and  es te r i f ica t ion  of  shor t  cha in  f a t ty  

IThis work is part of a Ph.D. Thesis submitted by 
E.W. Askew to the Dairy Department and Institute of 
Nutrition, Michigan State University. 

2published with approval of the Director of the 
Michigan Agricultural Experiment Station as Journal 
Article No. 5101. 

3present Address: United States Army Medical 
Research and Nutrition Laboratory, Fitzsimons 
General Hospital, Denver, Colo. 80240. 
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FIG. 1. Relative esterification of palmitate at five 

concentrations of ATP in the incubation mixture. 
Palmitate esterification at 7.0 mM ATP is represented 
as 100% to allow comparison of esterification rates in 
two separate experiments conducted in the presence 
(broken fine) and absence (dark fine) of BSA and 
DTr.  Cofactor concentrations for the minus BSA + 
DTT incubations were as indicated in Table I. Co- 
factor concentrations for the plus BSA + DTT values 
were as above plus 5.0 mg BSA and 4.0 mM DTT. 

acids, and  the  synthes i s  of  a p r o d u c t  c o n t a i n i n g  
> 9 8 %  tr iglycer ides  make  the  m a m m a r y  gland 
an  ideal  t issue for  inves t iga t ing  the  regu la t ion  of  
glyceride synthes i s  (1).  F a t t y  acid es te r i f ica t ion  
by  m a m m a r y  tissue has been  s tud ied  wi th  cell 
free p repa ra t i ons  f rom rats  (2),  guinea  pigs 
(3-6)  and  goats  (7,8).  A l t h o u g h  glycer ide 
synthes is  has  b e e n  inves t iga ted  in bov ine  mam-  
mary  tissue slices (9)  and  dispersed cells (10-13)  
the  specific r e q u i r e m e n t s  for  glyceride synthes i s  
b y  the  bov ine  m a m m a r y  g land are n o t  k n o w n  
(1). 

These  s tudies  devise a m e t h o d  of  assaying 
glyceride synthes i s  (EC 6.2.1.3,  EC 2 .3 .1 .15,  
EC 3,1.3.4,  EC 2 .3 .1 .20)  in  h o m o g e n a t e s  of  
bov ine  m a m m a r y  gland and  par t ia l ly  charac te r -  
ize th is  fa t ty  acid es ter i f ica t ion .  

MATERIALS AND METHODS 
The p rocedures  used  were a m o d i f i c a t i o n  of  

those  given by  McBride and  Korn  (4).  Mam- 
mary  tissue f r o m  15 cows was used,  bu t  d i rec t  
t r e a t m e n t  compar i sons  were c o n d u c t e d  simul- 
t aneous ly  on  the  same t issue h o m o g e n a t e .  Most  
of  the  values r e p o r t e d  are averages of  dupl ica te  
i ncuba t ions .  M a m m a r y  t issue f rom lac ta t ing  
cows was r insed in ice cold  0.15 M KC1, b l o t t e d  
on  cheese c lo th  and  f rozen  i m m e d i a t e l y  on  dry  
ice. Thin  slices of  f rozen  t issue were d i s rup ted  
in 8 vol of  ice cold  0.15 M KC1 wi th  an  Omni-  
Mixer  ( 10 ,000  rev . /min ,  no  load)  for  30  sec and  
t h e n  h o m o g e n i z e d  in a glass Tef lon  h o m o -  
genizer  ( 1 0 0 0  rev . /min) .  The h o m o g e n a t e  was 
cen t r i fuged  800  x g for  10 rain  at  0 C and  the  

TABLE I 

In Vitro Assay System for 
Bovine Mammary Glyceride Synthesis a 

Component Concentration 

ATP 10.5 mM 
CoA 0.4 mM 
D,L-glycerol- 3-phosphate 20.0 mM 
HgCI 2 2.0 mM 
NaF 50.0 mM 
Dithiothreitol (DTT) 4.0 mM 
BSA 2.5 mg/ml 
(1-14C) palmitate 0.2 mM 
800 x g supernatant Variable 
Phosphate buffer (pH 7.5) 90.0 mM 

aReaction mixture was incubated at pH 7.2 in a 
2.0 ml volume at 37 C for 1 hr. 
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FIG. 2. Relative esterification of palmitate at six 
concentrations of CoA in the incubation mixture. 
Palmitate esterification at 0.4 mM CoA is represented 
at 100% to allow comparison of estefification rates in 
two separate experiments conducted in the presence 
(broken line) and absence (dark line) of BSA and 
DTT. Cofactor concentrations for the minus BSA + 
DTT incubations were: ATP (7.0 mM), CoA (as indi- 
cated), D,L-glycerol-3-phosphate (20.0 mM), MgCI 2 
(2.0 mM), NaF (50.0 raM). Cofactor concentrations 
for the plus BSA + DTT system were as above plus 5.0 
mg BSA and 4.0 mM DTT. 

resulting supernatant filtered through glass 
wool. Further centrifugations were conducted 
as described by Pynadath and Kumar (8). 

The 1-14C-palmitic acid (99% chromato- 
graphically pure) was obtained from Nuclear- 
Chicago, Des Plaines, Ill., and (3,4-14C) 
13-hydroxybutyric acid was a gift from C.L. 
Davis and D.S. Sachan, Department of Dairy 
Science, University of  Illinois. Bovine serum 
albumin (fraction V), CoA, D,L-glycerol-3- 
phosphate, and ATP were from Sigma Chemical 
Co., St. Louis, Mo. Dithiothreitol was from 
Nutritional Biochemicals Corp., Cleveland, 
Ohio. Solvents were analytical reagent grade. 

Approximately 2 pc of (14C) fatty acid were 
added to 100 pmoles of its unlabeled analog 
and 2 ml of 0.1 N NaOH were added. The 
mixture was emulsified in an ultrasonic cleaner 
for 5 min. Three milliliters of 0.1 M phosphate 
buffer (pH 7.5) was added to bring the final 
volume to 5 ml. A typical substrate had a 
specific activity of 50,000 dpm/pmole fatty 
acid. Sonication of the substrate immediately 
prior to assay yielded an emulsion that could be 
aliquoted accurately. 

The optimum mixture found for the assay of 
glycefide synthesis is shown in Table I. The 
reactants in a final volume of 2.0 ml at pH 7.2 
were incubated in 25 ml glass stoppered flasks 
at 37 C for 1 hr with gentle shaking. The 
reaction was terminated by adding 8.0 ml 
heptane-isopropanol (1:1 v/v) and 6.0 ml of 
0.03 M NaOH. The mixture was transferred 
into a test tube and allowed to separate into 
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FIG. 3. Pa]mitate esterffication in response to 
increasing concentrations of homogenate in the incu- 
bation mixture. Conditions of assay were those shown 
in Table I except concentration of homogenate (800 x 
g supernatant) was varied as indicated. Homogenate 
concentration is expressed as the milligram of tissue 
from which the homogenate was derived per milligram 
of incubation mixture. Tissues averaged approximately 
75 mg extractable protein per gram. Similar results 
were obtained with two other tissue sources. 

two layers. The upper layer was washed twice 
with 6.0 ml of 0.03 M NaOH. A 2.0 ml aliquot 
of the heptane phase was transferred to a scin- 
tillation vial and 10 ml of scintillation fluid 
(770 ml paradioxane, 770 ml xylene, 460 ml 
absolute ethanol, 10 g 2,5-diphenyloxazole, 
100 mg a-naphthylphenyloxazole, 160 g 
napthalene) was added. Counting efficiency was 
approximately 65% as determined by internal 
standardization with 0 4 C )  benzoic acid. 
Blank determinations always yielded less than 
2% of values with enzyme present. 

Glyceride synthesizing activity is expressed 
as micromoles of fatty acid esterified per gram 
tissue or per milligram of extractable protein. 
Kinetic data were derived from Lineweaver and 
Burk plots (14). Protein was determined by the 
method of Lowry et al. (15). 

In some instances the products were 
extracted with chloroform-methanol (2:1 v/v) 
and the extracts applied to a silica gel chro- 
matogram sheet (Eastman Kodak No. 6061, 
Rochester, N.Y.). Neutral lipids were separated 
by developing the chromatogram with hexane- 
ethyl ether-acetic acid (80:20:1 v/v) and identi- 
fied according to Randerath (16). Polar lipids 
were separated by developing with chloroform- 
methanol-ammonium hydroxide (75:25:4 v/v). 
Two-way development separated incorporated 
palmitate from its salts. A neutral lipid standard 
(Sigma Chemical Co.; St. Louis, Mo.) was co- 
chromatographed with all neutral lipid separa- 
tions. Phospholipi d identification was further 
facilitated by the use of the spray reagents 
molybdenum blue, Munier-Macheboeuf and 
ninhydrin (16). Lipid classes were located on 
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TABLE II 

Subcellular Localization of Bovine Mammary 
Glyceride Synthetase Activity a 

Total Specific 
Fraction activity Protein c activity d 

Part I 

800 x g Supernatant 238.0 14.2 16.8 
80,000 x g Supernatant 2.0 9.8 0.2 
80,000 x g Pellet 231.0 5.1 45.3 

Resuspended 80,000 x g Pellet: 

12,000 x g Supernatant 52.0 1.8 28.0 
12,000 xg Pellet 198.5 2.7 73.5 

Part II 
100,000 x g Supernatant 21.1 4.6 4.6 
100,000 x g Pellet 248.6 2.2 113.0 

Recombination of 100,000 x g 
supernatant and pellet 367.4 6.8 54.0 

aThe values shown are averages of duplicate incubations. Parts I and II were conducted 
with tissue from different animals. Conditions of assay were those shown in Table I, except 
that enzyme source was varied as indicated. 

b10-9 Moles palmitate esterified per hour per milliliter of fraction assayed. 
CMilligram of extractable protein per milliliter of fraction assayed. 
dlo-9 Moles palmitate esterified per hour per milligram of protein. 

the  c h r o m a t o g r a m  shee t ,  cu t  ou t ,  and  scraped 
in to  a vial for  l iquid  sc in t i l la t ion  count ing .  
Areas of  equal  size f rom o t h e r  po r t i ons  of  the  
pla te  were also scraped and  c o u n t e d  in a l iquid  
sc in t i l la t ion  c o u n t e r  wi th  10 ml of  sc in t i l la t ion  
f luid (10 .5  g 2 ,5 -d ipheny loxazo le ,  450  mg p- 
b i s -2 (4 -me thy l -5 -pheny loxazo ly l -benzene ) ,  and  
150 g n a p h t h a l e n e ,  1500 ml pa rad ioxane ,  300  
ml water) .  

RESULTS AND DISCUSSION 
Cofactor and pH Requirements 

Glycer ide  f o r m a t i o n  was highly d e p e n d e n t  
u p o n  ATP,  c o e n z y m e  A (Fig. 1 and  2) and  
a -g lyce ro lphospha t e  and  was s t imu la t ed  by  
MgC12 and  NaF. I n c o r p o r a t i o n  w i t h o u t  add ing  
the  l a t t e r  th ree  was 30%, 47% and  80%, 
respect ively ,  of  t h a t  w h e n  added  in a m o u n t s  
i nd i ca t ed  in Table  I. A l p h a - m o n o p a l m i t i n  was 
no t  an effect ive  acyl accep to r  ind ica t ing  a lack 
of  the  monog lyce r ide  pa thway .  A d d i t i o n  of  
NADH,  g lucose-6-phospha te ,  or  g l u t a t h i o n e  did 
n o t  increase  pa lmi t a t e  es te r i f ica t ion .  Bovine 
se rum a l b u m i n  (BSA) and  d i t h i o t h r e i t o l  (DTT)  
were s t imu la to ry  bu t  the  s t imu la t i ons  were n o t  
addi t ive  un t i l  ATP was increased  f rom 3.5 to  
10.5 mM (Fig. 1). With  the  e x c e p t i o n  of  DTT,  
these  co fac to r  r e q u i r e m e n t s  are s imilar  to  those  
r e p o r t e d  for  ra t  (2),  goat  (8) ,  and  guinea pig 
(4 ,5)  m a m m a r y  tissue. Increas ing CoA concen-  
t ra t ions  above  0.4 mM had  n o  e f fec t  u p o n  
pa lmi t a t e  es te r i f ica t ion  (Fig. 2). D i t h i o t h r e i t o l  

p r o b a b l y  p r o t e c t e d  e n z y m e  r a the r  t h a n  CoA 
su l fhydry l  groups  since it  did n o t  a l te r  the  CoA 
r equ i r emen t .  A d d i t i o n  of  2.75 mM DTT dur ing  
h o m o g e n i z a t i o n  did no t  in f luence  es te r i f ica t ion  
p rov ided  DTT was p resen t  in the  i n c u b a t i o n  
mix tu re .  

A pH o p t i m u m  of  7.2 to  7.3 was observed  
wh ich  is s imilar  to  t ha t  for  goat  m a m m a r y  
tissue (8). P h o s p h a t e  bu f f e r  p rov ided  a more  
favorable  m e d i u m  for  glyceride synthes i s  t h a n  
did Tris buffer .  E i ther  bu f f e r  m a i n t a i n e d  pH 
wi th in  0.1 un i t  du r ing  a 60  rain i ncuba t i on .  

Kinetics of Palmitate Esterification 

No pa lmi t a t e  was es ter i f ied  by  h o m o g e n a t e s  
t h a t  had  been  boi led  1 min.  The es te r i f ica t ion  
rate  of  pa lmi t a t e  fo l lowed  a s o m e w h a t  sig- 
moida l  p a t t e r n  b e t w e e n  0 and  12 mg t issue pe r  
mil l i l i ter  of  i n c u b a t i o n  m i x t u r e  (Fig. 3), This 
pa t t e rn  is typ ica l  of  r eac t ions  e m p l o y i n g  a 
micel lar  subs t ra t e  (pa lmi ta te ) .  I nh ib i t i on  caused 
by  de te rgen t  p roper t i e s  of  pa lmi ty l  CoA 
d e p e n d  u p o n  the  p ro t e in  to  de te rgen t  ra t io  in 
the  i n c u b a t i o n  m i x t u r e  (17) .  Es te r i f ica t ion  of  
pa lmi t a t e  increased  l inear ly  b e t w e e n  3 and  9 
mg of  t issue per  mil l i l i ter  o f  i n c u b a t i o n  m i x t u r e  
and  was l inear  w i th  t ime  to  60  rain (Fig. 4). 
The  suhs t ra t e  s a tu ra t i on  curve for  pa lmi t a t e  
fo l lowed  a h y p e r b o l i c  f o r m  (Fig. 5), Reciprocal  
e n z y m e  ve loc i ty  d e p a r t e d  f rom l inear i ty  at  h igh  
subs t ra te  c o n c e n t r a t i o n s ,  d e m o n s t r a t i n g  n o n -  
c o r r e s p o n d e n c e  due to subs t ra t e  i n h i b i t i o n  
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FIG. 4. Palmitate esterification as a function of 
length of incubation period. Conditions of assay were 
those shown in Table I, except that incubation time 
was varied as indicated. 

(18). An apparent  Km of  0.13 mM determined  
in these studies was similar to  a 0.17 mM 
palmita te  Km repor ted  for  fa t ty  acid esterifica- 
t ion in rat adipose tissue (19). A m a x i m u m  
veloci ty  (Vmax)  of  7.89 #moles  palmita te  ester- 
i f ied/hr /g  tissue was obtained.  

Subcellular Local izat ion of  Glyceride 
Synthetase Act iv i ty  

Glyceride synthesis was associated with the 
part iculate  f ract ion of  homogen ized  bovine 
mammary  tissue (Table II), in agreement  with 
previous findings for  goat and guinea pig mam- 
mary tissue (4,5,8). The 12,000 x g pellet con- 
ta ined most  of  the part iculate  activity in agree- 
ment  wi th  reports  on goat mammary  gland (8) 
and rat adipose tissue (20). Guinea pig glyceride 
synthetase act ivi ty was divided equally be tween  
mi tochondr ia  and microsomes (4) whereas this 
act ivi ty in cat intestinal  mucosa  was predomi-  
nant ly  microsomal  in origin (21). 

Glyceride synthesis by particles f rom rat 
l iver was s t imulated by addi t ion of  the 100,000 
x g supernatant  probably  due to its soluble 
phosphat ida te  phosphohydro lase  (EC 3.1.3.4) 
(22,23).  A particle-free fract ion f rom mammary  
tissue s t imulated glyceride synthesis 36.2% 
(Table II). This s t imulat ion was not  as great as 
that  r epor ted  for  liver (22), but  similar to that  
repor ted  for intestinal mucosa  (24). Since the 
monoglycer ide  pa thway is no t  s t imulated by 
addi t ion of  the part icle free supernatant  (22), 
the s t imulat ion of  ester if icat ion in this system 
provides evidence for  the opera t ion  of  the 
g lycerol -3-phosphate  pa thway of glyceride 
synthesis. The lack of  a larger s t imulat ion of  
pa lmi ta te  ester if icat ion by the 100,000 x g 
supernatant  may be due to the  presence of  a 
pa r t i cu la te  bound  phosphat idate  phospho-  
hydrolase (23,24).  Fluoride has inhibi ted phos- 
p h a t i d a t e  phosphohydrolase  and reduced 
palmita te  esterif icat ion (22), but  omission of  
NaF from the incubat ion  mixture  did not  
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FIG. 5. Palmitate esterification in response to 
increasing concentration of palmitate in the incu- 
bation mixture. Each value represents the average of 
three determinations on the same homogenate. Con- 
ditions of assay were as shown in Table I except that 
palmitate was varied as indicated. 

i n c r e a s e  palmita te  ester if icat ion in these 
studies. 

Character izat ion of  Product  

The dis t r ibut ion of  (14C) palmita te  in 
neutral  and polar  lipids fol lowing incubat ion  
was investigated (Table III). Most of  the 14C in 
neutral  lipids was found in mono- ,  di- and tri- 
glycerides. A por t ion  of  the 14C that  migrated 
be tween  the  monoglycer ides  and diglycerides 
could not  be ident i f ied by compar ing with 
neutral  lipid standards. This may have been a 
diglyceride consisting of  an endogenous short  
chain fa t ty  acid and a (14C) palmitate .  The 
1,3-diglyceride, which may have resulted f rom 
isomerizat ion of  the 1,2-diglyceride (11), 

TABLE III 

Distribution of (14C) Palmitate 
in Mammary Lipid Classes a 

Per cent of 
total esterified 

Lipid class cPMb 14C palmitate 

Phospholipids 152 14.0 
Monoglycerides 230 21.0 
Unide ntifie d 158 14.5 
1,2-Diglycerides 230 21.0 
1,3-Diglycerides 106 9.7 
FFA 6646 -- 
Trigly cerides 216 19.8 
Cholesterol esters 0 0 

aCofactors were as in Table I except for ATP (7.0 
mM) and DTT (O). Incubations were for 60 min at 
37 C, pH 7.2, 0.4 ml of 800 x g supernatant from a 
1:8 mammary homogenate. Similar results were 
obtained in three trials with the same tissue. Reaction 
was terminated by extracting the incubation mixture 
with chloroform-methanol (2:1 v/v). Lipid classes 
were separated by thin layer chromatography. 

blncludes all CPM found between origin and sol- 
vent front of the thin layer sheet. 
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TABLE IV 

Palmitate  Ester i f icat ion in to  Di- and  Triglycerides as a Func t ion  of  Timea 

Incuba t ion  t ime,  min 

Glyeeride class 15 30 45 60 120 150 

Diglycerides,  % 57 54 51 42 42 42 
Triglycerides,  % 43 46 49 58 58 58 
Total  nmoles  
Palmitate  esterified 1.5 3.0 5.2 9.4 20.4  27.5 

aAll determinations were conducted on the same tissue homogenate. Cofactors and 
concentrations were as given in Table III. Enzyme source was 0.2 ml of a 1:8 mammary 
homogenate. Incubations were conducted for the time indicated at 37 C. Reactions were 
terminated at the appropriate time and lipids were heptane extracted and separated by thin 
layer chromatography as described in Methods and Materials. 

produced a larger and more intense spot on the 
chromatogram than did the 1,2 form but con- 
tained half as much (14 C) palmitate (Table III). 
Lipolysis of diglycerides could account for the 
relatively high activity of the monoglycerides 
although the F -  in the incubation should have 
prevented extensive lipolysis (25). Bovine mam- 
mary cell cultures also incorporated large quan- 
tities of glycerol into monoglycerides (11 ). 

Fourteen per cent of the esterified (14C) 
palmitate was detected in phospholipids by this 
extraction procedure and 86% in neutral lipids. 
Phospholipid formation by this system was 
somewhat less than that with guinea pig mam- 
mary tissue (5), rat liver mitochondria (26) and 
rat adipose tissue (20). Yet, its composition was 
similar to that in cow mammary tissue (27). 
The major classes of phospholipids incorpo- 
rating (t 4 C) palmitate in this system were phos- 
phatidyl ethanolamine (39% of total polar 
lipid) and phosphatidyl choline (16%) and 
sphingomyelin (14%). Phosphatidic acid was 
detected using a standard but similar to other 
reports of lipid synthesis by bovine mammary 
tissue the amount was very small and difficult 
to detect (9,1 1). Phosphatidate phosphohydro- 
lase may be extremely active in mammary tis- 
sue, preventing an accumulation of phospha- 
tidic acid. 

Distribution changed with incubation time. 
Diglycerides contained the greatest amount of 
(14C) palmitate from 15 to 45 rain (Table IV), 
but after 45 min, triglycerides contained 58% 
of the esterified (14C) palmitate. This value is 
greater than that reported for goat, 24% (8), 
and about the same as that for guinea pig or rat, 
57-63% (2,4), mammary tissue. Although the 
total incorporation of palmitate proceeded 
linearly to 150 min, the ratio of palmitate 
esterified into di- and triglycerides remained 
constant after 60 rain. The possibility that 
excess acyl acceptor (glycerol-3-phosphate) 
masked the true extent of triglyceride forma- 

tion was tested by incubating for 30, 60, 90 
and 120 min with acyl acceptor limited (5.0 
raM) or omitted. With palmitate in excess, tri- 
glyceride formation should be favored. How- 
ever, decreasing acyl acceptor decreased total 
palmitate esterification and the relative per cent 
palmitate esterified into triglycerides was not 
increased. 

The third acylation may have limited trigly- 
ceride formation by this system. In the phos- 
phatidic acid pathway, the phosphate on car- 
bon-3 must be removed by phosphatidate phos- 
phohydrolase prior to the third acylation (23). 
P h o s p h a t i d a t e  phosphohydrolase can be 
inhibited by NaF (28), but its absence did not 
increase the relative extent of triglyceride for- 
mation by this system above that noted in 
Table IV. Yet, total palmitate esterification was 
increased by NaF additions. 

Another explanation for the paucity of tri- 
glyceride formation is suggested from the 
observation that short chain fatty acids (C 4 to 
C10) occupy approximately 90% of the 3 
position of ruminant milk fat triglycerides 
(29-31). Diglycerides of ruminant milk fat and 
mammary tissue are low in short chain fatty 
acid content, in comparison to triglycerides 
(27). Butyrate comprises approximately 10 
mole per cent of the fatty acids in milk fat 
triglycerides and may be acylated to a 1,2-di- 
glyceride acceptor forming triglycerides con- 
taining only one butyric residue per mole 
(27,32,33). Thus, the esterification of a short 
chain fatty acid, in particular butyrate, to a 
long chain diglyceride may complete the 
synthesis of a portion of milk fat. (14C) 
Butyrate was not esterified significantly (0.04 
/.tmoles/hr/g compared to 3.0 ~tmoles/hr/g for 
palmitate) by this in vitro system. The same 
system that esterified palmitate, stearate, 
oleate, linoleate and !inoleneate estefified 
butyrate at only 1% to 2% of the rates observed 
for the long chain fatty acids (34). Butyrate 
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was no t  appreciably ester if ied by crude homo-  
genates,  tissue slices or f resh milk. The ~- 
h y d r o x y  fo rm of  bu ty ra te  was no more  readily 
ut i l ized than  bu tyra te .  None of  the  cofactors  
inh ib i ted  bu tyra te  ester i f icat ion.  Carnit ine,  
guanosine t r iphospha te ,  a -monopa lmi t i n ,  
NADPH, and a lipid ext rac t  of  mammary  tissue" 
conta in ing  a variety of  endogenous  acyl 
acceptors  did no t  s t imulate  buts, rate incorpora-  
t ion.  Numerous  a t t empt s  to  arrive at in vitro 
cond i t ions  conducive  to  bu ty ra te  es ter i f icat ion 
were unsuccessful  (34). Pynada th  and Kumar  
(8) and Woods (35) have r epo r t ed  similar nega- 
tive results on bu ty ry l  CoA and bu ty ra te  esteri- 
f ica t ion by goat  m a m m a r y  tissue. Their results 
canno t  be expla ined  by ox ida t ion  of  bu ty ra te ,  
failure of  bu ty ra te  to  be act ivated to  its CoA 
derivative (8) or the  lack of  a specific 1,2-digly- 
ceride acceptor  (35). 

A l though  exper imenta l  evidence is lacking, 
shor t  chain fa t ty  acid es ter i f icat ion may be 
in t imate ly  re la ted to  fa t ty  acid synthesis  (36).  
Acyl carrier p ro te in ,  k n o w n  for  its role in fa t ty  
acid synthesis  (37),  also func t ions  in bacterial  
fat ty acid es ter i f ica t ion of  g iycerol -3-phosphate  
(38-41). Rao and J o h n s t o n  (42) have demon-  
s t ra ted the  fo rma t ion  of  a p ro t e in -bound  fo rm 
of  CoA f rom hams te r  intest inal  mucosa  tha t  
par t ic ipa ted  in fa t ty  acyl t ransfer  react ions.  The 
exact  na ture  of  this c o m p o u n d  has no t  been  
de te rmined . .  

The inabil i ty of  the  in vi tro sys tem to form a 
p roduc t  ident ical  to  milk fat suggests tha t  
por t ions  of  the  fa t ty  acid es ter i f ica t ion mecha-  
nism by the  m a m m a r y  gland is governed by 
con t ro l  mechanisms  as ye t  undef ined .  
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The Effect of Prolonged Fasting and of Glucose Refeeding 
on Rat Serum and Liver Lipid Levels 
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ABSTRACT 

The effects upon serum lipids of  pro- 
longed fasting of rats followed by re- 
feeding with glucose or chow was studied. 
Fasting caused a decrease in the levels of  
serum triglyceride, phospholipid and cho- 
lesterol ester, while the level of total cho- 
lesterol remained unchanged. Refeeding 
20% glucose in water for one day after 
three days of fasting caused a signifi- 
cantly greater decrease in serum lipid 
levels than did an additional day of 
fasting, while refeeding chow for one day 
restored the serum lipid levels to normal. 
Seven days of fasting or one day of glu- 
cose refeeding following three days of 
starvation resulted in almost complete 
disappearance of all serum lipoprotein 
bands on paper electrophoresis. After 
four days of refeeding glucose to rats 
previously fasted for three days the serum 
lipid levels and l ipoprotein patterns 
approached those seen in fed animals. 
Serum free fatty acids increased upon 
fasting, but after seven days of  starvation 
their concentrat ion dropped to that 
observed in the fed rats. Refeeding for 
one day with glucose or chow reduced 
the serum free fat ty acid concentration to 
less than half of the starvation levels. 
Four days of starvation caused a great 
decrease in liver weight without causing 
very pronounced changes in the content  
of phospholipid and triglyceride in the 
whole liver; the cholesterol content,  
notably esterified cholesterol, decreased. 
Glucose feeding for one day after three 
days of  starvation, wttile increasing liver 
weight, did not cause any appreciable 
change in the hepatic lipid content.  Fol- 
lowing the three days of starvation lipo- 
genesis from glucose by liver slices is 
restored to the same extent  by refeeding 
glucose or chow for one day. The role of 
liver, adipose tissue and diet in supplying 
fatty acids for serum lipids following 
fasting is discussed. 

INTRODUCTION 

In the postabsorptive state the liver is the 
principle source of plasma triglyceride and 

phospholipids which are secreted as lipopro- 
teins. These lipids have been stored in the liver 
or are newly synthesized using fat ty acids 
obtained by lipogenesis from nonlipid sources 
(1) or from serum free fat ty acids originating in 
adipose tissue. As the period of  fasting is pro- 
longed, lipogenesis is inhibited (2) so that adi- 
pose tissue indirectly becomes the main source 
of serum esterified fat ty acids. Most cholesterol 
esters are formed in the plasma by the action of 
lecithin cholesterol acyltransferase which uti- 
lizes fatty acids from the plasma lecithin (3) 
and thus are also indirectly dependent  on the 
fat ty acid supply. It is known that feeding a 
large glucose load to fasted animals inhibits the 
flux of free fat ty acids from adipose tissue into 
plasma (4,5), while the acute administration of 
carbohydrate to rats which have been fasted 
overnight or for 24 hr decreases the serum 
triglyceride levels (2,6,7). These observations 
have led Baker et al. (2) to stress the 
importance of free fat ty acid mobilization for 
the maintainance of serum triglyceride levels 
after relatively brief fasting period followed by 
acute refeeding. After three days of fasting the 
reserve of  fat ty acid in adipose tissue appears to 
be diminished, although not  depleted, since 
Bragdon et al. (6) found a decrease in the serum 
triglyceride, but not  in the phospholipid level at 
this time. 

We have examined the dependence of plasma 
lipid levels upon free fat ty acid mobilization by 
two approaches. First, we have determined the 
extent  to which the various plasma lipids would 
decrease when fat reserves are further dimin- 
ished by a prolonged period of fasting of  seven 
days. Second, we have studied whether hepatic 
lipogenesis, stimulated by glucose refeeding for 
several days following three days of fasting, 
would be adequate to maintain or restore 
plasma lipid levels. If lipogenesis is not 
increased sufficiently by glucose, one might 
anticipate that refeeding glucose to fasted rats 
could cause a fall in plasma lipids, paralleling 
that noted by Baker et al. (2) in acutely refed 
rats. This hypothesis was tested to provide 
some insight into the effects of prolonged 
fasting on serum lipids and on the contributions 
of the diet, adipose tissue and liver, respec- 
tively, to the serum lipid concentrations and 
l ipoprotein pattern.  
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MATERIALS AND METHODS 

Male hooded rats weighing 250-300 g were 
used throughout these experiments. The rats 
were maintained on a diet of Purina chow prior 
to the onset of fasting. Blood samples were 
taken from the tip of the tail under light ether 
anaesthesia. Serum triglycerides were deter- 
mined by the method of Van Handel and 
Zilversmit (8) and free and total cholesterol by 
the method of Sperry and Webb (9). Lipid 
phosphorus was analyzed by the procedure of 
Fiske and SubbaRow (10). Electrophoresis of 
serum lipoproteins was performed in a Dur- 
rum-type paper electrophoresis cell for 16 hr at 
8 mamps using 1% bovine albumin-barbital buf- 
fer pH 8.6 (ionic strength: 0.075). The paper 
strips were dried at 100 C and stained in a 60% 
ethanolic solution saturated with oil red O. 
Hem atocrit was determined in an International 
microcapillary centrifuge. Serum free fatty 
acids were determined by the method of Dole 
and Meinertz (11 ). 

To determine hepatic lipids the liver was 
removed and flushed with cold 0.9% NaC1, 
homogenized in 0.25 M sucrose and the lipids 
extracted by the method of Folch et al. (12). 
The lower phase was evaporated under nitro- 
gen. The residue was redissolved in chloroform 
and aliquots taken for triglyceride (8) and lipid 
phosphorus (10) determinations. The remainder 
of the chloroform extract was dried and the 
cholesterol extracted from the residue with iso- 
propanol. Free and total cholesterol were then 
determined by the method of Sperry and Webb 
(9). 

Liver slices were prepared with a Stadie- 
Riggs microtome. Slices containing a total of 
400-500 mg tissue were incubated in Krebs- 
Ringer bicarbonate buffer, pH 7.4 containing 
4% bovine serum albumin, Fraction V (Nutri- 
tional Biochemical Corp., Cleveland, Ohio), 4 
mM U-x4C-glucose containing 1.5 x 106 cpm in 
a total volume of 4 ml per flask. The gas phase 
was 95% O~, 5% CO~. After 1 hr of incubation 
at 37 C the contents of the flask were extracted 
by the procedure of Folch et al. (12), dried, 
redissolved in petroleum ether and an aliquot 
assayed by liquid scintillation counting. The 
remainder was saponified in 0.5 N alcoholic 
KOH and the nonsaponifiable lipid extracted. 
The alcoholic KOH was then acidified and the 
lipids extracted with heptane and counted. 

RESULTS 

In order to study the effects of prolonged 
fasting and refeeding with glucose or chow 
upon the level of serum lipids, three series of 
experiments were carried out, each using six 
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rats. In the first series the animals were fasted 
for seven days. The serum lipid levels and other 
relevant data are shown in Table I. During this 
period of starvation the animals showed a con- 
siderable loss of weight and a slight decrease in 
hematocrit. The serum triglyceride level con- 
tinued to decrease throughout the seven day 
fasting period. The decrease in the serum phos- 
pholipid level became evident by the third day, 
but was not as marked as that seen in trigly- 
cerides. There was little change in the level of 
serum cholesterol, a finding also reported by 
Eaton and Kipnis (7) after two days of fasting. 
However, a gradual increase in free with a con- 
comitant decrease in esterified cholesterol, 
resulting in a rise in the ratio of free to ester- 
ified cholesterol over the experimental period, 
was noted. Some of these results differ from 
those of Bragdon et al. (6) who reported an 
increase in total cholesterol but no change in 
phospholipid level in the sera of rats fasted for 
three days. The reason for these differences is 
not readily apparent. 

In the second series of experiments six ani- 
mals were fasted for three days, then allowed to 
drink, ad lib., water containing 20% glucose. 
The animal weights and levels of serum lipids 
during fasting and four days of the glucose 
refeeding are shown in Table II. It will be noted 
that when animals were on the glucose regimen 
their weight remained stable but hematocrit 
decreased. One day after refeeding with glucose 
there was a marked decrease in the serum level 
of triglyceride, phospholipid and cholesterol, 
especially esterified cholesterol. This decrease 
was significantly greater (p<0.001) than that 
seen in starvation (contrast with day 4, Table 
I). Thus, the decrease in serum triglyceride 
levels following glucose refeeding previously 
reported after overnight fasts (2,6-8), also 
applies following three days of fasting and can 
be extended to phospholipid and cholesterol 
levels. However, by the fourth day of the glu- 
cose regimen the serum lipid levels had risen, 
resembling those seen before glucose refeeding. 

To provide additional comparison with pro- 
longed starvation a third group of animals was 
fasted for three days, then restored to the chow 
diet. Analyses of the resulting serum lipids are 
shown in Table III. In contrast to glucose re- 
feeding, within one day of the chow diet the 
serum trigiyceride and phospholipid levels 
approached their normal (prefasting) level. 
Throughout the entire period there was little 
change in the total or the ratio of free to 
esterified cholesterol. 

The effect of refeeding glucose or chow 
upon the serum free fatty acid levels was also 
investigated. Twelve animals were fasted for 
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three days then divided into three groups of 
four animals each. One group continued to fast 
for an additional four days (Table IV, group 1) 
corresponding to the protocol used in Table I. 
Group 2 was allowed 20% glucose in their 
drinking water after the three days of fasting, 
corresponding to the regimen represented in 
Table II, while group 3 was allowed chow after 
the fasting period, corresponding to the con- 
ditions shown in Table III. The results, shown 
in Table IV, illustrate that there is a significant 
rise in the level of serum free fatty acids, 
reaching a maximum after three days of fasting 
then returning towards the normal levels after 
an additional four days of fasting (group 1). In 
group 2 one day of glucose refeeding decreased 
the free fatty acid level to less than 50% of the 
fasted level. Refeeding with chow (group 3) 
produced a dramatic drop in the free fatty acid 
level to one third of the prefasting level, re- 
turning to normal by the fourth day. 

The alterations in serum lipids following the 
various dietary regimens are reflected by 
changes in the electrophoresis pattern of the 
serum lipoproteins, shown in Figure I. After 
four days of starvation, the/3, pre-~ and most of 
the a-lipoprotein bands are still visible but have 
disappeared by the seventh day leaving only the 
pre-a-band. When the animals are refed glucose 
for one day following three days of fasting a 
disappearance of the pre-~ and 0L-bands is noted. 
This correlates with the decrease in serum lipids 
reported in Table II and resembles lipoprotein 
pattern seen after seven days of fasting. By the 
fourth day of glucose refeeding the lipoprotein 
pattern was normal although the staining of the 
bands was lighter. One day of refeeding with 
chow restored the normal lipoprotein pattern. 

The effect upon the hepatic lipids of three 
days of fasting, followed by refeeding for one 
day with glucose was also studied. The data are 
presented in Table V. Fasting produced a 
marked loss in liver weight which was only 
partially restored by refeeding glucose. After 
three days of fasting the hepatic levels of trigly- 
ceride rose somewhat, phospholipids fell 
slightly, and cholesterol decreased by almost 
50%. These lipid levels were not significantly 
altered by refeeding glucose for one day. It will 
be noted that there is no apparent relationship 
between the changes in the hepatic and serum 
(Tables II and III) lipid levels. 

Tepperman et al. (13) have shown that fol- 
lowing a 48 hr fast, refeeding either sucrose or a 
balanced diet restored hepatic lipogenesis from 
glucose to almost the same extent. Since our 
protocol differed somewhat (three days fasting 
followed by refeeding glucose) an attempt was 
made to determine if our conditions can also 
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TABLE IV 

Influence of Fasting and Refeeding on 
Serum Free Fatty Acid Levels a 

Free fatty acid, 
/d Eqfliter serum 

Group 2, Group 3, 
Group 1, fasted, refed fasted, refed 

Days fasted glucose Purina chow 

0 440 4- 25 418 -I- 31 419 +_ 32 
1 681 _+ ~0 714 -I- 52 728 + 56 
3 808 -I- 67 792 4- 77 751 4- 70 
4 808 4- 87 309 -I- 52 144 4- 2"/ 
7 524 +21 466 _+23 454 4- 34 

aGroups 1, 2 and 3 followed fasting and refeeding 
regimers described in Tables I, II and III, respectively. 
All values in each group are means from four ani- 
mals + S.E.M. 

cause a res tora t ion of  lipogenesis in the liver. 
Lipogenesis f rom glucose-U-14C by tissue slices 
prepared f rom livers of  animals which had been 
fasted for four  days (group 1) or  refed ei ther 
glucose (group 2) or  chow (group 3) for  24 hr 
was est imated.  The liver slices were incubated  
with  bovine serum albumin to avoid inhibi t ion 
of  lipogenesis by free fa t ty  acids which might  
accumula te  in the tissue, since ester if icat ion is 
inhibi ted in livers of  fasted animals (14). The 
data are shown in Table VI. There was no 
detectable  glycogen in the livers of  the fasted 
animals but  refeeding with  glucose or  chow 
elevated the level of  glycogen to the same 
degree. Lipogenesis f rom fasted animals was 
negligible, the incorpora t ion  of  glucose being 
l imi ted to the glycerol  mo ie ty  of  the lipid, 
presumably for  the ester if icat ion of  the free 
fa t ty  acids present  in the tissue or associated 
with  the bovine serum albumin.  On the o ther  
hand,  active lipogenesis f rom glucose was no ted  
in livers of  animals refed glucose or chow, the 
fo rmer  being slightly greater (p~0 .05) .  Esterifi- 
cat ion,  as indicated by incorpora t ion  into  the 
glycerol  moie ty ,  was approximate ly  equal in 
the  livers f rom animals refed the two types  o f  
dietary regimens. The abil i ty of  a diet l imited 
to glucose to ini t iate  lipogenesis is also indi- 
cated by the observat ions that  after four  days 
of  glucose refeeding the serum l ipoprote in  pat- 
tern and lipid levels have re turned  towards nor- 
mal (Table II and Fig. 1). 

DISCUSSION 

During the prolonged (7 day) fast there is a 
gradual decrease in the serum triglyceride,  phos- 
phol ipid and cholesterol  ester levels, while the 
free fa t ty  acid level, which had been elevated at 
first, returns to normal .  This p h e n o m e n o n  can 

FASTING-.~ 

DAYS 

0 3 4 7 

GLUCOSE {after day 3)  . . . .  

E 

FIG. 1. Electrophoretic patterns of serum lipopro- 
teins from fasted and glucose or chow refed rats. 

be explained by the hypothesis  that  as fasting 
progresses the supply of  free fa t ty  acid f rom 
adipose tissue is diminished so that  the liver 
cannot  maintain  the level of  esterified serum 
lipids. This decrease is ref lected by a disap- 
pearance of  the/3,  pre-~ and most  of  the a-lipo- 
prote in  of  the serum. When the 72 hr-fasted 
rats are refed with  glucose for  24 hr a picture  
similar to that  seen af ter  the prolonged fast 
emerges. It would  appear that  hepatic  lipo- 
genesis, r ecommenc ing  after  glucose refeeding, 
is inadequate  to compensa te  for the decrease in 
fa t ty  acid mobi l izat ion.  The fall in serum cho- 
lesterol levels, no ted  after  glucose refeeding, 
can also be explained by the inhibi t ion of  fa t ty  
acid mobi l iza t ion.  Angel and Farkas (15) have 
poin ted  ou t  the impor tance  of  adipose tissue as 
a storage depo t  of cholesterol  which is mobi-  
l ized, a l though somewhat  more  slowly, during 
free fa t ty  acid release. Thus the serum choles- 
terol  levels could be mainta ined during the pro- 
longed fast but  no t  af ter  glucose refeeding. 
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Refeeding a balanced diet (chow) for 24 hr 
restores the normal pattern of lipoprotein and 
levels of serum lipids in spite of a marked 
diminution in serum free fatty acid levels�9 Since 
hepatic lipogenesis does not appear to be 
greater following refeeding with chow than 
with glucose, it thus seems likely that the rapid 
restoration of the serum lipid levels and lipo- 
protein pattern due to the balanced diet may be 
due primarily to the intake of dietary lipid, 
although lipogenesis from amino acids may also 
play a role. 

The foregoing analysis of our results ~s based 
on the assumption that the effect of glucose 
refeeding is due to a decrease in mobilization of 
all fatty acids, including linoleate, which, in 
mice on a fat free diet, disappears more readily 
from the liver than from adipose tissue (16). 
The resulting hepatic deficiency in linoleate 
may induce a decrease in the release of trigly- 
cerides. This has been demonstrated in perfused 
livers from rats chronically deficient in linoleate 
(17). On the other hand after four days of 
fasting, where fatty acid mobilization is not 
inhibited, the decrease in serum triglycerides 
would be less marked, as has been observed. 
Following four days of glucose refeeding the 
serum lipid levels return towards normal in 
spite of the absence of dietary essential fatty 
acids�9 While A5,7,11-eicosatrienoic acid is 
synthesized in linoleate deficiency and may 
meet some of the requirements for unsaturated 
fatty acids (18), it is doubtful if this can occur 
within four days, if the livers of mice on fat 
free diets can be used as a model (16). 

Several additional qualifications to the fore- 
going analysis of our results must be borne in 
mind. It is possible that the failure of the serum 
lipid to return to normal on refeeding of glu- 
cose for one day may be due ~o an inability of 
the liver to synthesize the protein moiety of the 
lipoproteins. However, after a short period of 
fasting (16 hr), refeeding with glucose increased 

"the ability of the liver to incorporate radio- 
active amino acids into the lipoproteins (19). 
The possibility that a shortage of essential 
amino acids may prevent synthesis of the pro- 
tein moiety is unlikely, since a normal lipopro- 
tein pattern is found after refeeding with glu- 
cose for four days. In addition, a defect in the 
secretion of lipoproteins due to decreased 
synthesis of the protein moiety might be 
expected to produce an accumulation of 
hepatic lipid, especially triglyceride. This is seen 
in various hepatotoxic conditions, e.g., CC14, 
e th ionine ,  puromycin or orotic acid intoxica- 
tion, where protein synthesis is inhibited: How- 
ever, there is no change in the hepatic trigly- 
ceride level following the glucose refeeding, sug- 
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TABLE VI 

Lipogenesis by Rat Liver Slices Following Fasting and Refeeding From Glucose-U-14ca 

339 

Treatment 

Incorporation into esterified lipids, cpm/100 mg tissue 

Glyceride Nonsaponifiable 
Glyceride-glycerol fatty acids lipids 

Hepatic glycogen, 
rag/100 mg tissue 

Four days fasted 

Three days fasted, 
then refed for 
one day 
with glucose 

Three days fasted, 
then refed for 
one day 
with Purina chow 

400 + 10 10 +- 1 . . . . . .  

730 -- 80 150 -+ 15 30 -- 3 3.4 + .4 

620 - 60 110 -+ 10 25 -I- 3 2.8 + .4 

aEach value is the average of four animals + S.E.M. 

gest ing t h a t  the  ba lance  b e t w e e n  hepa t i c  tri- 
glycefide a c c u m u l a t i o n  and  sec re t ion  as l ipo- 
p r o t e i n  is ma in ta ined .  Thus  w h e n  the  f a t t y  acid 
load  is smaller  less l i p o p r o t e i n  is secreted.  A 
second  cons ide ra t ion  in i n t e r p r e t i n g  ou r  resul ts  
is t he  poss ib i l i ty  t h a t  the  decrease in se rum 
l ipids and  l i p o p r o t e i n  levels fo l lowing  glucose 
re feeding  migh t  be due to  an  increase  in the  
pe r iphera l  u p t a k e  of  the  t r iglycerides.  Re- 
feeding a f te r  shor t  or  long  t e r m  fasts  resul ts  in 
an increase  in adipose  t issue (20 ,21) ,  bu t  n o t  
p lasma (7),  l i p o p r o t e i n  l ipase act ivi ty .  Nikki la  
and  Ojala (22)  have s h o w n  t h a t  re feed ing  glu- 
cose af te r  18 h r  of  fas t ing  sl ightly increases  the  
o u t f l o w  of  e n d o g e n o u s  p lasma t r iglycer ides ,  
a l t h o u g h  general ly  the  e f f lux  was p r o p o r t i o n a l  
to  the  p lasma t r ig lycer ide  c o n c e n t r a t i o n  r a t h e r  
t h a n  the  d ie ta ry  s ta te  a f te r  the  sho r t  t e r m  
fasting. However ,  an  increase  in t r ig lycer ide  up-  
take  fo l lowing  glucose re feed ing  cou ld  no t  
readi ly  a c c o u n t  for  the  lower  p h o s p h o l i p i d  and  
cho les te ro l  levels. F u r t h e r m o r e ,  while  increased  
t r ig lycer ide  u p t a k e  wou ld  a c c o u n t  for  the  
decrease or  d i sappearance  of  the  very  low 
dens i ty  l i pop ro t e in s  ( V L D L )  it cou ld  no t  
expla in  the  decrease  in t he  low dens i ty  (LDL)  
and  h igh  dens i ty  l i pop ro t e in s  (HDL)  of  serum. 
Indeed ,  increased  r emova l  of  t r ig lycer ides  f r o m  
V L D L  resul ts  in  an  increase  in HDL and  LDL 
(23). 

It is well e s tab l i shed  t h a t  du r ing  fas t ing  f a t t y  
acids are suppl ied  to  the  liver by  m o b i l i z a t i o n  
f rom adipose tissue. There fo re ,  we c o n c l u d e d  
t h a t  it is l ikely t h a t  the  fall in  p lasma lipids,  
wh ich  we have obse rved  dur ing  p ro longed  
s ta rva t ion ,  resu l ted  f rom a d imin i shed  capac i ty  
of  adipose  t issue to  supply  free  f a t t y  acids to  
t he  l iver as some of  t he  fat  depo t s  became  
deple ted .  A l t h o u g h  hepa t i c  l ipogenesis  f r o m  

glucose was increased  15-fold fo l lowing glu- 
cose-refeeding,  hepa t i c  l ipogenesis  f rom glucose 
was obvious ly  n o t  fast  e n o u g h  to  res tore  the  
p lasma l ipids to  n o r m a l  dur ing  a one  day 
refeeding  per iod.  Since l ipogenesis  was n o t  
f u r t h e r  increased  by  re feed ing  a b a l a n c e d  die L 
while  the  se rum free f a t t y  acid level was 
marked ly  d imin ished ,  i t  appears  t h a t  the  diet  
suppl ies  the  f a t t y  acids and  poss ibly  the  ke to-  
genic a m i n o  acids to  rep len i sh  the  se rum l ipid 
levels and  res to re  the  l i pop ro t e in  pa t t e rns .  
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Trans-6-hexadecenoic Acid and the Corresponding Alcohol 
in Lipids of the Sea Anemone Metridium dianthus 
S.N. HOOPER and R.G. A C K M A N ,  Fisheries Research 
Board of Canada, Halifax Laboratory, Halifax, Nova Scotia 

ABSTRACT 

Trans-6-hexadecenoic acid was found 
in polar lipids, triglycerides, wax esters 
and diacylglyceryl ethers of the sea 
anemone Metridium dianthus from Passa- 
maquoddy Bay. The corresponding alco- 
hol also apparently occurs in the wax 
esters of this species. The long-chain 
(C2 o, C22) monoethylenic alcohols 
r e p o r t e d  for other species of sea 
anemones from neighboring waters were 
absent and the major alcohol and glyceryl 
ether chain both had 16:0 structures. The 
isomers of C18 and C20 monoethylenic 
fatty acids in polar lipids and triglycerides 
were unusual in their high proportion of 
the co 7 isomer. These two lipids also con- 
tained higher proportion of the polyun- 
saturated fatty acids than the others. 

I N T R O D U C T I O N  

In the marine environment trans-6-hexa- 
decenoic acid has been found in the fats of 
three marine turtles (1) and in lipids of the 
ocean sunfish Mola mola (unpublished results 
from this laboratory). The dietary factors com- 
mon to these animals suggested an association 
with jellyfish (2), which are, unfortunately, 
very low in lipid (3) and not readily available in 
Nova Scotian waters except in late summer. 
Another member of the phylum coelenterata, 
the sea anemone Metridium dianthus, could be 
obtained locally and other anemones from the 
same area were reported to be rich (up to 30% 
dry weight) in lipid (4). Our investigation of 
this species has confirmed the presence of 
trans-6-hexadecenoic acid and also of the struc- 
turally related alcohol, trans-6-hexadecenol. 

EXPERIMENTAL PROCEDURES 

M. dianthus were obtained from the St. 
Croix estuary, Passamaquoddy Bay area of the 
Bay of Fundy through Maritime Biological 
Laboratories, St. Stephen, New Brunswick, in 
September and again in October, 1968. They 
were held in tanks with filtered seawater prior 
to sacrifice at various times from September to 
the following February. 

Sacrifice of whole animals was effected by 

immersion for a few minutes in the methanol 
subsequently used for lipid extraction by the 
Bligh and Dyer method (5). Polar lipids were 
separated from neutral lipids on a polystyrene 
gel column (3). The recovered neutral lipids 
were separated by preparative thin layer chro- 
matography (TLC) on silica gel into trigly- 
cerides, diacyl glyceryl ethers and wax esters 
(6). Triglycerides and polar lipids were trans- 
esterified by 30 rain treatment with 5% BF 3 in 
MeOH (7). Water was added and esters 
recovered into petroleum ether which was given 
one water wash to remove mineral acids and 
MeOH. 

The diacylglyceryl ethers and wax esters 
were saponified and the alcohol and glyceryl 
ether moieties were extracted into diethyl ether 
following procedure Ca-6b-53 of the Official 
and Tentative Method of the AOCS. The alco- 
hols were acetylated with acetic anhydride and 
the glyceryl ethers were converted to chlorides 
with Be13 (8). The recovered fatty acids were 
converted to methyl esters with BF3-MeOH. 

Open tubular gas liquid chromatography 
(GLC), preparative GLC and TLC separations 
with plates coated AgNO3-siliea gel were 
essentially the methods used previously (1). 

RESULTS 

In several extractions, the lipid content of 
the M. dianthus studied varied from 0.3 to 1.3% 
(wet weight), the smaller specimens giving the 
higher values. The lipid was shown by TLC to 
contain in all cases mostly polar lipids with the 
same chromatographic characteristics as phos- 
pholipids, plus triglycerides, diacyl glyceryl 
ethers and free sterols. Gel column chromato- 
graphy gave (by weight) recoveries of 50-60% as 
the polar lipid fraction, 15-20% as free sterols, 
and the remainder as the neutral fraction which 
contained roughly equal proportions of wax 
esters and triglycerides, with small proportions 
of diacyl glyceryl ethers. 

The major object of this study, t l 6 : l c o l 0 ,  
was identified in the methyl esters of fatty 
acids from all four lipid classes examined (Table 
I). Basic identification by comparative GLC 
behaviour on butanediol succinate (BDS) and 
Apiezon-L (AP-L) liquid phases was confirmed 
by isolation and IR examination (1). The com- 
plete GLC analyses of methyl esters of fatty 

341 



342 S. N. H O O P E R  A N D  R. G .  A C K M A N  

T A B L E  I 

C o m p o s i t i o n  in  W e i g h t  Per  C e n t  o f  F a t t y  A c i d s  F r o m  V a r i o u s  L i p i d s  o f  t he  
Sea  A n e m o n e  Metridium dianthus, a n d  o f  F a t t y  A l c o h o l s  a n d  A l k y l  G l y c e r y l  E t h e r s  

S t r u c t u r e  

M e t h y l  e s te r s  o f  f a t t y  ac ids  f r o m  

D i a c y l  A c e t a t e  es te rs  
P h o s p h o -  Tr ig ly -  W a x  g l y c e r y l  o f  w a x  es te r  

l i p i d s  ce r ides  es te r s  e t h e r s  f a t t y  a l c o h o l s  

D i c h l o r o  
d e r i v a t i v e  o f  

a l k y l  g l y c e r y l  
e t h e r  

1 4 : 0  . 1 7  2 . 4 6  6 .32  1 0 . 9 6  5 .78  
Iso 1 5 : 0  . 0 4  .25  1 .56  2 . 2 0  --- 
A n t e i s o  1 5 : 0  - -  .17  . 60  1 .42  - -  
1 5 : 0  . 09  . 59  3 . 4 4  4 . 9 8  2 . 5 7  
Iso  1 6 : 0  . 06  . 10  . 4 6  .49  - -  
1 6 : 0  4 . 6 0  1 5 . 6 9  2 3 . 0 9  2 5 . 5 0  6 5 . 4 7  
Iso  1 7 : 0  . 26  . 47  .45  . 34  --- 
A n t e i s o  1 7 : 0  . 13  . 2 4  .23  .12  --- 

1 7 : 0  1 . 2 9 1 1 . 2 4 1 . 3 9 t . 5 6  3 .22  
P h y t a n i c  a 3 .20  
Iso  1 8 : 0  . 09  . 2 3  . 60  . 14  --- 
1 8 : 0  5 .92  4 . 9 7  3 .65  4 . 3 8  11 .55  
1 9 : 0  . 1 7  . 17  .46  . 14  
2 0 : 0  . 1 0  .11 .30  .34  - -  
2 1 : 0  . . . . . . .  
2 2 : 0  . . . . . . .  
T o t a l  1 1 . 9 2  2 6 . 6 9  4 1 . 5 5  5 1 . 5 7  9 1 . 7 9  

14 :10092  - -  .25  1 .58  5 . 8 4  - -  
1 4 : 1 6 o 7  . 3 7  .31 . . . .  
1 5 : 1 0 0 8  . 03  .59  1.25 1 .56  - -  
t 1 6 : 1 0 0 1 0  . 3 7  2 . 6 7  6 . 1 4  7 . 3 2  5 .13  
1 6 : l o 0 7  . 3 0  3 .22  5 . 5 4  1 0 . 3 0  --- 
1 6 : 1 0 0 5  . 3 4  .95  . 30  - -  - -  
17 :1  008 . 0 4  - -  . 60  1 .93  
1 8 : 1 0 0 9  1 .25  3 .61  7 .51  6 . 3 8  1 .50  
1 8 : 1 6 0 7  1 .02  3.41 .1.37 1 .17  1 .58  
1 8 : 1 0 0 5  . 4 4  1 .40  .30  . 34  - -  
2 0 : 1 6 0 1 1  ~ . 24  ~ . 1 4  - -  
2 0 : 1 6 0 9  1.01 . 92  . 37  . 20  - -  
2 0 : 1 0 0 7  6 . 2 8  2 . 7 7  .55  . 17  
2 0 : 1 6 o 5  . 15  .45  .15  1 .32  
22 :100  1 3 + 1 1  . 6 7  . 86  - -  . 1 4  
22 :100  9 3 . 1 6  1 .27  - -  . 17  - -  
2 2 : 1 o 0 7  . 57  . 2 4  - -  . 07  - -  
2 2 : 1 6 0 5  . 5 3  .11 ~ - -  - -  
T o t a l  1 6 . 5 3  2 3 . 2 7  2 5 . 6 6  3 7 . 0 5  8 .21  

1 6 : 2 6 o 6  .61 . I 1  2o12 . 5 6  - -  
1 8 : 2 6 o 6  . 46  1 .66  1 .34  . 3 4  
2 0 : 2 c o 6  . 89  1 .02  1 .12  - -  
2 2 : 2 6 0 6  . 43  . . . .  
T o t a l  2 . 3 9  2 . 7 9  4 . 5 8  . 90  - -  

1 6 : 3 6 o 3  . 22  . 3 6  . . . .  
1 8 : 3 6 o 3  .65  2 . 2 8  1 .24  .45  
2 0 : 3 6 0 3  . 3 0  . 62  ~ . 0 7  
T o t a l  1 .17  3 . 2 6  1 . 2 4  . 52  

1 8 : 4 ~ o 3  . 28  5 .45  . 97  . 1 4  
2 0 : 4 6 0 6  2 . 5 5  . 4 4  1 .12  . 07  
2 0 : 4 6 0 3  .91  1 .47  . 76  .69  
2 1 : 4 0 0 2  . 1 6  . . . .  
2 2 : 4 6 0 6  4 . 2 4  . 39  ~ ~ - -  
T o t a l  8 . 1 8  7 .75  2 . 8 5  . 90  - -  

2 0 : 5 0 o 3  2 7 . 1 4  14 .31  1 7 . 1 8  2 . 7 5  
2 2 : 5 0 0 3  1 1 . 9 5  4 . 1 7  2 . 1 3  . 43  - -  
T o t a l  3 9 . 0 9  1 8 . 4 8  19 .31  3 . 1 8  

2 2 : 6 6 0 3  19 .01  1 7 . 5 9  4 . 3 5  4 . 8 8  - -  

1 0 . 6 7  

7 2 . 0 0  

1 2 . 0 0  

9 4 . 6 7  
T a b l e  I (2 )  

5 . 3 4  

m 

5 . 3 4  

. u  

a 3 , 7 , 1 1 , 1 5 - T e t r a m e t h y l h e x a d e c a n e  s k e l e t o n .  
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acids (Table I) include only fatty acids which 
could be plausibly identified with precision by 
comparison with commonly available standards, 
or with esters of fatty acids of marine oils from 
higher animals (9,10), or by hydrogenation of 
the whole ester mixture, or by isolation of 
saturates by AgNO3-silica gel TLC. In each 
analysis of lipid fatty acid methyl esters a 
number of peaks which were completely un- 
known or could not be verified by at least two 
techniques were observed and these have been 
tabulated with equivalent chain length (ECL) 
values for the BDS open  tubular columns 
operated at 170 ~ and 40 psig helium (Table II). 
Some may by GLC breakdown products of 
alkenyl ether-derived dimethyl acetals of long 
chain aldehydes. These give multiple products 
on stainless steel open tubular columns (R.G. 
Ackman, unpublished observations). Two deci- 
mal places are given only to show minor com- 
ponents; accuracy is approximately within -+5% 
for major components and +30% for minor 
components. 

The glyceryl ether chlorides were compared 
on both BDS and AP-L columns with freshly 
prepared chlorides of selachyl (18:1), batyl 
(18:0) and chimyl (16:0) alcohols. In addition 
to the few recognizable major components 
(Table I) several substantial peaks were 
observed (Table II) which could not be identi- 
fied due to lack of standards. The fatty alcohols 
from the wax esters, studied as acetates (Table 
I), could be more exhaustively compared with 
standards in the form of mixtures of alcohols 
prepared by reduction of marine oil fatty acids 
(1 1), but also included some unknown compo- 
nents (Table II). The component in the 16:1 
region was unexpectedly found to correspond 
exclusively to a trans-6-isomer (t16:16610) 
structure. As a proportion of total lipid 
(0.1-0.2%) the amount was too small to permit 
IR or oxidative fission studies, but on GLC its 
behaviour as the acetate was precisely analagous 
to that of the methyl esters of the t16:16610 
acid on BDS and AP-L, it formed only 16:0 
alcohol on hydrogenation, and on AgNO3-silica 
gel TLC it was in the correct position between 
the acetates of the saturated alcohols and the 
spots recovered and identified as 18:16o7 and 
18:16o9. 

The sterol recovered was found to consist of 
over 95% cholesterol by TLC and GLC analysis. 
Minor sterol components were not studied. 

DI SC USSI ON 

The presence of t16:16610 in the fatty acids 
of all four lipid fractions suggest that it is part 
of a general fatty acid pool. The deposition in 

the fat of the marine turtles and ocean sunfish 
shows that, if available, it is ingested and 
included in depot and other fats by higher 
animals. As in the turtles, no corresponding 
t18:16610 acid was observed in M. dianthus, so 
it is unlikely that t16:16610 is metabolically 
active. Since the corresponding t 16 : 1 co I 0 alco- 
hol is found in a high proportion relative to 
18:1669 (or 6o7) in the alcohols, and to the 
exclusion of 16:16o7, it is possible that the 
origin of this particular structure is in the alco- 
hol form, with subsequent partial conversion to 
fatty acid as outlined in a recent review by 
Nevenzel (12). Oil drops dispersed in the tissue 
of coelenterata probably serve as depot fat (4), 
but we do not know if the wax esters observed 
in M. dianthus and other coelenterates (12,14) 
are included in this type of lipid. Possibly the 
t16:16610 acid or alcohol structure has some 
function associated with the large surface area 
of these animals. Unfortunately, the diacyl 
glyceryl ether analysis on limited quantities of 
material did not permit identification of a cor- 
responding ether-linked aliphatic chain which 
could originate in fatty alcohol (15), although 
the ECL value of a significant (8%) unknown 
component is approximately correct at 16.10 
BDS. In ratfish (Hydrolagus colliei) liver oil, the 
C16 chain lengths, including 6610 and 6o8 
monoethylenic structures (presumably cis), 
were found in the alkyl diglyceride, but not in 
the alk-l-enyl diglyceride, as well as in the fatty 
acids of these two classes and of triglycerides 
(16). 

A previous study (4) showed the lipids of 
the warm water anemone Condylactis gigantea 
to be dominated by 14:0 alcohol (71%) and 
14:0 acid (51%), with a lesser proportion of 
16:0 acid (31%). In the cold water anemones 
(Gulf of Maine) the lipids of Boloeera tuediae 
were quite different, although not different 
from Aetinostola eallosa also collected in the 
same area. Thus the 16:0 alcohol (10.5%) was 
of less importance than 20:1o99 (27%) and 
22:16011 (47%), while in the acids 14:0 and 
16:1 (13% each) were less than 20:16011 
(reported as 20%), 22:16011 + 13 (21%), and 
C24 materials reported as 22%. The present 
work with M. dianthus did not reveal any very 
long chain (C22) fatty alcohols, although a C20 
alcohol may have been present, and 0nly 
modest proportions (<5% overall) of 20:1 and 
22:1 acids. It is not apparent if these rather 
marked differences are associated with tempera- 
ture effects (17) or are species differences. 

The polar lipids of M. dianthus are pre- 
sumably mostly phospholipids and might well 
follow the composition reported for Antho- 
pleura elegantissima (18). The distribution of 
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fatty acids in this fraction shows a resemblance 
to that of the polar lipids from the jellyfish 
Cyanea capillata (3). In comparison with the 
respective triglycerides, the polar lipids agree in 
overall low proportions of 14:0, 16:0, and 18:1 
in low proportions of 22:6603 relative to 
20:5603, and in higher proportions of 20:4606 
and 22:4606. In both lipids the jellyfish showed 
higher proportions of longer chain normal satu- 
rated fatty acids such as 19:0, 20:0 and 22:0. 
Most of the details in the minor acids, and in 
the proportions of the isomers within the 
monoethylenic chain lengths, are very similar in 
the two respective types of lipids for M. 
dianthus and C. capillata. 

The saturated and rnonounsaturated fatty 
acid components of the wax esters are in many 
respects quantitatively intermediate between 
those for the triglycerides and for the diacyl 
glyceryl ethers. The reason for this is not im- 
mediately apparent. Although the two 18:1 iso- 
mers, 18:16o9 and 18:16o7 are approximately 
equal in the phospholipids and triglycerides, 
there is a considerable excess of 6o9 over 6o7 in 
the fatty acid of the wax esters and diacyl 
glyceryl ethers. In one view this suggests de 
novo biosynthesis of 18:16o9 for inclusion in 
these two lipids, whereas in the phospholipids 
and triglycerides the chain extension of 
16:1w7~18:1607 can be further extended to 
the unusual dominance of the 20:16o7 among 
the 20:1 isomers. Alternatively, the proportion 
of 18:16o9 to 18:16o7 for the wax esters and 
diacyl glyceryl ethers is approximately that 
found in many marine lipids and these two 
acids could be of dietary origin. The accumula- 
tion of the 22:16o9 isomer is unusual for 
marine lipids. Similar trends for C20 and C22 
isomeric monoenoic acids in neutral alkoxy 
lipids and triglycerides of H. colliei liver oil 
seem to be affiliated with gradations among 
alk-l-enyl, alkyl and triglycerides (16). There 
was no significant amount of 16:16o9 relative 
to 16:1607. 

The wax ester fatty alcohols conform to the 
profiles observed in many other marine lipids 
(12). In detail, for example, weight per cent 
composition of a particular mullet (Mugil 
cephalus) roe sample (19) shows a striking 
similarity with 14:0 = 9.9%, 15:0 = 6.2%, 16:0 
= 54.3%, 17:0 = 17% and / 18:0 = 6.4%. This 
extends to the 2:3 ratio of 18:16o9 and 18:16o7 
reported in the same study for another mullet 
roe sample. It is interesting that the authors 
comment on wax esters as a phylogenetic 
vestige occurring in mullet only in early 
embryonic development. 

P h y t a n i c  (3 ,7 ,1  1,1 5- te t ramethylhexa-  
decanoic) acid could not be detected in signifi- 

cant quantities, although possibly traces were 
present. Pristanic (2,6,10,14-tetramethylpenta- 
decanoic) and 4,8,12-trimethyltridecanoic acids 
could not be detected. 

The dihydrophytol was identified by GLC 
only, using an authentic reference material, and 
has no convenient explanation. It could be 
formed from phytol in herbivorous animals 
such as copepods and simply deposited with 
other alcohols on ingestion by the anemone. 
However in some molluscs the heavy intake of 
phytol is apparently disposed of by degradation 
to 4,8,12-trimethyltridecanoic acid (20). Pos- 
sibly M. dianthus or another animal could dis- 
pose of ingested phytol by reduction to a satu- 
rated alcohol. If this is correct, it would be a 
near ly  unique case of biohydrogenation, 
although trans-2-phytenic acid can be reduced 
by rat intestinal mucosa (21). In the jaw lipid 
of Inia geoffrensis, a freshwater dolphin, the 
wax esters contained no dihydrophytol (22). 

The glyceryl ether composition suggests for- 
mation from the major fatty alcohol compo- 
nents, and in this resembles the Inia jaw lipid 
where diacyl glyceryl ethers were also a minor 
component relative to wax esters and trigly- 
cerides. In the analysis of Inia glyceryl ethers 
ditrimethylsilyl ether derivatives were used, and 
there was also strong evidence for odd- 
numbered alkyl chains such as 15:0, 17:0 and 
17:1. These may, therefore, be present as sug- 
gested by the data of Table II based on the 
analysis of dichloro derivatives. Batyl alcohol 
may have been the dominant glyceryl ether in 
B. tuediae and A. callosa in association with the 
generally longer chain lengths in other Iipids 
(4). 

Cholesterol is frequently but not always the 
principal sterol in coelenterates (4,23,24). 
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SHORT COMMUNICATIONS 

Liver Triglyceride Synthesis Failure 
in Post-Spawning Salmon 

ABSTRACT 

The ability of liver of pink salmon, 
Onchorhychus gorbuscha, to synthesize 
triglycer/des is lost after migration into 
fresh water and spawning. Triglyceride 
fatty acids are probably mobilized as cho- 
lesterol esters as energy sources in these 
starving fish. Total lipid decreases; cho- 
lesterol remains constant; and relative 
values of protein and water increase in 
the liver of the spawned out fish. Both 
h e p a t i c  l ipogenesis and cholesterol 
synthesis decrease. Control values are 
given for river whitefish. 

There appears a pronounced difference in 
liver triglyceride synthesis between ocean pre- 
spawning and river post-spawning pink salmon, 
Onchorhynchus gorbuscha. After entering fresh 
water and spawning these fish have essentially 
lost the ability to synthesize triglycerides in the 
liver. This correlates with observed liver lipid 
decrease and decreased rates of 1-14C-acetate 
incorporation into lipid and cholesterol. Blood 
triglyceride decrease (from 375 to 71 rag/100 
ml) has been reported (1) in post-spawning 
salmon of the same species, as evidence that 
these fish are starving. Low levels of liver micro- 

somal azo-reductase activity and oxidation of 
14C-palmitic acid to  14CO 2 have been found as 
evidence for hepatic insufficiency (2). The 
characteristic demise of Pacific salmon after 
spawning has been recently summarized (3,4). 
What little information is available on lipid uti- 
lization in starving fish of other species has 
been recently reviewed (5). An elevated free 
fatty acid content of the blood has been noted 
in Salmo gairdnerii as well as increase of highly 
unsaturated fatty acids in their muscle. A 
decrease in phospholipid as proportion of total 
lipid was found in starved Onchorhynchus 
tschawytscha and Gadus morhua. However, 
studies involving 14C-labeling of lipogenesis 
have been mostly restricted to mammals (6,7) 
and birds (8,9). Marked decreases in hepatic 
fatty acid and cholesterol synthesis have been 
repeatedly observed in individuals within these 
groups. 

Pre-spawning ocean salmon were collected in 
Kisameet Bay, near Namu, British Columbia. 
They were obtained alive from commercial 
purse seiners. Post-spawning salmon were 
netted from the Atnarko river in Tweedsmuir 
county, near Bella Coola, British Columbia. 
Livers were excised from living fish, im- 
mediately thin sliced, weighed and placed in 
tissue culture flasks. Tissue medium "B"  of 

TABLE I 

TLC a Results of Pre-Spawning Ocean and Post-Spawning River Pink Salmon b 

Pre-spawning ocean 
pink salmon, fresh weight 

excised liver slices, 
550 mg 

Post-spawning river pink 
salmon, fresh weight 
excised liver slices, 

627 mg 

Spot No. Compound dpm % Total dpm dpm % Total dpm 

6 -- Trace Trace 1500 29 
5 Trigly cerides 75 O0 36 28 1 
4 -- 1800 9 710 14 
3 Cholesterol, etc. 3000 14 1400 27 
2 -- 1200 6 570 11 
1 Phospholipids 7500 36 880 18 

Total 21,000 5,110 

aSolvent system, petroleum ether-diethyl ether-glacial acetic acid (50:50:1). 
bExtracted lipid, after 1-14C-acetate-incorporation by excised liver, has been separated 

into components, then analyzed by scintillation counting (counting error of +_ 2%). 
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TABLE II 

Conversion of 1-14C-Acetate to Lipid and Cholesterol in Liver, 
and Percentages of Liver Water, Lipid and Protein a and Cholesterol in the 

Salmon, Onchorhychus gorbuscha, and the River Whitefish, Prosopium williamsoni 

Total 
cholesterol 

#Moles of 1-14C-acetate per as per 
gram protein) incorporated into cent of As per cent in Liver 

Fish examined Lipid Free cholesterol Lipid Lipid, dw% Protein, dw% Water 

Ocean salmon . . . .  66(57-75) 70(69-71) 
River pre-spawning 
salmon 100(14-190) b 1.9(0.2-3.9) 2.8(1.6-3.8) 9.9(2.1-20) 69(52-78) 76(72-81) 

River post-spawning 
salmon 53(11-110) 0.5(0.0-1.7) 2.5(1.1-4.5) 3.2(2.5-4.3) 89(88-90) 82(80-83) 

River whitefish -- 5.1 (0.2-12) 2.9(1.8-4.6) 24(5.3-46) 77(71-90) 75(74-77) 

aAs dry weight (dw). 
bAll figures are averages from four to five separate fish. Ranges of values are given in parentheses. 

D'Aoust (10) was used with addition of 4mM 
sodium acetate (as carrier for 3 x 10 -5 mM 
1-14C-acetate; specific activity was 0.5-1.5 x 
106 dpm/mmole acetate) and 30 mM glucose. 
Incubations were carried out for 4 hr (30 C, 
pH7.3) under a gas mixture of 90% 02, 9%N2, 
and 1% CO 2. The gas mixture was used to 
compare these results with those for cholesterol 
biosynthesis in deep sea fish (11). Lipid was 
extracted by the method of Bligh and Dyer 
(12). Many of the methods used here have been 
modified from Longmore et al. (13,14). Thin 
layer chromatography (TLC) (petroleum ether- 
diethyl ether-glacial acetic acid, 50:50:1) was 
used to identify lipid components. Part of the 
plate was sprayed with 40% H 2 SO 4 and charred 
to locate spots which were then scraped and 
analyzed for 24C-activity in a scintillation 
counter. 1-14C-Acetat e incorporation into lipid 
and cholesterol (precipitated as the digitonide) 
was also determined by scintillation counting. 
Percentage of total cholesterol was obtained by 
L iebermann-Burchard  assay (15); protein 
content was estimated by the method of Lowry 
et al. (16). Technical difficulties precluded 
obtaining data on 1-14C-acetate incorporation 
into liver and cholesterol of ocean salmon and 
lipid of river whitefish. All pre-spawning fe- 
males, including the whitefish, were gravid. Dry 
weights were obtained by drying to constant 
weight at 50-60 C. 

Results of TLC (Table I) illustrate the major 
differences in hepatic lipogenesis after migra- 
tion into fresh water, fasting and spawning. 
Triglyceride synthesis essentially ceased (from 
36% to 1% incorporation of 1-14C-acetate. 
1-14C-acetate incorporation into liver dropped 
to one fourth the values for ocean salmon and 
phospholipid synthesis was reduced by one 
half. Increased incorporation into Spot 3 (cho- 

lesterol, etc.) shows presence of 1-14C-acetate 
in other compounds there, since quantitative 
cholesterol precipitation showed decrease in 
cholesterol biosynthesis after fasting and 
spawning (Table II). Close to one third of the 
incorporation was in Spot 6 in the starved sal- 
mon. This spot includes nonpolar lipids such as 
cholesterol esters and hydrocarbons. 

Total hepatic lipogenesis dropped to one 
half normal rates after spawning whereas cho- 
lesterol synthesis dropped to one fourth the 
pre-spawning level (Table II). Control river 
whitefish (Prosopium williarnsoni) had an 
average of 10 times the post-spawning salmon 
cholesterogenic capacity. The salmon liver 
gained water, decreasd in lipid content and 
increased in relative amount of protein after 
spawning (Table II). Control river whitefish 
showed intermediate values. The salmon choles- 
terol to total lipid proportion was essentially 
constant despite starvation and spawning. 

The remarkable loss of ability to manufac- 
ture triglycerides by the liver correlates with 
their overall decrease in the liver (TLC charring 
observation) and in the blood (I).  It is clear 
that triglycerides are being utilized as a food 
reserve in these starving fish. This is reflected 
by decrease in liver lipid after spawning and the 
long period of fasting (Table II). Cholesterol is 
used to mobilize the fatty acids of triglycerides 
in the form of cholesterol esters. This has been 
shown in sardines (R.F. Lee and D. Puppione, 
in preparation). Thus, one would expect 
increased 1-14C-acetate incorporation into 
cholesterol ester; the present TLC data (Table 
I) support this. The fact that the liver does not 
synthesize triglycerides explains the absence of 
low density lipoproteins in the serum of the 
fasted and spawned salmon (17). The site of the 
block in glyceride synthesis is probably at some 
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p o i n t  b e t w e e n  ace ty l -CoA and  f a t t y  acids as in  
ra ts  (18).  Increased  p lasma free f a t t y  acid levels 
have been  observed  (9)  to  p recede  decrease  in 
hepa t i c  f a t ty  acid synthes i s  in  the  fas t ing chick.  
In Salmo gairdnerii, s tarv ing  has  also resu l ted  in 
e levated b l o o d  free f a t ty  acids (5). Free  fa t ty  
acids may  c o m p e t e  for  c o e n z y m e  A, t h e r e b y  
l imi t ing  its avai labi l i ty  for  f a t t y  acid synthes is .  
More work  is n e e d e d  to  clarify these  mecha-  
nisms in fish. 

Despi te  r e d u c t i o n  of  cho les te ro l  b io syn thes i s  
in response  to  spawning,  t he  s table  liver choles-  
t e ro l  values are evidence for  pa r t i c ipa t ion  in 
m e m b r a n e  s t ruc tu re ,  wh ich  may  re t a in  in tegr i ty  
despi te  o t h e r  changes .  Choles te ro l  values in  
these  pre -spawning  river p ink  sa lmon  (70  
m g / 1 0 0  g t i ssue)  are s o m e w h a t  lower  t h a n  
r e p o r t e d  values for  river sockeye  sa lmon  (231 
and  183 m g / 1 0 0  g t issue)  (19) .  Increase in liver 
wa te r  (Table  II) cor re la tes  wi th  obse rva t ions  of  
e d e m a  in t issues of  migra t ing  r iver s a l m o n  and  
m e a s u r e m e n t s  of  posi t ive in te rs t i t i a l  f luid p r e s -  
sures (Alan  Hargens,  pr iva te  c o m m u n i c a t i o n ) .  
This  also ref lects  relat ive decrease  of  o t h e r  com- 
p o n e n t s ,  such  as l ipid and  c a r b o h y d r a t e s ,  wh ich  
are used  as energy sources.  The  increase  of  
p ro t e in  in the  liver, especial ly in  the  post -  
spawning  sa lmon,  ref lec ts  p r o p o r t i o n a l  decrease  
in l ipid and  c a r b o h y d r a t e  in response  to  energy  
demands .  
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Cyanolipids of Kusum (Schleichera trijuga) Seed Oil 

ABSTRACT 

A cyanol ip id ,  cons is t ing  of  two  f a t t y  
acid moie t i es  es ter i f ied  w i t h  1-cyano-2-  
h y d r o x y  m e t  h y l p r o  p -2-ene- l -o l ,  con-  
s t i tu tes  58% of Schleichera trijuga 
( K u s u m )  seed oil. 

1No Utiliz. Res. Dev. Div., ARS, USDA. 

Oil o b t a i n e d  f r o m  the  seeds of  Schleichera 
trijuga (Kusum)  is an  i t e m  of  c o m m e r c e  in 
India .  A m e m b e r  of  the  Sapindaceae ,  S. trijuga 
is a large t ree  na t ive  to  t h a t  general  sec t ion  o f  
Asia. Cyanogene t i c  mater ia l s  were de t ec t ed  in 
th is  oil some t ime  ago (1 ,2) ;  however ,  the  latest  
r epo r t s  c o n c e r n i n g  these  in te res t ing  con- 
s t i t uen t s  (3-5) fai led to  es tab l i sh  the i r  s t ruc ture .  

We h a v e  pos tu l a t ed  (6 ,7)  s imilari t ies  
b e t w e e n  t he  cyanogene t i c  pr inc ip les  in K u s u m  
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p o i n t  b e t w e e n  ace ty l -CoA and  f a t t y  acids as in  
ra ts  (18).  Increased  p lasma free f a t t y  acid levels 
have been  observed  (9)  to  p recede  decrease  in 
hepa t i c  f a t ty  acid synthes i s  in  the  fas t ing chick.  
In Salmo gairdnerii, s tarv ing  has  also resu l ted  in 
e levated b l o o d  free f a t ty  acids (5). Free  fa t ty  
acids may  c o m p e t e  for  c o e n z y m e  A, t h e r e b y  
l imi t ing  its avai labi l i ty  for  f a t t y  acid synthes is .  
More work  is n e e d e d  to  clarify these  mecha-  
nisms in fish. 

Despi te  r e d u c t i o n  of  cho les te ro l  b io syn thes i s  
in response  to  spawning,  t he  s table  liver choles-  
t e ro l  values are evidence for  pa r t i c ipa t ion  in 
m e m b r a n e  s t ruc tu re ,  wh ich  may  re t a in  in tegr i ty  
despi te  o t h e r  changes .  Choles te ro l  values in  
these  pre -spawning  river p ink  sa lmon  (70  
m g / 1 0 0  g t i ssue)  are s o m e w h a t  lower  t h a n  
r e p o r t e d  values for  river sockeye  sa lmon  (231 
and  183 m g / 1 0 0  g t issue)  (19) .  Increase in liver 
wa te r  (Table  II) cor re la tes  wi th  obse rva t ions  of  
e d e m a  in t issues of  migra t ing  r iver s a l m o n  and  
m e a s u r e m e n t s  of  posi t ive in te rs t i t i a l  f luid p r e s -  
sures (Alan  Hargens,  pr iva te  c o m m u n i c a t i o n ) .  
This  also ref lects  relat ive decrease  of  o t h e r  com- 
p o n e n t s ,  such  as l ipid and  c a r b o h y d r a t e s ,  wh ich  
are used  as energy sources.  The  increase  of  
p ro t e in  in the  liver, especial ly in  the  post -  
spawning  sa lmon,  ref lec ts  p r o p o r t i o n a l  decrease  
in l ipid and  c a r b o h y d r a t e  in response  to  energy  
demands .  
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ABSTRACT 

A cyanol ip id ,  cons is t ing  of  two  f a t t y  
acid moie t i es  es ter i f ied  w i t h  1-cyano-2-  
h y d r o x y  m e t  h y l p r o  p -2-ene- l -o l ,  con-  
s t i tu tes  58% of Schleichera trijuga 
( K u s u m )  seed oil. 

1No Utiliz. Res. Dev. Div., ARS, USDA. 

Oil o b t a i n e d  f r o m  the  seeds of  Schleichera 
trijuga (Kusum)  is an  i t e m  of  c o m m e r c e  in 
India .  A m e m b e r  of  the  Sapindaceae ,  S. trijuga 
is a large t ree  na t ive  to  t h a t  general  sec t ion  o f  
Asia. Cyanogene t i c  mater ia l s  were de t ec t ed  in 
th is  oil some t ime  ago (1 ,2) ;  however ,  the  latest  
r epo r t s  c o n c e r n i n g  these  in te res t ing  con- 
s t i t uen t s  (3-5) fai led to  es tab l i sh  the i r  s t ruc ture .  

We h a v e  pos tu l a t ed  (6 ,7)  s imilari t ies  
b e t w e e n  t he  cyanogene t i c  pr inc ip les  in K u s u m  
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oil and cyanolipids that we had identified from 
other (mainly sapindaceous) seed oils (6-10). 
To confirm (or deny) this hypothesis we 
isolated and identified the cyanolipids from a 
sample of S. tri/uga seed procured from India. 

Concurrent with our investigation, Vataken- 
cherry (11 and personal communicat ion) iso-  
lated a cyanolipid fraction from Kusum oil and 
demonstrated conclusively that it was identical 
to the diester cyanolipids we had isolated 
earlier from Koelreuteria paniculata seed oil 
(7). Our results confirm that these diesters 
occur in Kusum oil but only to the extent of 
about 6%. Acid-catalyzed methylation of this 
diester cyanolipid gave a methyl ester mixture 
having the following composition by gas liquid 
chromatography (GLC): C12:0 , 1.0%; C14:o , 
2 .1%;  C 1 6 : o  , 6.4%; C16:1, 1.3%; C18:o , 
1.5%; C18:1 , 43.0%; C18:z,  3.5%; C2o:o, 
12.3%; C2o:1, 24.0%; C20:2 , 0.1%; C22:o , 
1.7%; and C22:1 , 3.1%. 

We have also recovered another type of 
diester cyanolipid from Kusum oil in 58% yield 
by preparative thin layer chromatography 
(TLC). Silica Gel G layers 1 mm thick were 
developed in benzene to resolve these cyano- 
lipids from ordinary triglycerides and the other 
cyanolipids (6%) present in the oil. The IR 
spectrum of these cyanolipids (after their 
recovery from preparative TLC) was superim- 
posable on the spectrum of the cyanolipids first 
isolated from Cordia seed oil (6,8) and later 
from other seed oils (10). Similarly, the 100 
MHz NMR spectrum of these Kusum oil cyano- 
lipids (in CDC13) revealed proton counts, chem- 
ical shifts, multiplicities and coupling constants 
identical to those displayed by the Cordia 
nitriles (8). These data are conclusive evidence 
that the major cyanolipids of Kusum oil are 
diesters having two fatty acid moieties 
esterified with 1-cyano-2-hydroxymethylprop- 
2-ene-l-ol. GLC analysis of methyl esters 
derived by acid-catalyzed methylation of these 
cyanolipids gave: C14:0 , 1.6%; C16:0, 4.6%; 
C 1 6 : 1  , 1.0%; C18:0, 0.9%; C18:1 , 32.8%; 
C18:2 , 2.7%; C20:o , 29.0%; C20:I ,  22.1%; 
C2o:2, 0.1%; C22:0, 2.1%; C22:1, 3.1%. 

Thus Kusum seed oil becomes the richest 
known source of this particular class of cyano- 
lipids and it yields the largest total amount of 
cyanolipid material [64% as compared with 
55% for Cardiospermum halicacabum seed oil 
(10)].  In fact, S. trijuga seed oil is similar to 
Cardiospermum oil because both contain the 
same two cyanolipid types in comparable 
quantities. 

The reactivity of these cyanolipids, e.g., 
their conversion to lactones (4,6,11) and a 
dimethyl acetal (10,12) under specific con- 

ditions, as well as the instability of the free 
diol, has likely contributed to the uncertainty 
surrounding Kusum oil cyanolipids. Apparent 
failure to isolate glyceride-free cyano com- 
pounds in certain instances (3,5) has also made 
structural identification of the cyanolipids 
difficult. In addition, tile published IR spec- 
trum of Kusum oil (3,5) indicates free fatty 
ac id  ( two carbonyl bands) and nitrile 
absorption. Conceivably, these bands could 
result from either seed variability or partial 
degradation of the oil because the IR spectrum 
of our oil sample exhibited neither free acid nor 
nitrile absorption. Only the minor cyanolipid 
fraction gives a nitrile band (weak) and 6% of 
this material in the oil is not enough to affect 
the IR spectrum of the oil. 

Kasbekar and Bringi's (4) value of 37% of 
triglyceride in Kusum oil appears to confirm 
our value of 64% of total cyanolipids in this oil. 

K.L. MIKOLAJCZAK 
C.R. SMITH, JR. 
Northern Regional Research Laboratory 
ARS, USDA 
Peoria, Illinois 61604 
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Linoleic and Linolenic Acid as Precursors 
of the Cucumber Flavor 

ABSTRACT 

C u c u m b e r  h o m o g e n a t e s  were incu-  
b a t e d  wi th  14C_linoleni c and  14C.linoleic 
acid. Of the  rad ioac t iv i ty ,  0.3% was 
recovered  in the  f r ac t ion  of  f lavor  active 
a ldehydes .  The  d i s t r ibu t ion  of  the  spe- 
cific rac ioac t iv i ty  ind ica t ed  t h a t  p ropana l ,  
trans-2-hexenal and trans-2,cis-6-non- 
adienal  are re la ted  to 18:3 and  hexana l  
and  trans-2-nonenal to  18:2. A p a t h w a y  
for  the  d e v e l o p m e n t  of  these  c o m p o u n d s  
is discussed. 

The  f lavor  of  fresh c u c u m b e r s  has  b e e n  at t r i -  
b u t e d  largely to  a ldehydes .  Forss  et  al. (1)  have 
iden t i f i ed  the  p leasan t  e l em en t  as trans-2,cis- 
6 - n o n a d i e n a l  while 2-hexenal ,  2 -nonenal ,  
e thana l ,  p ropana l  and  hexana l  were cons ide red  
to c o n t r i b u t e  secondar i ly  to  the  overall  f lavor.  
F leming  et al. (2)  had  s h o w n  t h a t  the  f lavor  is 
genera ted  enzymat i ca l ly  w h e n  the  f rui t  is cu t  or  
mechan ica l ly  r u p t u r e d  in the  presence  of  
oxygen .  

The  chemica l  s t r uc tu r e  of  the  a ldehydes  
suggested t ha t  u n s a t u r a t e d  f a t t y  acids cou ld  be  
the  precursors .  The ma in  f a t t y  acids occur r ing  

in the  l ipids of  c u c u m b e r s  are l ino lenic  (43%), 
pa lmi t ic  (28%) and  l inoleic acid (20%) (W. 
Grosch  and  J.M. Schwarz,  u n p u b l i s h e d  data) .  
We i n c u b a t e d  (U-14C)- l inolenic  and  (U14C)  - 
l inoleic acid wi th  a h o m o g e n a t e  f rom cucum-  
bers and  ana lyzed  the  c a r b o n y l  c o m p o u n d s  
fo rmed .  

Green  c u c u m b e r s  a p p r o x i m a t e l y  1�88 in. in 
d i ame te r  were used.  The  source  of  labe led  com- 
p o u n d s  were:  (U14C)- l ino len ic  acid, ( U t 4 C )  - 
l inoleic acid (specif ic  ac t iv i ty  3200 /aCi /mg ,  The 
R a d i o c h e m .  C e n t r e  A m e r s h a m ) .  O t h e r  
mater ia ls  were:  l ino lenic  acid and  l inoleic 
acid (98%),  R o t h ;  2 , 4 - d i n i t r o p h e n y l h y d r a z i n e  
( reagent  grade,  Merck) ,  benzene  and  n - h e p t a n e  
free of  c a r b o n y l  as descr ibed  earl ier  (3) ,  and  
a l u m i n u m  oxide (Woelm, neu t ra l ,  ac t iv i ty  III). 
De ion ized  wate r  was redis t i l led f rom a glass 
appara tus .  

14C-l inolenic  respect ively  14C-linoleic acid 
(500  rag, 10 t~Ci) was dissolved in a m i x t u r e  of  
0.4 ml Tween  20 and  20 ml wa te r  by  dropwise  
add i t ion  of  c o n c e n t r a t e d  NaOH. Af te r  d i lu t ion  
wi th  80 ml water ,  t he  pH of  the  subs t ra t e  was 
ad jus ted  to  5.7 (pH of  the  c u c u m b e r  sap) wi th  
c o n c e n t r a t e d  He1. Cucumber s  (100  g) were cu t  
in to  pieces and  mixed  (1-2 m i n )  wi th  t he  f a t t y  
acid emuls ion  in a war ing b lendor . .  

TABLE I 

Aldehydes Formed From (U-14C)-Linolenic 
and (U-14C)-Linoleic Acid by a Cucumber Homogenate 

Aldehyde 

Precursor, Linolenic Acid Precursor, Linoleic Acid 

Specific Specific 
Mol-% Radio- Mol-% Radio- 

Aldehy de activity a Aldehy de activity a 

Eth anal b 14 21 5 12 
Propanal b 46 41 3 3 
Pentanal b 2 2 2 5 
Hexanal b 3 2 47 48 
Nonanal 4 7 
Acroleine 3 1 1 1 
Crotonaldehyde b 1 1 ~ 1 1 
2-Pentenal b 3 5 ( 1 1 
2-Hexenal 9 7 1 1 
2-Heptenal b 3 3 
2-Octenal b 2 3 
2-Nonenal 1 2 12 11 
2,6-Nonadienal 16 11 9 1 
2,4-Decadienal b 1 1 
Unknown 2 7 10 2 

aThe measured radioactivity (cpm) was divided by the number of the C-atoms of the 
aldehyde. The sum of the specific activities of all compounds was taken as 100%. 

bThese aldehydes were also formed during the incubation of linolenic or linoleic acid 
with a crude preparation of cucumber lipoxidase (Wo Grosch and J.M. Schwartz, un- 
published data). 
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After incubation (60 min, room tempera- 
ture), the mixture was extracted twice with 50 
ml benzene. After adding 200 mg of 2,4-dini- 
trophenylhydrazine and 2 g of trichloroacetic 
acid, the combined extracts were heated for 1 
hr at 60 C. The benzene solution was washed 
with water (acid free) and dried over Na 2 SO 4. 
Aluminum (3 g) was added and the benzene 
was removed by evaporation in vacuo. The resi- 
due was put on the top of a 12 g aluminum 
column prepared in heptane. The monocar- 
b o n y  1-2,4-dinitrophenylhydrazones (2,4-dnp) 
were eluted by benzene-heptane (1:1 v/v). The 
2,4 dnp derivatives were separated, identified 
and quantitatively estimated as described in an 
earlier paper (3). The 2,4-dnp derivatives of 
unsaturated aldehydes were identified by thin 
layer chromatography according to Meijboom 
(4). The radioactivity was measured by a liquid 
scintillation spectrometer. 

After incubation of a cucumber homogenate 
w i t h  14C_linolenic or 14C-linoleic acid, 
approximately 0.3% of the radioactivity was 
recovered in the monocarbonyl fraction. With 
linolenic acid, 40 /.tmole aldehydes were iso- 
lated as 2,4.dnp and with linoleic acid 53 
/.tmole. The distribution of the specific radio- 
activity in the 2,4-dnp (Table I) indicated that 
the aldehydes found by Forss et al. (1) in the 
cucumber flavor arise from unsaturated fatty 
acids. Hexanal and trans-2-nonenal are related 
to linoleic acid and propanal, trans-2~hexenal 
and trans-2,cis-6-nonadienal to linolenic acid. 
Also ethanal was formed mainly from this fatty 
acid. 

A preliminary study of  the pathway indi- 
actes that a crude preparation of cucumber 
lipoxidase (EC 1.13.1.13) catalyzes the for- 
mation of the aldehydes which are marked 
in Table I. 2,6-Nonadienal, 2-nonenal 
and 2-hexenal were formed only in very 
small amounts. For this reason and since the 

production of aldehydes in the cucumber 
homogenate is relatively high while the lipoxi- 
dase content in this tissue is small (5), we 
suggest that another pathway of aldehyde 
formation dominates in this vegetable. We 
therefore propose that in cucumber the double 
bonds of the unsaturated fatty acids are broken 
in a dioxygenase-like reaction. Such a reaction 
would lead to the formation of hexanal and 
cis-3-nonenal from linoleic acid while propanal, 
cis-3-hexenal and cis-3,cis-6-nonadienal would 
be formed from linolenic acid. The isomeriza- 
tion of the 3-cis double bond to the 2-trans in 
the aldehydes may occur after the enzyme 
catalyzed oxidation of the unsaturated fatty 
acids has taken place. 
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Phospholipid Composition of the Boll Weevil, 
Anthonomus grandis Boheman 

ABSTRACT 

When phospholipids of newly-emerged 
adults of the boll weevil, Anthonomus  
grand& Boheman, were studied in detail, 
phosphatidyl choline and phosphatidyl 
ethanolamine were found to be the major 
phospholipids; sphingomyelin and cardio- 
Iipin were present in smaller amounts, 
and four other minor components were 

identified. Fatty acid analyses performed 
on the intact phospholipids and on the 
enzyme degradation products of phos- 
p h a t i d y l  cho l ine  and phosphatidyl 
ethanolamine demonstrated that oleic 
and linoleic acids were the major fatty 
acids present in the glycerophosphatides; 
the sphingomyelin contained fatty acids 
in the range of 20-22 carbons. 
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After incubation (60 min, room tempera- 
ture), the mixture was extracted twice with 50 
ml benzene. After adding 200 mg of 2,4-dini- 
trophenylhydrazine and 2 g of trichloroacetic 
acid, the combined extracts were heated for 1 
hr at 60 C. The benzene solution was washed 
with water (acid free) and dried over Na 2 SO 4. 
Aluminum (3 g) was added and the benzene 
was removed by evaporation in vacuo. The resi- 
due was put on the top of a 12 g aluminum 
column prepared in heptane. The monocar- 
b o n y  1-2,4-dinitrophenylhydrazones (2,4-dnp) 
were eluted by benzene-heptane (1:1 v/v). The 
2,4 dnp derivatives were separated, identified 
and quantitatively estimated as described in an 
earlier paper (3). The 2,4-dnp derivatives of 
unsaturated aldehydes were identified by thin 
layer chromatography according to Meijboom 
(4). The radioactivity was measured by a liquid 
scintillation spectrometer. 

After incubation of a cucumber homogenate 
w i t h  14C_linolenic or 14C-linoleic acid, 
approximately 0.3% of the radioactivity was 
recovered in the monocarbonyl fraction. With 
linolenic acid, 40 /.tmole aldehydes were iso- 
lated as 2,4.dnp and with linoleic acid 53 
/.tmole. The distribution of the specific radio- 
activity in the 2,4-dnp (Table I) indicated that 
the aldehydes found by Forss et al. (1) in the 
cucumber flavor arise from unsaturated fatty 
acids. Hexanal and trans-2-nonenal are related 
to linoleic acid and propanal, trans-2~hexenal 
and trans-2,cis-6-nonadienal to linolenic acid. 
Also ethanal was formed mainly from this fatty 
acid. 

A preliminary study of  the pathway indi- 
actes that a crude preparation of cucumber 
lipoxidase (EC 1.13.1.13) catalyzes the for- 
mation of the aldehydes which are marked 
in Table I. 2,6-Nonadienal, 2-nonenal 
and 2-hexenal were formed only in very 
small amounts. For this reason and since the 

production of aldehydes in the cucumber 
homogenate is relatively high while the lipoxi- 
dase content in this tissue is small (5), we 
suggest that another pathway of aldehyde 
formation dominates in this vegetable. We 
therefore propose that in cucumber the double 
bonds of the unsaturated fatty acids are broken 
in a dioxygenase-like reaction. Such a reaction 
would lead to the formation of hexanal and 
cis-3-nonenal from linoleic acid while propanal, 
cis-3-hexenal and cis-3,cis-6-nonadienal would 
be formed from linolenic acid. The isomeriza- 
tion of the 3-cis double bond to the 2-trans in 
the aldehydes may occur after the enzyme 
catalyzed oxidation of the unsaturated fatty 
acids has taken place. 

WERNER GROSCH 
Deutsche Forschungsanstalt 

fur Lebensmittelchemie 
8000 Munchen 23 
Leopoldstr. 175 
JORG M. SCHWARZ 
Institut fur Lebensmittelchemie 
TU Berlin 

ACKNOWLEDGMENTS 

P.W. Meijboom (Unilever Research Lab. Vlaardin- 
gen) donated the 2,6-nonadienal-2,4-dnp, and H.J. 
Stan gave advice in measuring the radioactivities. Sup- 
ported in part by research grants from Deutsche 
Forschun gsgemeinschaft. 

REFERENCES 

l. Forss, D.A., E.A. Dunstone, E.H. Ramshaw and 
W. Stark, J. Food Sci, 27:90 (1962). 

2. Fleming, H.P., W.Y. Cobb, J.L. Etchells and T.A. 
Bell, Ibid. 33:572 (1968). 

3. Grosch, W., Z. Lebensmittel-Unters. u. -Forsch. 
137:216 (1968). 

4. Meijboom, P.W., Fette, Seifen, Anstrichm. 70:477 
(1968). 

5. Rhee, K.S., and B.M. Watts, J. Food Sci. 31:664 
(1966), 

[Received February 5, 1971 ] 

Phospholipid Composition of the Boll Weevil, 
Anthonomus grandis Boheman 

ABSTRACT 

When phospholipids of newly-emerged 
adults of the boll weevil, Anthonomus  
grand& Boheman, were studied in detail, 
phosphatidyl choline and phosphatidyl 
ethanolamine were found to be the major 
phospholipids; sphingomyelin and cardio- 
Iipin were present in smaller amounts, 
and four other minor components were 

identified. Fatty acid analyses performed 
on the intact phospholipids and on the 
enzyme degradation products of phos- 
p h a t i d y l  cho l ine  and phosphatidyl 
ethanolamine demonstrated that oleic 
and linoleic acids were the major fatty 
acids present in the glycerophosphatides; 
the sphingomyelin contained fatty acids 
in the range of 20-22 carbons. 
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TABLE I 

Phospholipid Content of the Boll Weevil 

Percentage of 
Phospholipid total phospholipid 

Lysophosphatidyl choline 2.5 
Sphingomyelin 7.5 
Lysophosphatidyl ethanolamine 1.8 
Phosphatidyl choline 35.5 
Phosphatidyl inositol 5.2 
Phosphatidyl serine 5.1 
Unknown 1.2 
Phosphatidyl ethanolamine 32.7 
Cardiolipin 8.0 

Previous r epo r t s  on  t he  l ipids of  the  boll  
weevil,  Anthonomus grandis B o h e m a n ,  have 
deal t  w i th  the  iden t i f i ca t ion  of  t o t a l  f a t t y  acids 
(1)  and  the  synthes is  and  s torage of  f a t ty  acids 
(2,3) .  Work w i t h  the  phospho l ip ids  has  been  
c o n f i n e d  to a s tudy  of  the  alkyl  and  alkyl-1- 
enyl  glyceryl  e thers  of  p lasmalogens  (4). The  
p re sen t  c o m m u n i c a t i o n  descr ibes  the  i so la t ion  
and  de ta i led  cha rac t e r i za t ion  of  the  phospho -  
l ipid c o m p o n e n t s .  

The  insects  used in the  tests  were reared at 
the  Boll Weevil Research  L a b o r a t o r y  at  State  
College, Miss., o n  the  mod i f i ed  larval diet  of  
Gast  and  Davich (5). Newly emerged  u n f e d  
adul ts  were co l lec ted  and  ex t r ac t ed  wi th  
c h l o r o f o r m - m e t h a n o l  (2 :1 ) ,  and  the  ex t r ac t s  
were washed  accord ing  to  Fo lch  et  al. (6).  The  
ex t r ac t ed  lipids were dried over  sod ium sulfate  
and  c o n c e n t r a t e d  on  a ro t a ry  evapora tor .  

The  to ta l  l ipids were separa ted  i n to  neu t r a l  
and  p h o s p h o l i p i d  classes by  c o l u m n  c h r o m a t o -  
g raphy  on  silicic acid by  e lu t ing  first  w i th  
c h l o r o f o r m  and  t h e n  metl~anol.  T h e n  the  
phospho l ip ids  were separa ted  by  two-d imen-  
s ional  th in  layer  c h r o m a t o g r a p h y  (TLC)  in 
sys tems deve loped  by  A b r a m s o n  and  Be lcher  
(7)  and  Rouser  et  al. (8). The TLC separa t ions  
were p e r f o r m e d  on s t anda rd  20 x 20 cm glass 

plates  coa ted  wi th  2 5 0 / ~  layers of  silica gel-cal- 
c ium sulfate  (9:1 w/w).  Large quan t i t i e s  of  the  
indiv idual  phospho l ip ids  were p repa red  by  
using a c o m b i n a t i o n  of  silicic acid c o l u m n  chro-  
m a t o g r a p h y ,  D E A E  cellulose c h r o m a t o g r a p h y  
(9)  and  TLC. 

F a t t y  acid m e t h y l  esters of  p h o s p h a t i d e s  
were p repa red  wi th  b o r o n  t r i f l uo r ide -me thano l  
by  the  m e t h o d  of  Metcalfe  et  al. ( 1 0 ) ; t h o s e  of  
sph ingomye l in  were p repa red  in a sealed t ube  
wi th  10% m e t h a n o l i c  H2SO 4 at  100 C for  4 hr.  
Qual i ta t ive  and  quan t i t a t i ve  d e t e r m i n a t i o n s  of  
the  m e t h y l  esters were made  by GLC equ ipped  
wi th  a f lame ion iza t ion  d e t e c t o r  o n  a 6 ft ,  1/8 
o.d. c o l u m n  p a c k e d  wi th  10.5% d ie thy lene  
glycol ad ipa te  on  6 0 / 8 0  mesh  h e x a m e t h y l -  
d is i lazane- t rea ted  gas c h r o m  P. The  c o l u m n  
t e m p e r a t u r e  was 190 C. The i n s t r u m e n t  was 
ca l ib ra ted  wi th  a u t h e n t i c  s t anda rd  mix tu re s  of  
f a t ty  acid m e t h y l  esters.  Quan t i f i c a t i on  was 
o b t a i n e d  by  peak  t r i angu la t ion .  

P h o s p h o r u s  was d e t e r m i n e d  by  the  m e t h o d  
of  Chen  et al. (11)  as mod i f i ed  by  Mit l in (12).  
A m i n o  n i t rogen  analyses were p e r f o r m e d  
accord ing  to the  p r o c e d u r e  descr ibed  by  Lea 
and  Thodes  (13) .  

Lyophi l i zed  v e n o m  of the  eas te rn  d i amond-  
back  ra t t l esnake ,  Crotalus adamanteus, was 
used for  the  selective hydro lys i s  of  phospha -  
t idyl  chol ine ;  the  v e n o m  of  the  c o t t o n - m o u t h  
moccas in ,  Ancistrodon piscivorus piscivorus, 
was used for  the  hydro lys i s  of  p h o s p h a t i d y l  
e t h a n o l a m i n e .  The  c o n d i t i o n s  used  for  the  
hydro lyses  and  s u b s e q u e n t  i so la t ion  of  the  
f a t ty  acids were those  descr ibed  b y  Menzel  and  
Olco t t  (14) .  

The  average a m o u n t  of to ta l  l ipid i so la ted  
was 2.4% of  the  f resh weight  of  the  weevils. Of 
the  t o t a l  l ipid,  59.2% was p h o s p h o l i p i d ;  t he  
r ema inde r  was neu t r a l  l ipid.  

The  individual  phospho l ip ids  were iden t i f i ed  
on  the  basis of  the i r  c h r o m a t o g r a p h i c  proper -  
t ies and  the i r  reac t iv i ty  to  spray  reagents  (15) .  
C o - c h r o m a t o g r a p h y  w i t h  a u t h e n t i c  s t anda rd  

TABLE II 

Fatty Acid Composition of the Major Phospholipids of the Boll Weevil 

Fatty acids, as mole per cent of total fatty acid 

Phospholipid a 14:0 14:1 16:0 16:1 18:0 18:1 18:2 18:3 20:1 22:0 

PC 0.2 --  7.9 10.7 4.4 46.2 28.7 0.9 --  --  
PE 0.1 - -  8.1 8.0 9.4 41.7 29.3 3.1 . . . .  
PGP 0.8 0.6 5.6 15.8 1.4 18.0 53.0 4.3 . . . .  
Sph 0.3 --  2.0 0.7 4.8 2.2 --  --  58.4 31.4 
LPC 0.5 --  12.7 10.2 12.8 36.6 26.9 . . . .  
LPI~ --  --  20.6 4.1 28.0 36.2 10.9 . . . .  

apc, phosphatidyl choline; 
phatide; Sph, sphingomyelin; 
ethanolamine. 

PE, phosphatidyl ethanolamine; PGP, polyglycerophos- 
LPC, lysophosphatidyl choline; LPE, lysophosphatidyl 
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TABLE III 

Positional Distribution of Fatty Acids of Boll Weevil Phosphatidyl 
Choline and Phosphatidyl Ethanolamine as mole per cent of total fatty acids 

Fatty acid 
carbon No. 

Phosphatidyl choline 

Position 

Phosphatidyl 
ethanolamine 

Position 

1 2 1 2 

14:0 0.5 0.3 Trace Trace 
16:0 12.7 5.5 20.6 10.3 
16:1 10.2 8.6 4.1 10.8 
18:0 12.8 --  28.0 -- 
18:1 36.6 62.0 36.2 61.7 
18:2 26.9 22.0 10.9 16.9 
18:3 --  1.4 Trace Trace 

Unsaturated 73.8 94.1 51.2 89.7 
Saturated 26.2 5.9 48.8 10.3 

phospholipids and chemical  analysis of  fat ty 
acids, phosphorus  and amino ni t rogen were also 
used for ident if icat ion.  The phospholipids were 
quant i ta ted  by separat ion in two-dimensional  
TLC, charring the spots with sulfuric acid 
reagent,  scraping the spots from the plates and 
analyzing for phosphorus.  At least three of  
these analyses were per fo rmed  on each com- 
pound.  

The compos i t ion  and percentage distr ibut ion 
of  the phosphol ipid  mix ture  in the boll weevil 
is shown in Table I. As in o ther  Coleoptera  
(16), phosphat idyl  choline and .phosphat idyl  
e thanolamine  were the most  abundant  phos- 
pholipids, and their  percentages were about  
equal. 

The fat ty  acid composi t ion  of  the major  
phospholipids is given in Table II. In bo th  phos- 
phat idyl  chol ine and phosphat idyl  ethanol-  
amine,  over 80% of the acids were unsatura ted,  
and oleic and linoleic acids comprised over  70% 
of  the total  acids. These figures are significantly 
different  f rom those obta ined  for o ther  Coleop- 
tera in which the oleic acid con ten t  of  phospha- 
t idyl choline and phosphat idyl  e thanolamine  
ranges f rom 20% to 30% (16). Also, the 
presence of  cardiolipin is unique because it has a 
high l inoleic acid con ten t  (53%), but  this acid is 
the major  one in the diet o f  the larval boll 
weevil so it is probably  involved in the active 
t ransport  and metabol i sm of  linoleic acid. The 
s p h i n g o m y e l i n  conta ined unusually large 
amounts  of  20 and 22 carbon acids and C20:1 
and C22:0 comprised about  90% of  the total.  
The presence of  these acids was conf i rmed by 
direct compar ison with authent ic  standards and 
by hydrogenat ion ,  then compar ison with satu- 
rated standards. 

Table III shows the results of  the enzymat ic  

hydrolyses  of  phosphat idyl  choline and phos- 
phat idyl  e thanolamine.  The 2 posi t ion of  bo th  
compounds  contained large percentages o f  
unsaturated fa t ty  acids; the major  one (62%) 
was oleic acid. The 1 posi t ion also had an 
abundance of  unsatura ted  fat ty  acids, but  large 
increases were observed in the percentage of  
saturated fat ty acid. In bo th  compounds ,  
stearic acid was not  observed in the 2 posit ion.  
The posit ional  dis t r ibut ion o f  fa t ty  acids in 
phosphat idyl  choline and phosphat idyl  e thanol-  
amine was therefore  similar to that  found  in 
animals, but  no compar ison with o ther  insects 
can be made because we lack the necessary 
data. Also, the de te rmina t ion  of  the fa t ty  acid 
composi t ion  of  cardiolipin and sphingomyel in  
is no t ewor thy  since no comparable  in fo rmat ion  
is available for o ther  insects. 
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Improved Separation of Phospholipids 
by Counter-Current Distribution 

A B S T R A C T  

Separa t ions  by  c o u n t e r - c u r r e n t  d is t r ibu-  
t ion  of  individual  mo lecu la r  species o f  phos-  
phol ip ids  are m u c h  improved  by  the  use of  
C C 1 4 : C H 3 O H : H 2 0  ( 6 2 : 3 3 : 5  v /v)  for  leci- 
t h i n s  a n d  o f  h e p t a n e : C H 3 O H : H 2 0  
( 5 0 : 4 7 . 5 : 2 . 5  v/v)  for  the  m e t h y l  esters of  
the  d i n i t r o p h e n y l  derivat ives of  phospha -  
t i dy l e thano l amines .  

Coll ins (1 )  has  s h o w n  t h a t  c o u n t e r - c u r r e n t  
d i s t r i bu t i on  of  p h o s p h a t i d y l c h o l i n e s  resu l ted  in 
the  par t ia l  s epa ra t ion  of  pairs  of  c o m p o u n d s  
such  as 1-patmi toyl-2-oleoyl  f r o m  l -s tearoyl -2-  
o leoyl  p h o s p h a t i d y l c h o l i n e .  The  p resen t  com- 
m u n i c a t i o n  shows t h a t  th is  sepa ra t ion  can  be  
improved  by  increas ing the  wa te r  c o n t e n t  of  
the  solvent  sys tem.  

The  phospho l ip ids  were i so la ted  f rom ra t  
livers and  the  p h o s p h a t i d y l c h o l i n e s  and  the  
m e t h y l  esters  of  the  d i n i t r o p h e n y l a t e d  phos-  
p h a t i d y l e t h a n o l a m i n e s  were separa ted  and  pre- 
pared  as descr ibed by  Collins (2).  B o t h  
mater ia ls  were pur i f ied  by  t h in  layer  c h r o m a t o -  
g raphy  (TLC)  (3)  and  t h e n  subd iv ided  by  silver 
n i t ra te  TLC (4)  to  give several f rac t ions  dif- 
fer ing in the i r  degree of  u n s a t u r a t i o n .  

The  solvent  sys tem first  e m p l o y e d  for  phos-  
p h a t i d y l c h o l i n e  was t h a t  devised by  Cole, La the  
and  R u t h v e n  (5)  and  cons is ted  of  CC14- 
m e t h a n o l - w a t e r  ( 6 2 : 3 3 : 3 . 1 5  v/v).  In the  
p resen t  inves t iga t ion  the  c o n t e n t  of  c a r b o n  
t e t r ach lo r ide  was k e p t  c o n s t a n t  a t  62% by 
vo lume  while  the  wate r  c o n t e n t  was var ied 
b e t w e e n  3.15% and  7.0% by vo lume.  An ant i-  
ox i dan t  (10  rag/ l i ter  of  2:6-di  t e r t  butyl -4-  
m e t h y l  p h e n o l )  was added  and  a small  sample  
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FIG. 1. Using the solvent system CCI4:CH3OH: 
H20 (62:38 w/w, by volume), where w represents the 
per cent water, phosphatidylcholine was equilibrated 
between equal volumes of upper and lower phases and 
the proportion of fatty acids measured by gas chro- 
matography in each phase. The ratio of stearic acid to 
palmitic acid was recorded for each phase and the 
ratio of these ratios plotted as shown. Maximal separa- 
tion was obtained when w = 5.0. 
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FIG. 2. Using the solvent system heptane:CH3OH: 
H20 (50:50 w/w by volume) where w represents the 
per cent water, the methyl esters of the dinitrophenyl- 
ated phosphatidylethanolamine were equilibrated 
between the two phases and the ratio of  the partition 
coefficients measured as described for phosphatidyl- 
choline. Maximal separation was obtained when w = 
2.5. 
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phol ip ids  are m u c h  improved  by  the  use of  
C C 1 4 : C H 3 O H : H 2 0  ( 6 2 : 3 3 : 5  v /v)  for  leci- 
t h i n s  a n d  o f  h e p t a n e : C H 3 O H : H 2 0  
( 5 0 : 4 7 . 5 : 2 . 5  v/v)  for  the  m e t h y l  esters of  
the  d i n i t r o p h e n y l  derivat ives of  phospha -  
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Coll ins (1 )  has  s h o w n  t h a t  c o u n t e r - c u r r e n t  
d i s t r i bu t i on  of  p h o s p h a t i d y l c h o l i n e s  resu l ted  in 
the  par t ia l  s epa ra t ion  of  pairs  of  c o m p o u n d s  
such  as 1-patmi toyl-2-oleoyl  f r o m  l -s tearoyl -2-  
o leoyl  p h o s p h a t i d y l c h o l i n e .  The  p resen t  com- 
m u n i c a t i o n  shows t h a t  th is  sepa ra t ion  can  be  
improved  by  increas ing the  wa te r  c o n t e n t  of  
the  solvent  sys tem.  

The  phospho l ip ids  were i so la ted  f rom ra t  
livers and  the  p h o s p h a t i d y l c h o l i n e s  and  the  
m e t h y l  esters  of  the  d i n i t r o p h e n y l a t e d  phos-  
p h a t i d y l e t h a n o l a m i n e s  were separa ted  and  pre- 
pared  as descr ibed by  Collins (2).  B o t h  
mater ia ls  were pur i f ied  by  t h in  layer  c h r o m a t o -  
g raphy  (TLC)  (3)  and  t h e n  subd iv ided  by  silver 
n i t ra te  TLC (4)  to  give several f rac t ions  dif- 
fer ing in the i r  degree of  u n s a t u r a t i o n .  

The  solvent  sys tem first  e m p l o y e d  for  phos-  
p h a t i d y l c h o l i n e  was t h a t  devised by  Cole, La the  
and  R u t h v e n  (5)  and  cons is ted  of  CC14- 
m e t h a n o l - w a t e r  ( 6 2 : 3 3 : 3 . 1 5  v/v).  In the  
p resen t  inves t iga t ion  the  c o n t e n t  of  c a r b o n  
t e t r ach lo r ide  was k e p t  c o n s t a n t  a t  62% by 
vo lume  while  the  wate r  c o n t e n t  was var ied 
b e t w e e n  3.15% and  7.0% by vo lume.  An ant i-  
ox i dan t  (10  rag/ l i ter  of  2:6-di  t e r t  butyl -4-  
m e t h y l  p h e n o l )  was added  and  a small  sample  
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FIG. 1. Using the solvent system CCI4:CH3OH: 
H20 (62:38 w/w, by volume), where w represents the 
per cent water, phosphatidylcholine was equilibrated 
between equal volumes of upper and lower phases and 
the proportion of fatty acids measured by gas chro- 
matography in each phase. The ratio of stearic acid to 
palmitic acid was recorded for each phase and the 
ratio of these ratios plotted as shown. Maximal separa- 
tion was obtained when w = 5.0. 
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FIG. 2. Using the solvent system heptane:CH3OH: 
H20 (50:50 w/w by volume) where w represents the 
per cent water, the methyl esters of the dinitrophenyl- 
ated phosphatidylethanolamine were equilibrated 
between the two phases and the ratio of  the partition 
coefficients measured as described for phosphatidyl- 
choline. Maximal separation was obtained when w = 
2.5. 
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FIG. 3. The counter-current districution for 400 
transfers in CC14:CH3OH:H20 (62:33:5 v/v) of a mix- 
ture of 1-stearoyl-2-arachidonoyl-, 1-oleoyl-2-arachi- 
donoyl- and 1-palmitoyl-2-arachidonoyl-phosphatidyl- 
choline. 

(0.3 to 0.5 mg) of phosphatidylcholine added 
to equal volumes (10 m l ) o f  previously equili- 
brated upper and lower phases obtained from 
the solvent mixtures. An approximate value of 
the ratio of the partition coefficients of the 
stearoyl compounds to the palmitoyl com- 
pounds could be obtained by dividing the ratio 
of stearic acid to palmitic acid in the top phase 
by the corresponding ratio in the bot tom phase. 
The fatty acids were measured by gas chro- 
matography (6). This double ratio gave an 
approximate measure of the separation due to 
two carbon atoms. The results for phospha- 
tidylcholine in the system CC14-methanol-water 
are shown in Figure 1. As will be seen, the 
maximum separation was obtained in the sol- 
vent system CC14-methanol-water (62:33:5 
v/v) 

Figure 2 shows the results obtained with a 
sample of phosphatidylcholine containing only 
stearic, oleic, palmitic and arachidonic acids. 
The  p a r t i t i o n  coef f ic ien ts  of stearoyl- 
arachidonoyl-, oleoyl-arachidonoyl- and 
p a 1 m i t o y 1- a r a chidonoyl-phosphatidylcholines 
were respectively 0.446, 0.528 and 0.660. 

Figure 3 shows the effect of altering the 
watek content in the system heptane-methanol- 
water on the separation of the methyl esters of 
dinitrophenylated phosphatidylethanolamines 
differing by two carbon atoms and the best 
separation was obtained with the system 

h ep t ane-methanol-water (50:47:5:2.5 v/v). 
Counter-current distribution of a sample con- 
taining arachidonic acid as the only polyenoic 
fatty acid showed that the partition coefficients 
of stearoyl arachidonoyl, oleoyl arachidonoyl 
and palmitoyl arachidonoyl phosphatidyl- 
ethanolamines (methylesters of the DNP-deriva- 
tives) were respectively 1.31, 0.950 and 0.877. 

These changes in the solvent system would 
enable stearoyl araehidonoyl phosphatidyl- 
choline to be separated from palmitoyl 
arachidonoyi phosphatidylchoIine with 860 
transfers instead of 3300 transfers. The cor- 
responding improvement in the separation of 
phosphatidylethanolamine would be 750 trans- 
fers instead of 1530 transfers. This technique of  
counter-current distribution has been used by 
Collins (1) and Trewhella and Collins (7) to 
enable the specific radioactivities of phospho- 
lipids species to be calculated even though a 
complete separation was not possible. The 
improved separation now obtainable will ensure 
increased accuracy. 

F~D. COLLINS 
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The Russell Grimwade School of  Biochemistry 
University of Melbourne 
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The Functioning of the Lipids and Lipoproteins of 
Sarcotubular Membranes in Calcium Transport1 

E.J. MASORO and BYUNG PAL YU, Department of Physiology and Biophysics, 
Woman's Medical College of Pennsylvania, Philadelphia, Pennsylvania 19129 

ABSTRACT 

In the intact muscle cell, an internal 
tubular membrane system called the 
sarcoplasmic reticulum (SR) plays an 
important role in the contraction-relaxa- 
tion cycle by controlling the Ca ++ of the 
myoplasm; release of Ca ++ from the SR 
to myoplasm initiates contractile activity 
and sequestring Ca ++ in the SR by means 
of a transport system causes muscle to 
relax, Fragments of the SR with a vesi- 
cular structure can be isolated from 
muscle homogenate and these vesicles are 
able to vigorously transport Ca ++ from 
incubation media into the intravesicular 
space thus enabling study of Ca ++ trans- 
port under precisely defined in vitro 
conditions. A highly purified fraction of 
SR vesicles called SF 1 were prepared 
from rat muscle by means of density 
gradient centrifugation procedures. The 
role of SR lipid in Ca ++ transport was 
studied. SF 1 was treated in vitro with 
either phospholipase A or C or D or 
p o l y e n e  antibiotics. The effect of 
essential fatty acid deficiency, induced in 
vivo, was also investigated. It was con- 
cluded that the only structural feature of 
SFl-lipid involved in Ca ++ transport and 
the associated adenosine triphosphatase is 
the phosphoryl moiety of the phospho- 
lipids. Evidence was obtained which 
inplicated histidine residues of the SF 1 
protein in this transport function. To 
study the role of SF 1 protein in this 
process in depth, the membranes were 
solubilized by a sodium dodecylsulfate 
system and made free of their lipid com- 
ponents. More than 95% of this protein is 
soluble in dilute salt solution; of this, 
more than 90% is composed of a protein 
fraction which can be isolated by gel 
filtration (called protein fraction-2). Pro- 
tein fraction-2 contains large molecular 
aggregates of small polypeptide subunits 
of identical or nearly identical molecular 

1One of five papers to be published from the 
Symposium "Lipid Transport" presented at the AOCS 
Meeting, New Orleans, April 1970. 

weight. They contain solely N-terminal 
glTcine and probably only C-terminal 
alanine. The significance of such a high 
percentage of similar polypeptide sub- 
units in SR is discussed. 

The molecular structure of biological mem- 
branes has been the subject of much investiga- 
tion in recent years (1-8). These studies have 
established lipid and protein as the major com- 
ponents of membranes and have also shown 
that many different protein species are present 
in the membranes so far studied. The chemical 
complexity of membranes, particularly that 
caused by multiplicity of proteins, has made it 
difficult to study readily the detailed molecular 
structure and its relationship to functional 
activity. Obviously a membrane with a rela- 
t ively simple protein composition would 
facilitate such study by providing an experi- 
mental prototype of much less molecular com- 
plexity. 

A review of the literature suggested that the 
sarcotubular membranes of skeletal muscle 
might well provide this prototypic membrane. 
These membranes, the morphology of which is 
schematically (9) shown in Figure 1, function 
in vivo in the processes of excitation-con- 
traction coupling and muscle relaxation, phe- 
nomena accomplished, respectively, by the 
r e l e a s i n g  Ca ++ to  the myoplasm and 
sequestering Ca ++ from the myoplasm (10). 
The Ca++-sequestering function has been 
studied with in vitro systems utilizing vesicular 
sarcotubular membrane fragments isolated by 
differential centrifugation; these vesicles vig- 
orously take up Ca ++ from incubation media if 
ATP is available (11), some of the Ca ++ being 
bound to the membrane structure and some 
concentrated intravesicularly. On the basis of 
data obtained in his and in Martonosi' labora- 
tory, Mommaerts (12) theorizes that there is 
little room in the sarcotubular membrane for 
protein that is not actively involved in this 
Ca ++ transport process. If this theoretically 
base d concept of Mommaerts is actually the 
case, it seems likely that sarcotubular mem- 
branes are composed of a quite limited nmnber 
of protein species and are therefore the kind of 
prototypic membrane we seek. 

Therefore, we decided to study the sarco- 
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tubular membranes of rat skeletal muscle and as 
a first step developed a method for the isolation 
of membranes which are primarily, if not 
exclusively, derived from sarcoplasmic reticu- 
lum. This was achieved by combining differ- 
ential centrifugation with the sequential use of 
two density gradient centrifugation steps (13), 
the flowsheet for the method is presented in 
Figure 2. Procedures for preparing the sucrose 
density gradients are summarized in Figure 3. 
The following is a brief description of the pro- 
cedure. Rat skeletal muscle is homogenized in 
0.3 M sucrose by blending for 30 sec in a 
Waring blender at full speed. The homogenate is 
centrifuged at 15,500 x g for 20 min in rotor 
SS 34 in a Servall centrifuge and the super- 
natant collected and filtered through gauze. 

The filtered supernatant is centrifuged for 90 
min at 56,500 x g in rotor No. 40 in Spinco 
Model L centrifuge. The pellet from this step, 
designated Fo, is a crude microsome prepara- 
tion. Fraction Fo, suspended in 0.3 M sucrose, 
is layered on top of sucrose gradient system ! 
and centrifuged at 90,000 x g for 2 hr in 
swinging bucket rotor (SW 25.1) in a model L 
Spinco to yield two subfractions, F 1 and F 2 
(Fig. 2 and 3). The F 1 subfraction is suspended 
in 0.25 M sucrose and further subfractionated 
by layering on top of sucrose gradient II and 
centrifuging at 57,600 x g (SW 25.1 ) for 50 min 
to yield two subfractions designated SF] and 
SF 2 (Fig. 2 and 3). 

The relative ability of the subfractions to 
take up Ca ++ in the presence of ATP was corn- 

Myo~b~ts 

Triod 

Z tlne 

A bQ~ 

u~e 

FIG. 1. Schematic representation of sarcotubular membranes of skeletal muscle. [From Bloom and 
Fawcett (9)]. 
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pared (Fig. 4); the technique for measuring 
Ca ++ uptake has been described (13). SF 1 has 
the greatest ability to take up Ca ++ per milli- 
gram of protein. The Mg adenosine triphospha- 
tase specific activities of each subfraction was 
measured as /greviously described (13); subse- 
quently it was found that the Mg adenosine 
triphosphatase is almost completely suppressed 
by EGTA and that this inhibition of the adeno- 
sine triphosphatase can be reversed by addition 
of Ca ++. Therefore the adenosine triphospha- 
tase activity reported in Figure 5 relates pri- 
marily to the (Ca ++ + Mg++)-adenosine tri- 
phosphatase that has been linked to Ca ++ trans- 
port activity. Subfraction SF 1 has the highest 
specific activity. Electron microscopic examina- 
tion of SF 1 reveals it to be composed primarily 
of membrane vesicles in contrast to subfraction 
SF 2 which contains nonvesicular structures as 
well as mitochondria (Fig. 6). On the basis of 
morphological appearance, Ca ++ transport and 
the  a s s o c i a t e d  adenosine triphosphatase 
activity, stability of the Ca ++ transport activity 
upon storage at 2 C, we felt that SF] was a 
sufficiently purified population of sarcotubular 
membranes to permit exploration of its mole- 
cular properties. A recent morphological analy- 
sis of the membranes by Deamer and Baskin 
(14) supports this conclusion. 

Our first approach was to study the role of 
lipids in the Ca ++ transport activity. Although 
these membranes contain small quantities of 
cholesterol and other neutral lipids, phospho- 
lipid accounts for most of the lipid. The mem- 
branes of fraction SF] contained a remarkably 
constant amount of phospholipid relative to the 
amount of protein, the average value being 
0.611 #Eq of lipid P per milligram of protein 

System ] System I 

- 5  ml of 45~ Sucrose 

-F 2 
-@ ml of 50~ Sucrose 

t ' X U  Gml ot G5~ Sucrose 

System E System ]7 

--Sml Of 30~ Sucrose 

- -4mi  of 35~ Sucrosc ~ SF2 

L /  - -4ml  of  50~ Sucrose 

FIG. 3. Preparation of sucrose density gradients: 
System I involves layering the sucrose solutions in the 
volumes and concentrations noted in the diagram at 
20 C and them letting the system stand at 2 C for 17 
hr before using; system II involves layering the sucrose 
solutions in the volumes and concentrations noted in 
the diagram at 20 C before using. The tubes to the 
right in the diagram show the distribution of micro- 
somal subfractions in sucrose density gradients after 
centrifugation. The symbols used to designate the sub- 
fractions are noted on the diagrams [From Yu et al. 
( 1 3 ) 1 .  

(15). Choline-containing phospholipid accounts 
for 70% of this lipid-P, phosphatidyl-choline 
being overwhelmingly the major phospholipid 
class present. 

Martonosi (16,17) reported that treatment 
of muscle microsomes with phospholipase C 
caused hydrolysis of much of the membrane 
lecithin and at the same time caused a loss in 
the ability of the microsomes to actively take 

Muscle Homogenate .~ 

Centr i tugatlon at 11,250 rlDm for 20 mm #- 
I I ~, l eo  

Sediment Sqpe rnatant $ 
~' Be  

I CentrifugqtJon dt 25,000 rpm for 90mm LO 
I I ~ 6 o  

SupernoLant Sod iment(Fo) 

4 o  
[ S . . . . . .  Grad,ent I B 

I I ~ z o  
Bottom Layer(F 2) Top Layer(F 1 ) 

Sucrose Gradient ]]I 

I i 
Bottom LclyoP(SF 2 ) lop Lo/or(S~) 

FIG. 2. Flowsheet for fractionation of muscle 
homogenates and muscle microsomes [From Yu et al. 
(13)]. 

,L ~, �9 SF I 

�9 6 F I 

�9 . SF 2 

. a F 2 
_1 J 

5 I0 15 
T I M E  (min,) 

FIG. 4. Comparison of Ca ++ uptake by various 
microsomal subtractions [From Yu et al. (13)]; the 
ordinate is expressed in terms of Ca ++ uptake activity 
on a per 100 #g protein basis relative to that of 
fraction SF 1 incubated for 16 min. 
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FIG. 5. Specific activity of Mg-adenosine triphos- 
phatase in microsome subfractions [From Yu et al. 
(13~1. 

up Ca ++ and a loss of the associated adenosine 
triphosphatase activity. We have confirmed 
these results with fraction SF 1 (Fig. 7). 

However, treatment of SF 1 with phospho- 
lipase D had no effect on sarcotubular Ca ++ 
uptake, even after 70% of the choline-con- 
taining phospholipids were caused to hydrolyze 
to phosphatidic acid and choline (Fig. 8). Phos- 
pholipase D treatment caused a small but sig- 
nificant increase in Mg-adenosine triphospha- 
tase activity. 

Treatment with phospholipase A resulted in 
hydrolysis of 50% of the fatty acid in ester 
linkage in the 2 position of the phosphoglycer- 
ides of sarcotubular membranes but caused 

little loss in the amount or rate at which Ca ++ 
could be taken up by the sarcotubular mem- 
branes (Fig. 9). The small decrease in Ca ++ 
uptake noted in the Figure probably is due to 
an increase in membrane FFA since FFA are 
potent inhibitors of this Ca ++ transport system 
(18). In the experiment reported in Figure 9, 
2% albumin (fatty acid-poor) was added to the 
media; if phospholipase A treatment is carried 
out in absence of albumin, Ca ++ uptake is 
rapidly lost, presumably because, in this case, 
most of the FFA released from phosphogly- 
cerides during phospholipase A treatment re- 
mains with the membrane rather than being 
trapped by the albumin. 

The role of the fatty acid moieties in the 
sarcotubular membrane lipids in the Ca ++ trans- 
port system was further evaluated by com- 
paring this activity in membranes derived from 
normal and essential fatty acid deficient rats. 
The membranes of essential fatty acid deficient 
rats had a very different spectrum of fatty acids 
than the normal animals (Table I), they con- 
tained much less stearic, linoleic and arachi- 
donic acids and much more oleic and eicosa- 
trienoic acids than the vesicles from normal 
rats. Nevertheless, neither the amount of Ca ++ 
uptake by the vesicles nor the rate of uptake 
was depressed by this marked change from the 
normal pattern of fatty acids in the sarco- 
tubular membrane lipids (Fig. 10); indeed there 
may even be some increase in rate of Ca ++ 

FIG. 6. Electron micrographs of subfractions SF 1 (left) and SF 2 (right). The pellet of each 
subfraction is fixed with 1% OsO 4 in 0.065 M collidine buffer, pH 7.0, embedded in Epon 812 and 
stained with lead citrate. Magnification 32,000X [From Yu et al (13)]. 
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TABLE I 

Effect of Essential Fatty Acid 
Deficiency on Fatty Acid Composition 

of Sarcoplasmic Reticuluma, b (%1 

Fatty acid Control c EFA-Def.b . 

16:0 d 31 - 1 , 2  28---2.0 "~ 80 
16:1 94- 1.6 13 4- 1.9 ~ 

19+0  + 0 ,  ~ 
18:1 44-1.1 394-2.3 > 60 
18:2 184-1.7 1 4-0.9 
20:3 1 4-0.6 104-1.8 
20:4 104-2.1 24-0.8 ~=) < 1 

Atr 

aLipids were extracted from sarcotubular vesicles 
pooled from two to five rats; five such pools were ana- 
lyzed both for control rats and for essential fatty 
acid-deficient (EFA-Def.) rats. 

bFrom Yu et al. (15). 
CMoles % + S.D. 
dFatty acids are designated by number of carbon 

atoms:number of double bonds. 
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u p t a k e  in m e m b r a n e s  f rom def ic ien t  rats.  
Po lyene  an t ib io t i c s  i n t e r ac t  wi th  s terols  o f  

biological  m e m b r a n e s ,  causing r e o r i e n t a t i o n  of  
m e m b r a n e  lipids (19) .  A l t h o u g h  s a r c o t u b u l a r  
m e m b r a n e s  con t a in  on ly  small  a m o u n t s  of  cho-  
lesterol ,  the  ef fec t  of  these  an t ib io t i c s  o n  Ca ++ 
u p t a k e  was invest igated.  The  s a r co t ubu l a r  mem-  
b ranes  b o u n d  a b o u t  0 . 2 5 / ~ m o l e s  of  f i l ipin per  
mil l igram of  s a r co tubu l a r  p r o t e i n  b u t  the  
b ind ing  of  th is  an t ib io t i c  did no t  in f luence  
e i t he r  Ca ++ u p t a k e  or  Mg-adenosine  t r i phospha -  
tase act ivi t ies  (Fig. 11). T r e a t m e n t  wi th  
n y s t a t i n  and  p imar ic in  was also w i t h o u t  effect .  

The  s t r ik ing aspect  of  these  s tudies  on  sarco- 
t u b u l a r  l ipids is the  lack of  sensi t iv i ty  of  the  
Ca ++ t r a n s p o r t  sys tem to  very  m a r k e d  altera- 
t ions  in l ipid s t ruc tu re .  Even w i th  p h o s p h o -  
l ipase C, the  on ly  t r e a t m e n t  to  i nh ib i t  Ca ++ 
t r anspo r t ,  a large de s t r uc t i on  of  m e m b r a n e  
p h o s p h o l i p i d  was n e e d e d ;  i n d e e d  a grea ter  t h a n  
50% hydro lys i s  of  the  p h o s p h o d i e s t e r  b o n d s  o f  
phospho l ip id s  h a d  to  occur  be fo re  s igni f icant  
loss of  Ca ++ t r a n s p o r t  was observed .  

These  resul ts  led us to  the  focus  on  the  
p ro t e in  c o m p o n e n t s  of  these  m e m b r a n e s .  It was 
s h o w n  by Hasse lbach  and  Seraydar ian  (20)  in 
1966 t h a t  ce r ta in  su l fhydry l  groups  in these  
m e m b r a n e s ,  p r e s u m a b l y  f rom cys te ine  res idues  
o f  m e m b r a n e  p ro t e in ,  are involved  in the  Ca ++ 
t r a n s p o r t  process.  Moreover  p re l imina ry  work  
(21)  in  ou r  l a b o r a t o r y  imp l i ca t ed  the  func-  
t i on ing  of  imidazo le  groups ,  p r e s u m a b l y  f rom 
h i s t id ine  res idues  of  the  m e m b r a n e  p ro t e in ,  in 
the  Ca ++ u p t a k e  sys tem.  However  be fo re  
extens ive ly  s t u d y i n g  the  role of  f u n c t i o n a l  
groups  of  s a r c o t u b u l a r  m e m b r a n e  p ro te ins  in 
the  Ca ++ t r a n s p o r t  process,  we dec ided  to  learn 

FIG. 7. Effect of C on up- + phospholipase Ca ++ 
take and Mg +=adenosine triphosphatase of sarco- 
tubular membranes. The Y axis refers wither to the 
maximum uptake of Ca ++ (closed circles) by phospho- 
lipase-treated sarcotubular membranes as a percentage 
of the maximal uptake observed with untreated sarco- 
tubular membranes processed identically or to the 
Mg++-adenos ine  t r iphosphatase  (open circles) 
expressed in the same way. The X axis refers to the 
percentage hydrolysis of phospholipid [From Yu et al. 
(15)]. 
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FIG. 8. Effect of phospholipase D on Ca ++ uptake 
by sarcotubular membranes. For explanation of Y axis 
see Figure 7. The X axis refers to percentage hydroly- 
sis of choline-containing phospholipid [From Yu et al. 
(15)1. 
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FIG. 9. Effect of phospholipase A on Ca ++ uptake 
by sarcotubular membranes. For explanation of X and 
Y axes see Figure 7 [From Yu et al. (15)]. 

more about the protein structure of these mem- 
branes. 

For such an investigation, it is necessary to 
solubilize the sarcotubular membrane proteins. 
We first tried sonic treatment of the membranes 
since Barclay et al. (22) reported in 1967 that 
rat liver plasma membranes were solubilized by 
a mild sonic treatment which yielded t/tree 
classes of high density lipoproteins and one 
class of protein. Sonic treatment of the milky- 
appearing suspension of sarcotubular mem- 
branes did lead to a transparent-looking prepa- 
ration but electron microscopy revealed this 
sonicated material to be composed of finely 
divided membrane fragments. Delipidafion of 
the membranes followed by succinylation (23) 
of the protein suspended in 8 M urea or a direct 
attempt to dissolve the protein in 0.9% formic 
acid failed to dissolve significant amounts of 
protein. Other attempts were made to solubilize 
the sarcotubular membrane protein but only 
the method of dissolving the sarcotubular mem- 
branes in a low ionic strength solution con- 
taining sodium dodecylsulfate (SDS) which we 
recently described was successful (24). After 
such treatment the protein remains soluble even 
after most of the SDS is removed by extensive 
dialysis provided a low ionic strength salt 
solution is used instead of distilled H20. 

Analysis of this solubilized protein by 
Sephadex  G-200 column chromatography 
yielded two protein fractions, one with a Ve 
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FIG. 10. Comparison of the uptake of Ca ++ by 
sarcotubular membranes from normal and essential 
fatty acid deficient (EFA-Def) rats. The Y axis refers 
to percentage of 0.4/~moles of Ca ++ taken up by the 
sarcotubular membranes. Closed circles designate 
"normal" sarcotubular membranes and the X' desig- 
nate "essential fatty acid deficient" sarcotubular mem- 
branes [From Yu et al. (15)]. 

(elution volume) equal to the V o (void volume) 
and another with a Ve>V o. Most of the protein 
is in the latter fraction which has a Ve/Vo 
ratio of 1.27, However the resolution of these 
two fractions was poor. In an attempt to im- 
prove the resolution, Sepharose 4B gel filtration 
was used. Again two protein fractions emerged, 
one at the V o and one sufficiently after the V o 
to permit good resolution. The second fraction, 
fraction-2, contains more than 90% of the pro- 
tein applied to the column (Fig. 12). Fraction-2 
contains at most only traces of SDS (SDS/pro- 
tein weight ratio <0 .001) .  This protein has 
little lipid with a phospholipid-protein weight 
ratio of 0.05 compared to 0.49 for the intact 
sarcotubular membranes. 

The contents of the tubes containing 
fraction-2 were combined to yield a first (tubes 
35-40), second (tubes 41-45) and third (tubes 
46-50) subfraction of it relative to the order of 
ehition from the Sepharose 4B. Data on the 
amino acid composition of each subfraction are 
presented in Table II. The amino acid compo- 
sition of each subfraction was similar; any dif- 
ferences noted were within the error of the 
analytic procedures. 

Cellulose acetate strip electrophoresis was 
used for the analysis of fraction-2 in the pH 
range of 6.5 to 9.5. The results at pH 7.0, 7.6, 
8.5 and 9.3 are presented in Figure 13 (25). At 
pH 6.5 the protein did not migrate while at the 
higher pH values it migrated in a single band 
towards the anode. 

The protein in fraction-2 did not electro- 

LIPIDS, VOL. 6, NO. 6 



SARCOTUBULAR LIPIDS AND PROTEINS 363 

. * z  
80 

tu 6 0  

i,i .~ 
v tr 40  

20 
*o --- 

E F F E C T  OF ANT IB IOT IC  
( F IL IP IN  5 x I0  4 M ) 

A A A 

i i 

0 30 60 
i 

9 0  ( ra in . )  

INCUBATION T IME 

FIG. 11. Effect of filipin on Ca ++ uptake by sarco- 
tubular membranes. The Y axis refers either to maxi- 
mum uptake of Ca ++ by filipin-treated sarcotubular 
membranes in terms of percentage of the maximal 
uptake observed with untreated sarcotubular mem- 
branes processed identically (closed circles) or to 
Mg++-adenosine triphosphatase activity expressed in 
the same way (open circles) or to the percentage of 
added filipin taken up by sarcotubular membranes 
(solid triangles). The X axis refers to the time of 
incubation with filipin [From Yu et al. (15)]. 

TABLE II 

Amino Acid Composition 
of Subfractions of Fraction-2 a,b,e 

Subfractions 

Amino acid 1st 2nd 3rd 

Lysine 111 123 118 
Histidine 38 43 41 
Arginine 123 125 116 
Aspartic Acid 303 301 292 
Threonine 143 153 124 
Serine 191 184 215 
Glutamic Acid 290 355 219 
Proline 140 152 122 
Glycine 206 205 179 
Alanine 207 223 196 
Valine 130 143 126 
Isoleucine 89 98 90 
Leucine 265 269 271 
Tyrosine 50 49 45 
Phenylalanine 83 105 102 
Cysteic Acid 10 10 10 

aExpressed in #moles/100 mg of fraction-2. Tryp- 
topban and methione were not measured. 

bTo determine the amino acid content of a given 
protein fraction, it is hydrolyzed in evacuated tubes in 
6 N HC1 at 110 C for 24 hr. After hydrolysis, the HCI 
is evaporated and the dried sample is then dissolved in 
0.2 M citrate buffer (pH 2.2). Amino acid analysis is 
performed with a Phoenix (Model M-7800) amino 
acid analyzer. The columns were packed with Phoenix 
Spherix type XX8-10-O for short columns and XX8- 
60-0 for long columns. Cysteic acid analysis is carried 
out by the method of Moore (32). 

CFrom Yu and Masoro (25). 

phoret ical ly  en te r  po!yacry lamide  gels at 4% or 
higher concen t ra t ions .  Since gels wi th  less con- 
cen t ra t ion  than  4% were impossible  to  handle  
in the  vertical gel e lec t rophores i s  apparatus  
available, a 3% polyacrylamide-0 .5% agarose gel 
sys tem was used. The pro te in  of  f rac t ion-2  
enters  this gel (which  can be easily hand led)  
and migrates  in two  broad  bands  (Fig. 14). 

Analysis o f  fraction-z by analytical  ultra- 
cent r i fugat ion  in the  presence  and absence of  
2 -mercap toe thano l  was ca rded  out .  In the  
presence  of  2 -mercap toe thano l  at least three  
c o m p o n e n t s  were observed (Fig. 15a); the 
major  one  had a $20 value of  6.5. In the 
absence of  2 -mercap toe thano l  the  fast moving  
minor  c o m p o n e n t  was no t  de t ec t ed  (Fig. 15b). 

The data p resen ted  to this po in t  clearly 
show that  the p ro te in  in f ract ion-2 is o f  high 
molecular  weight.  On the basis o f  the  l ike l ihood 
tha t  these high molecular  weight s t ructures  are 
aggregates of  smaller p ro te in  c o m p o n e n t s ,  an 
a t t e m p t  was made  to dissociate the  pro te in  in 
f ract ion-2 by t reat ing it wi th  SDS and 
2 -mercap toe thano l  according to  the  m e t h o d  of  
Shapiro et  al. (26). Analysis of  the  dissociated 
pro te in  e lec t rophore t ica l ly  in a 5% polyacryl-  

amide gel conta in ing  0.1% SDS revealed tha t  all 
p ro te in  en t e red  the gel a n d m o s t  o f  it migra ted  
in a single band  (Fig. 16). Es t imat ion  of  
molecular  weight  of  this dissociated p ro te in  on 
the  basis o f  migra t ion  dis tance relative to  migra- 
t ion of  s t andard  p ro te ins  as descr ibed by 
Shapiro et al. ind ica ted  a molecular  weight o f  

)- 

z 
i i i  
m 
g .05 

.-Fr^:r-2 
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FIG. 12. Sepharose 4B gel filtration analysis of 
solubilized proteins from SF 1 [From Masoro and Yu 
(24)]. 

LIPIDS, VOL. 6, NO. 6 



364 E.J. MASORO AND BYUNG PAL YU 

CELLULOSE ACETATE 

ELECTROPHORESIS 

(a) 

! 

ORIGIN 

t -~  (+) 

FIG. 13. Cellulose acetate strip electrophoretic 
analysis of fraction-2. The Millipore phoroslide system 
was used; the buffer was sodium barbital-HC1 (0.05 
M). The electrophoresis was carried out under the 
following conditions: temperature, 23 C; time, �89 hr; 
voltage, 100 V. The strip was fixed and stained by 
treating for 10 rain with a solution containing 1.8% 
Ponceau S, 26.8% trichloroacetic acid and 26.8% 
sulfosalicylic acid. The records above are densito- 
metric scans of the fixed and stained cellulose acetate 
strips. Scan a was carried out at pH 7.0; scan b, at pH 
7.6; scan c, at pH 8.5; and scan d, at pH 9.3 [From Yu 
and Masoro (25)]. 

ORIGIN 

(-) (*) 

F I G. 14. Polyacrylamide-agarose gel electro- 
phoretic analysis of fraction-2. The record above is a 
densitometric scan [From Yu and Masoro (25)]. 

about 17,000, a vaiue reported in a preliminary 
communication (24). Shapiro and Maizel (27) 
recently reported further data on their method 
which suggested that estimation of the mole- 
cular weight of small proteins by 5% polyacryl- 
amide gel electrophoresis may be in con- 
siderable error, a problem that can be circum- 
vented by the use of higher percentage gels. 
Analysis of dissociated fraction-2 in higher per- 
centage gels does indeed indicate that the 
original estimation of molecular weight is in 
error. With a 12% gel (Fig. 17), all protein 
entered the gel and migrated as a single band. 
On the basis of the electrophoretic migration 
distance of the dissociated fraction-2 protein 
relative to standard proteins its molecular 
weight is estimated to be approximately 6500 
(Fig. 18). Electrophroetic analysis of dis- 
sociated fraction-2 in a 15% gel was totally 
consistent with the findings obtained with a 
12% gel. Recently Weber and Osborn (28) and 
Dunker and Rueckert (29) have presented 
much evidence in support of the validity of the 
method of Shapiro et al. as means of deter- 
mining the molecular weight of proteins. 

Dissociation of the protein in fraction-2 and 
Sephadex G-150 column chromatography by 
the method of Pag~ and Godin (30) also pro- 
vided evidence for a single protein species. All 
of the protein eluted in a single sharp peak 
which, on the basis of its Ve/Vo ratio compared 
to that of standard proteins, indicated a mole- 
cular weight of 6500 (Fig. 19). 

Identification of the N-terminal amino acid 
or acids in the protein of fraction-2 was done 
by preparing the DNP and dansyl derivatives. 
Only N-terminal glycine could be identified. 
Quantitative estimation by a densitometric 
technique (Fig. 20) indicated that glycine could 
account for all of the N-terminal amino acid 
present in the protein; of course such data are 
equivocal because of the losses which occur on 
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FIG. 15. Analytical ultracentrifugation of fraction-2, a, In presence of 2-mercaptoethanol; b, in 

absence of 2-mercaptoethanol. Pictures were taken at 16 min intervals after full speed was reached 
[From Masoro and Yu (24)], for experimental procedures see that reference. 

preparation of DNP-derivatives (correction 
values obtained with standards probably only 
approximately apply to the protein in frac- 
tion-2) and because of the uncertainties in 
absolute value of a molecular weight based on 
electrophoretic and gel filtration analysis. 

Both carboxypeptidase A and B were used 
for C-terminal analysis and the results indicated 
that alanine is a C-terminal residue (the data 
o b r a i n e d  w i t h  carboxypeptidase A are 
presented in Fig. 21). On the basis that alanine 
is the sole C-terminal amino acid present, the 
molecular weizht of the protein subunits was 
calculated. The estimated value with carboxy- 
peptidase A was 9880 and with carboxypepti- 
dase B 10,300, results which agree rather well 
with the value of 6500 from the physical 
methods described above. 

Peptide mapping of the protein in fraction-2 
was carried out following tryptic digestion. 

i 

i I 

I 

i i 
I 

FIG. 16. Analysis of dissociated protein of frac- 
tion-2 by electrophoresis in 5% polyacrylamide gel 
containing dissociating agents. The slots axe numbered 
1 to 5 consecutively from left to right; slot 1 contains 
apo-ferratin; slot 2 fraction-2; slot 3, pepsin; slot 4, 
hemoglobin; slot 5, bovine serum albumin. Electro- 
phoresis was carried out for 3 hr [From Masoro and 
Yu (24)]; for experimental procedures see that 
reference. 
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SDS-POLYACRYLAMIDE GEL 
ELECTROPHORESIS (12%) 

MOLECULAR WEIGHT ESTIMATION OF FRACT-2 
BY SDS-POLYACRYLAMIDE GEL (12%) 
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FIG. 17. Analysis of dissociated protein of frac- 
tion-2 by electrophoresis in a 12% polyacrylamide gel 
containing dissociating agents. Electrophoresis for 24 
hr. Upper densitometric scan is for dissociated ACTH 
and lower scan for dissociated fraction-2 [From Yu 
and Masoro (25)]; for experimental procedures see 
that reference. 

Fifteen different peptides were detected (Fig. 
22). 

It seems clear that in the absence of disso- 
ciating agents but in the presence of some salt 
the protein in fraction-2 is composed of large 
water soluble aggregates of a polypeptide with a 
molecular weight in the range of 6500 to 
10,500. That these aggregates are of very large 
size is established by their behavior on Sepha- 
rose and Sephadex columns, their sedimenta- 
tion on analytical ultracentrifugation and their 
inability to enter a 4% polyacrylamide gel. The 
heterogeneity observed with undissociated frac- 
tion-2 probably results from variations in the 
extent of aggregation. 

Upon dissociation, fraction-2 contains only 
small molecular weight components, e.g., all 
protein will enter a 15% polyacrylamide gel. 
The sole N-terminal amino acid present is 
glycine and probably the sole C-terminal amino 
acid is alanine. The molecular weight of these 

PepSi~s io~~ Ribonu cleas e 

Insulin~ 

0 I I I I J 20 40 60 80 I00 
Percent of Migrat ion 

FIG. 18. Relationship between molecular weight of 
a dissociated protein and its migration distance in the 
12% polyacrylamide gel containing dissociating agents. 
All proteins were treated and assayed as indicated in 
Figure 17 [From Yu and Masoro (25)]. 

dissociated protein subunits is 6500, if esti- 
mated on the basis of the gel electrophoretic 
and the gel filtration methods, and it is approxi- 
mately 10,000 if estimated on the basis of the 
C-terminal amino acid residue analysis. 

On the basis of a single N-terminal amino 
acid species, a single migrating band of the 
dissociated protein on gel electrophoresis and a 
single sharp elution peak of the dissociated pro- 
tein on gel filtration, it seems likely that the 
protein subunits of fraction-2 are either identi- 
cal or very similar polypeptide species. 

Some comment is in order, however, in 
regard to the peptide mapping data. Fifteen 
peptides were found, which is more than would 
be expected from a polypeptide of the compo- 
sition reported in Table II if the molecular 
weight is 6500 but not  if it is 10,000. Therefore 
the peptide mapping data are consistent either 
with the presence of only one polypeptide 
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FIG. 19. Relationship between molecular weight of 
a dissociated protein and its elution behavior on a 
SDS-containing Sephadex G-150 column. The protein 
of fraction-2 and the standard proteins at a concentra- 
tion of 6 mg/ml were preincubated with 0.075 M SDS 
containing 1.5 x 10 -4 M p-hydroxymercuribenzoate at 
pH 8.0 at 37 C for 24 hr prior to Sephadex gel 
t'titration. Sephadex G-150 was equilibrated in a 0.05 
M SDS solution containing 1.5 x 10 -4 M p-hydroxy- 
mercuribenzoate at pH 8.0. The eluent had the same 
composition as the equilibrating solution. Chromato- 
graphy was carried out at room temperature at an 
elution rate of 3-4 ml/cm2/br [From Yu and Masoro 
(25)1. 

I DNP- GLYCINE STANDARD 

ORIGIN ~ SOLVENT 
Z .... 

Tr DNP-N TERMINAL 
OF FRACT-2 

FIG. 20. Tl~n layer analysis of DNP derivatives 
prepared from fraction-2. The above is a scan of ether 
extractable acidified-DNP derivatives. The nonether 
extractable fraction was similarly studied and no evi- 
dence for the presence of an N-terminal derivative was 
found [From Yu and Masoro (25)1. 

CARBOXYPEPTIDASE A TREATMENT 
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FIG. 21. Rates of release of amino acids by car, 
boxypeptidase A treatment of fraction-2 [From Yu 
and Masoro (25)]; for experimental procedures see 
that reference. 
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FIG. 22. Pepfide mapping of fraction-2. The 
peptides are detected by spraying with 0.2% ninhydrin 
reagent in n-butanol saturated with water. Color is 
developed by heating. Spots outlines by dashed line 
exhibited only faint color [From Yu and Masoro 
(25)] ; for experimental procedures see that reference. 
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species wi th  a molecular  weight o f  10,000 or at 
most  o f  two  po lypep t ide  species b o t h  with a 
molecular  weight  o f  6500 and wi th  a similar 
but  no t  ident ical  pr imary s t ructure .  

Martonosi  (31 ) recent ly  r epo r t ed  that  he was 
no t  able to conf i rm our f inding that  the  disso- 
c ia ted p ro te in  f rom sarcotubular  membranes  
migrates as a single band on polyacry lamide  gel 
e lect rophores is .  It is diff icult  to  give a reason 
for  this d iscrepancy but  it may be related to  the  
presence  of  varying amoun t s  of  lipid combined  
wi th  the p ro te in  since he provides no informa-  
t ion on the prepara t ion  of  the soluble mem- 
brane pro te in  nor  on its chemical  compos i t ion .  
In our  exper ience  only comple te  dissociat ion of  
l ip id-poor  sarcotubular  p ro te in  yields a prepara-  
t ion  which appears  h o m o g e n e o u s  on gel e lectro-  
phoresis.  

Since fract ion-2 conta ins  approx ima te ly  90% 
of  the p ro te in  of  sarcotubular  membranes ,  it 
appears tha t  we have isolated the pro te in  struc- 
ture responsible  for  the molecular  a rchi tec ture  
of  thesy  membranes .  Moreover,  if Mommaer t s  
is correct  in concluding that  mos t  o f  the pro- 
tein in the sarcotubular  m e m b r a n e  is involved 
in Ca ++ t ranspor t ,  then  tiffs pro te in  is the one  
responsible  for  Ca ++ t ranspor t .  It is t empt ing  to 
con t emp la t e  util izing this p ro te in  for  a s tepwise 
r econs t i tu t ion  of  b o t h  the m e m b r a n e  s t ructure  
and its Ca ++ t ranspor t  activity.  However,  
natural ly occurr ing membranes  have a l ipopro-  
tein s t ruc ture  (22,31)  and,  a l though it is 
i m p o r t a n t  to isolate the pro te ins  of  membranes  
in order  to chemical ly  ident i fy  and character ize  
them,  it remains  to be es tabl ished tha t  a pro te in  
so obviously dena tu red  can be used for  recon-  
s t i tu t ion  of  the m e m b r a n e  system.  Success will 
depend  on the ex t en t  to which such prote in  can 
be " r e n a t u r e d "  by, e.g., the i n t r o d u c t i o n  of  
lipid to re form a l ipopro te in  s t ructure .  
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Serum Lipid Transport Systems: Recent Advances1 
A L F R E D O  LOPEZ-S, Louisiana State University 
Medical Center, New Orleans, Louisiana 70112 

ABSTRACT 

Lipids circulating in the plasma are 
transported in water soluble form as 
lipid-protein complexes. Lipoproteins can 
be classified according to size, density, 
electrophoretic mobility and protein 
composition. The ability of low density 
lipoproteins and very low density lipopro- 
teins (VLDL) to form complexes with 
different polyanions has been also used as 
a method for separation and study of 
serum lipoproteins. Even within classes of 
lipoproteins closely related otherwise, the 
amount of different lipids and their ratios 
to each other and to protein are variable. 
Two enzymatic systems seem to be at 
least partly responsible for the different 
lipid compositions of serum lipoproteins: 
lipoprotein lipase and lecithin-cholesterol 
acyltransferase (LCAT). LCAT, which 
seems to be associated with a-lipopro- 
teins, is responsible for the formation of 
the bulk of cholesteryl-esters in human 
serum. Changes in activity of this enzyme 
may explain the observed changes with 
age and disease of serum cholesteryl-ester 
fatty acids (CEFA). Differences in CEFA 
pattern are found between newborn and 
adult animals, including man. The activity 
of serum LCAT was observed to increase 
with age in animals and to decrease 
markedly in patients with liver cirrhosis. 
These patients show abnormal serum 
CEFA patterns and abnormally low pro- 
portions of pre-/3- (VLDL) and a- (high 
density) lipoproteins. 

I N T R O D U C T I O N  

At the International Symposium on Lipid 
Transport celebrated in Nashville in 1963 it was 
predicted that the "finding of specific proteins 
as lipid acceptors was very exciting and that 
further study of these apoproteins will bring 
about a better understanding of how lipids are 
transported in the blood" (1). This prediction 
proved to be true although a great deal still 
remains to be learned. 

1One of five papers to be published from the 
Symposium "Lipid Transport" presented at the AOCS 
Meeting, New Orleans, April 1970. 

In this paper no attempt will be made to 
present a comprehensive review of all the 
advances in the field of lipoprotein and lipid 
transport that have occurred since the 1963 
meeting. We will discuss selected aspects of 
recent advances in methodology which have led 
to a better understanding of the structure and 
function of lipoproteins. We will discuss new 
advances in our knowledge of enzymes which 
are known to participate in lipoprotein metabo- 
lism and function and, finally we will discuss 
the transport of a specific serum lipid fraction 
which is suspected of having an important 
physiological role, the cholesteryl-esters. 

A D V A N C E S  IN LIPID M E T H O L O G Y  

In the past few years important advances 
have been made in this area. A summary of the 
techniques currently used in the study of lipo- 
proteins follows. 

1. differential salt precipitation 
Macheboeuf (1929), Adair and Adair 
(1944) 

2. Cohn cold ethanol fractionation 
Gurd, Oncley, Edsel and Cohn (1949), 
Cohn (1950) 

3. analytical ultracentrifugal flotation 
Pederson (1945), Gofman et al. (1951) 

4. preparative ultracentrifugation, followed by 
chemical analysis 

Lindgren et at. (1951), Hillyard et al. 
(1955), 
Havel et al. (1955), Bragdon et al. (1956) 

5. complexing with polyanions 
Walton (1952), Oncley and Mannick 
(1954), 
Burstein and Samaille (1955), Bernfeld et 
al. (1957) 

6. etectrophoresis 
a. moving boundary electrophoresis 

Blix, Tiselius and Swensson (1941 ) 
b. zone electrophoresis 

i. starch block, Kunkel and Slater 
(1952) 

ii. paper, Swahn (1953), Durrum et al. 
(1952), Straus and Wurm (1958), 
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Lees and Hatch (1963) 
iii. starch gel, Smithies (1955) 
iv. cellulose acetate 
v. acrylamide, Narayan et al. (1965) 

vi. agar and agarose gel, Graber and 
Williams (1955) Ressler et al. 
(1961), Nobel (1968) 

c. immunoelectrophoresis, Graber and 
Burtin (1964) 

7. immunodiffusion 
Ouchterlony (1953), Mancini (1965) 

8. membrane filtration 
Stone and Thorp (1966) 

9. others 
a. nuclear magnetic resonance, Chapman 

(1968) 
b. refractometry, Lindgren et al. (1960) 
c. e l e c t r o n  microscopy, Hayes and 

Hewitt (1957) 
d. x-ray 
e. spectroscopy 

i. infrared, Scanu and Granda (1968) 
ii. circular dichroic, Scanu and Hirz 

(1968) 
The two techniques most widely used have 

been ultracentrifugation, either ultracentrifugal 
flotation or ultracentrifugation followed by 
chemical and physiochemical analysis, and dif- 
ferent types of electrophoresis. In general, good 
correlation has been found between electro- 
phoretic and ultracentrifugally isolated lipopro- 
teins. These correlations have been extremely 
useful in establishing bridges of communication 
between clinicians and biochemists and have 
permitted a better understanding of the physio- 
logical role of lipoproteins. 

On the basis of density, flotation, electro- 
phoretic behavior and amino acid residues, four 
main groups of lipoproteins have been char- 
acterized (Table I): 1) chylomicrons, 2) very 
low density lipoproteins (VLDL) or pre-t3-1ipo- 
protein by electrophoresis, 3) low density lipo- 
proteins (LDL) or ~-lipoproteins by electro- 
phoresis and 4) high density lipoproteins (HDL) 
or  c~-lipoproteins by electrophoresis. The 
presence of four major residues, aspartic acid, 
glutamic acid, serine and threonine as N-termin- 
al amino acids, in these lipoproteins suggests 
that there must be at least four different apo- 
proteins forming part of the lipoproteins. We 
will discuss this point later. 

There are techniques used in the study of 
lipoproteins based on the ability of LDL and 
VLDL to form complexes with different poly- 
anions (2,3). We have studied the formation of 
these complexes using different mucopolysac- 
charides (MPS), cations, etc. (4) and found that 
at physiological pH, maximum complex forma- 
tion takes place at concentration of Ca ++ of 20 
mg/ml of serum and at concentrations of 
heparin below 2 mg/ml serum (5). At higher 
concentration of heparin, other serum proteins 
in addition to t3-1ipoproteins are coprecipitated. 
The presence of N-sulfated groups in the hexos- 
amine residue of MPS increased their com- 
plexing ability with the /3-1ipoproteins. We have 
concluded that in the formation of these com- 
plexes between LDL, VLDL and MPS, Ca ++ 
seems to interact first with phosphate groups of 
phospholipids of lipoproteins, thereby pro- 
viding catonic sites to the reacting group of 
MPS. However, other types of interaction such 
as electrostatic forces, hydrogen bonds or 
hydrophobic bonds cannot be excluded as 
participating in the formation of the corn- 

TABLE I 

Major Classes of Human Serum Lipoproteins 

N terminal 
aminoacids 

Flotation Density range 
Lipoprotein class Sf. (g/ml) Paper electrophoresis Major Minor 

Chylomicrons ~ 400 ~ 0.95 Origin Ser Glu 
Thr Asp 

VLDL a 20-400 0.95 -1.006 pre-t3 Ser Glu 
Thr Asp 

LDL 0 - 2 0  1.006-1.063 t3 Glu Ser 
Thr 

HDL --- 1.063-1.21 O' Asp 

aAbbreviations: VLDL, very low density lipoproteins; LDE, low density lipoproteins; HDL, high 
density lipoproteins; Ser, serine; Thr, threonine; Glu, glutamic acid; and Asp, aspartic acid. 
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FIG. 1. Flow diagram of automated methods. Heparin Reagent consists of 0.25% heparin, 0.5 
M CaC12 and [t20 in the following proportions: Heparin, 1; CaCI2, 2.5; and H20, 15.5 volumes. 
Reagent blank is prepared as the heparin reagent with the omission of heparin. 

plexes. Recently, Day and Levy (6) have 
reported that the interaction of LDL with poiy- 
anions (amylopectin, heparin) is ionic in nature 
and that free amino groups are essential for the 
interaction. It is possible that the trapping of 
~-lipoproteins in the arterial wall by acid MPS is 
basic to the pathogenesis of atherosclerosis. 

Whatever the mechanism of interaction is, 
the ability of complex formation between t3- 
lipoproteins and polyanions has been used as a 
means of separation and quantitation of LDL 
plus VLDL; we have found a very good correla- 
tion between the amount of cholesterol in the 
precipitated /3-plus pre-/3-1ipoproteins and the 
turbidity value obtained after 15 rain incuba- 
tion of serum, heparin, CaC12 and water in 
appropriate amounts (7). Furthermore, we have 
been able to automate this procedure (Fig. 1) 
and in this way we can estimate rapidly, effi- 
ciently and accurately (Fig. 2) the amount of 
cholesterol present in the /3-plus pre-/3-1ipopro- 
teins of serum at a rate of 35 or 70 determina- 
tions per hr. The details of this method will be 
published elsewhere (8). 

Techniques have also been devised to study 
lipoproteins based on their immunological 
properties, These properties are mostly asso- 
ciated with the LDL and VLDL (9); the 
important lipid component of these lipopro- 
teins is haptene (10). HDL and LDL seem to 
have antigenic specificities which are n o t  
shared. On the other hand, VLDL, unmodified 
and unchanged, is immunochemically identical 
with LDL. Heterogeneity in the form of genetic 
polymorphism occurs in plasma lipoproteins in 

the same manner as it occurs in other plasma 
proteins. Polymorphic forms of LDL were first 
described by Blumberg ( 11 ) and designated Ag. 
Since then, a number of Ag have been described 
in the context of the immunological reactions 
of lipoproteins, whose specie specific is not 
absolute and whose group specific is associated 
with lipoproteins, is heteroimmune in the Lp 
sys tem-Lp(a)  positive and Lp(a) negative and 
is isoimmune in the Ag sys tem-As(A 1), Ag(x), 
Ag(z), Ag(b), Ag(c), Ag(t), Ag(y) and Au. A 
second LDL system, Lp, has been described by 
Berg (12), who concluded that these two anti- 
genic systems are independent and that the two 
antigens appeared to be on different parts of 
the same LDL molecule. More recently, it has 
been reported (13) that the Lp antigenic deter- 
minants are peculiar to a distinct class of lipo- 
protein, " t h e  sinking prebeta" (SPB) lipopro- 

TABLE iI 

APO-Lipoproteins 
(COOH-Terminal Residues) 

APO VLDL a APO LDL APO HDL 

R-Ser R-Set R-GIu 
R-AIa R-Thr 
R-Va! 

R-Thr b R-AIa b R-AIa b 
R-Glu b R-Val R-Val b 

aAbbreviations: See Table I. Also, Ala, alanine; 
Val, valine. 

bpresent only in small quantities. 
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tein and that SPB is the Lp antigen. Immuno- 
chemical techniques have been very useful in 
the s tudy of l ipoprotein deficiency states (14), 
quanti tat ion of l ipoproteins (15), demon- 
stration of the purity of  l ipoprotein prepara- 
tions (7) and in the study of apoproteins (16). 

Thus, using immunochemical  techniques it 
has been found (17,18) that  human lipopro- 
teins contain at least five distinct peptides 
(Table II); three of these comprise the major 
protein constituents of the LDL and HDL (apo 
LDL-serine, apo HDL-glutamine and apo 
HDL-threonine). In the VLDL three peptides 
have been reported recently (19) which are 
different from the others; they are apo 
VLDL-valine, apo VLDL-alanine and apo 
VLDL-glutamic acid. These peptides form part 
of the different apoproteins.  Work by Alau- 
povic et al. (20) and Shore and Shore (21) 
indicated that each of the major l ipoprotein 
classes isolated on basis of density is a mixture 
of l ipoproteins differing in the nature of the 
protein moiety as well as in lipid content.  For  
this reason a classification of  l ipoproteins based 
on the type of apoprotein present has been 
proposed by Alaupovic (22) in which the 
usually reported density ranges of the major 
l ipoprotein classes, VLDL, LDL, HDL and 
VHDL, are presented at the same time that  the 
he te rogenei ty  of these fractions can be 
observed in respect to their protein moieties. 

Although the exact configuration of  the 

l ipoprotein is not known, on the basis of infor- 
mation available from the literature and their 
own work, Day and Levy (23) have proposed 
for HDL2, HDL 3 and LDL a system of small 
repeating units called lipotides. These units con- 
sist of two helical peptide chains enclosing a 
lipid core, each helix being at tached to the 
other by a nonhelical peptide connector. Pol- 
lard et al. (24) have suggested, as a model for 
LDL, a dodecahedron with one protein subunit 
at each of  the twenty  vertices; the phospho- 
lipids are probably located on the faces of the 
dodecahedron and neutral lipids in the interior. 

The structures of VLDL and chylomicrons 
seems to be micellar in nature, with phospho- 
l ipid-protein complexes bound at the surface to 
stabilize the miceUe. The propor t ion  of surface 
covered by protein in the VLDL seems to be 
approximately 20% (25). Another  model  of 
l ipoprotein structure has been more recently 
suggested by Got to  (26). In this, as in the 
previous models, the polar side of  the surface 
coat would be exposed to the surrounding 
aqueous medium while the apolar side would 
interact with the hydrophobic  core of trigly- 
cerides and cholesteryl-esters. All these models 
are compatible with the idea of direct lipid 
i n t e r c h a n g e  among different l ipoproteins 
(27,28). 

Other techniques, such as nuclear magnetic 
resonance and spectroscopy, have given some 
insight about the nature of  the bond between 
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lipids and proteins in the lipoproteins, and sug- 
gest that the interaction between lipids and 
protein is predominantly polar in nature rather 
than hydrophobic (29); however, more work is 
necessary for a better understanding of the 
nature of the lipid protein interaction in lipo- 
proteins. 

ENZYMES INVOLVED IN 
LIPOPROTEIN METABOLISM 

On the basis of their lipid constituents, we 
can consider two types of lipoproteins (31), 
triglyceride-rich lipoproteins (chylomicrons and 
VLDL) and cholesteryl-ester and phospholipid- 
rich lipoproteins (LDL and HDL). The first 
group is probably involved in some form of 
energy metabolism involving triglyceride trans- 
port, and the second, in the metabolism and 
transport of cholesteryl-esters. However, from 
the functional point of view, there seems to be 
a great deal of interrelationship between the 
lipoproteins of these two groups. We mentioned 
earlier the chemical and immunochemical 
similarities between VLDL and LDL. There is 
also evidence that lipids can be interchanged 
be tween  lipoproteins of different classes 
( 2 7 , 2 8 )  and  metabolic interrelationships 
between VLDL, LDL and HDL have been 
reported (30,31 ). 

The removal of serum triglycerides (ex- 
ogenous or endogenous) from the blood stream 
appears to require hydrolysis which is catalyzed 
by the enzyme lipoprotein lipase (E.C. 3.1.1.3) 
located near the surface of the capillary endo- 
thelium. These triglycerides are hydrolyzed 
only in the presence of lipoproteins which 
appear to be necessary for formation of 
enzyme-substrate complex. The activity of this 
enzyme, lipoprotein lipase, seems to be asso- 
ciated with the C-terminal peptide R-Glutamic 
acid of the HDL and VLDL (32-34). 

LDL and HDL are generated in the process 
of triglyceride removal and as end products of 
chylomicrons and VLDL breakdown (35,36). 
The LDL which are formed are comparable to 
the normally occurring LDL, whereas the HDL 
contain more phospholipids and less of the 
other lipid components found in normal HDL 
(37); these HDL will be converted to normal 
HDL by the action of another enzyme, leci- 
thin-cholesterol-acyt-transferase (LCAT) (E.C. 
2.3.1), which catalyzes the transesterification 
reaction between lecithin and cholesterol in 
plasma. 

Havel has proposed the following model of 
lipoprotein metabolism and function (38). 
Upon entrance into the circulation, chylo- 
microns and VLDL acquire apo A from HDL or 

T A B L E  III 

S e r u m  C E F A  P a t t e r n s  a n d  L C A T  Ac t iv i t y  
a t  the  T ime  o f  Del ivery  

27 m o t h e r s ,  27 bab ies ,  
m g / 1 0 0  ml i n g / 1 0 0  ml 

T r ig lyce r i de s  185 4 7  

To ta l  c h o l e s t e r o l  235  71 

Free  50  2 0  
Es te r i f i ed  186  52 

S a 27 10 
O 55 22 
L 86  10 
A 18 10 
O / L  0 .6  2.2 

L C A T  ac t iv i ty  3.9 b 2 .6  b 

a A b b r e v i a t i o n s :  S, cho l e s t e ry l - e s t e r s  o f  s a t u r a t e d  
f a t t y  acids  C : 1 6 ,  C : 1 8 ;  O,  c h o l e s t e r y l - o l e a t e ;  L, cho-  
les te ry l  l i no lea t e ;  A, c h o l e s t e r y l - a r a c h y d o n a t e ;  a n d  
O / L ,  c h o l e s t e r y l - o l e a t e : c h o l e s t e r y l d i n o l e a t e .  

VLDL. Circulating apo A, once bound to 
VLDL, may serve to facilitate the action of 
lipoprotein lipase, LCAT, or both. Lipoprotein 
lipase will remove triglycerides from chylo- 
microns and VLDL, thus causing a reduction in 
the volume of these lipoproteins. But, at the 
same time, LCAT will remove lecithin and cho- 
lesterol, enabling lipoproteins in this manner to 
retain their shape and properties at the time 
when triglycerides are removed. One product of 
the LCAT, lysolecithin, is transported to 
VLDL, or to albumin, and the other, the esteri- 
fled cholesterol, might enter the interior of the 
lipoprotein or is transferred to LDL or HDL 
tipoproteins. 

The LCAT enzyme seems to be mainly 
responsible for the concentration of choles- 
teryl-esters in the plasma (39). Although leci- 
thin is the main source of fatty acids for the 
transesterification brought about by LCAT 
enzyme (40), there is evidence indicating that 
triglycerides may contribute as fatty acid donor 
for the reaction (41). The enzyme has specifi- 
city for the fatty acid in position number two 
of the lecithin (40), and this explains the pre- 
ponderance of unsaturated fatty acids in the 
serum cholesteryt-esters (42,43). This enzyme is 
closely associated with HDL (44), but can be 
separated from them (45); four times as much 
HDL-chotesterol is esterified as LDL-cholesterol 
(46). An esterifying enzyme of similar specifi- 
city as the one in the plasma has been detected 
in the soluble fraction of liver homogenates 
(47) and in other tissues (48), but the concen- 
tration in plasma is much greater than in the 
other tissues. It is possible, therefore, that the 
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FIG. 3. Changes in serum cholesteryl-esters of 
young rats during the first month of life whose 
mothers received a diet containing 18% casein. 

enzyme may become active after being released 
from the liver to the circulation. Marsh and 
Kashub (49) have presented evidence suggesting 
that the liver is the source of the plasma LCAT. 
Sulfhydryl groups are important  in the activity 
of the enzyme (50), and its activity is known to 
change with age (51), sex (51), diet (52) and 
substrate concentration (53). A genetic disease 
due to absence of this enzyme has been des- 
cribed (54). 

It is obvious that this enzyme has a very 
important  role in l ipoprotein metabolism, and 
Glomset (50) has proposed that  LCAT plays a 
role in the transport of cholesterol from mem- 
branes, including those of red blood cells (37), 
to the liver. 

CHOLESTERYL-ESTERS 
A summary of. the blood lipids and their 

concentrations in humans follows: ( a ) T o t a l  
lipids, 400-1000 mg/100 ml. (b) Cholesterol, 
150-230 rag/100 ml (esters, 125-172 mg/100 
ml; flee, 25-58 rag/100 ml). (c) Triglycerides, 
40-160 mg/100 ml. (d) Phospholipids, 120-250 
rag/100 ml (lysolecithin, 7.9 -+2.6% of total;  
sphingomyelin, 17.0 +5.0% of total;  lecithin, 

66.0 +10.5% of total;  phosphatidyl-serine- 
inositol, 2.8 +3.0% of total ;  phosphatidyl-  
ethanol-amine, 4.4 +2.1% of total). (e) Free 
fat ty acids, 0.3-0.7 mEq/L. (f) Carotenoids, 
0.07-0.2 rag/100 ml. (g) Vitamin A, 0.02-0.07 
mg/100 mi. (h) Vitamin E, 1.05 +0.26 mg/100 
rot. (i) Cerebrosides (expressed as hexose), 
3.5-5.7 rag/100 ml. (j) Glycolipids, 1.8 mg/100 
ml. (k) Squalene, 30-35 #g/100 ml. As can be 
seen, cholesterol is one of the largest lipid frac- 
tions to appear in the blood,  and two thirds of 
this cholesterol is esterified with different fa t ty  
acids. The relative proport ion of free to esteri- 
fled cholesterol in the plasma is generally con- 
sidered to be relatively constant,  and there are 
reasons to believe that  the study of each of the 
individual cholesteryl-esters will lead to a bet ter  
understanding of the physiological role of  th/s 
serum lipid fraction. 

In 1965 we published evidence (55) con- 
f i rming the existence of different types of  cho- 
lesteryl-esters previously described by other 
authors (56):  an "adul t"  type in which choles- 
t e r y l - l i n o l e a t e  predominates over choles- 
teryl-oleate and an " infant"  type in which the 
reverse is observed, i.e., a predominance of  cho- 
lesteryl-oleate over cholesterylqinoleate. We 
found a cholesteryl-oleate: cholesteryl-linoleate 
(O/L) ratio of 0.6 for pregnant rats at the time 
of delivery and an O/L ratio of 1.5 for their 
babies. Similar findings in humans have been 
reported in the literature by ZoUner et al. (57), 
Muldrey (58), and by us (59). In two groups of 
27 mothers and of 27 babies, we have found 
(Table III) that the newborn babies have, in 
addit ion to the differences in the O/L values, 
lower LCAT activity than their mothers. The 
changes from the "infant '~ to the "adul t"  type 
of cholesteryl-ester fa t ty  acids (CEFA) in rats 
were found to occur during the first week of  
life (Fig. 3) and in humans during the first three 
months of life (A. Lopez- S., unpublished data). 
We found (60) that the changes observed in 
serum CEFA with age were accompanied by 
changes in the enzymes from liver homogenates 
that  hydrolyze and esterify cholesterol and by 

TABLE IV 

Per Cent  D i s t r i bu t i on  of  I n c o r p o r a t e d  Free Choles te ro l  4-C 14 

Cho les t e ry l  es ters  a 1-Day-olds 3-Day-oids  6-Day-olds  A d u l t s  

S b 9.7 21.4 23 .3  21.2 
O 58.0  21.8 22 .6  23 .3  
L 22.6  17.6 24 .9  25 .6  
A 9.7 39 .0  29.2 29.9 

a I n c u b a t i o n  m i x t u r e :  0.5 ml  of  s e rum,  0.85 ~g  of  4 -C14-choles te ro l ,  25 mg of  celi te.  
bAbbrev i a t i ons  in Table  III.  
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TABLE V 

Cholesteryl-Oleate : Cholesteryl-Linole ate Ratios 

Iowa a Honduras b 

Mean O/L value 0.60% 0.67% 

Range of .80 - .90 5.5% 7.2% 

Range of .90 - 1.0 2.4% 2.5% 

1.0 4.4% 9.1% 

Above 0.8 (total) 11.3% 18.8% 

aNumber of subjects, 1628. 
bNumber of subjects, 1030. 
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changes in serum LCAT activity.  It was f o u n d  t~ II 0 
also tha t  as an e f f e c t  o f  LCAT activity (Table 
IV) more  C14-choles terol  is incorpora ted  in to  ~ 90 
choles teryl-oleate  than  in to  choles teryMin-  
oleate in the n e w b o r n  animals,  whereas  the  70 
reverse was observed in adu l t  rats. 

In humans ,  we have descr ibed (43) the  50 
changes wh ich  occur  in the  CEFA wi th  
advancing age in 1,628 individuals f rom the 30 
state of Iowa,  ranging f rom 12 to  70 years of  
age. It was found  that  the  slope for  to ta l  cho- 10 
testerol  is larger than the  annual  change of  the  
tota l  esterified f ract ion,  which  implied tha t  the  
nones ter i f ied  f ract ion of  choles terol  increased 
wi th  age. This t endency  toward  an increase in 
free choles terol  with age may  be expla ined  on 
the basis of  decreased activity wi th  age in the  
L C A T  enzyme  (51,60) which  has been  
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FIG. 4. Regression lines of the changes with age of 
plasma total cholesterol and cholesteryl-esters in i ,030 
individuals from the Republic on Honduras. 

TABLE VI 

Serum CEFA, LCAT Activity and Lipoprotein Concentrations 
in Patients With Liver Cirrhosis as Compared With Normals 

Liver cirrhosis, Normals, 
mg/100 ml mg/lO0 ml 

Total cholesterol 156 (6) a 191 (69) a 

Free cholesterol 63 (6). 47 (69) 

CEFA: 
S b 10 (6) 21 (6) 
O 38 (6) 47 (6) 
L 24 (6) 74 (6) 
A 7 (6) 5 (6) 
O/L Ratio 1.58 0.63 

Lipoproteins: 
fl 241 (7) 232 (69) 
Pre-fl 1.3 (7) 81 (69) 
O/ 181 (7) 286 (69) 

LCAT 0.7 c (7) 6 c (6) 

aNumber of subjects in parentheses. 
bAbbreviations in Table III. 
C#M/24 hr/ml. 

LIPIDS, VOL. 6, NO. 6 



376 ALFREDO LOPEZ-S 

desc r ibed  by  d i f ferent  investigators.  This 
decrease in LCAT activity also brings about  
changes in l ipopro te in  d is t r ibu t ion  wi th  an 
increased p r o p o r t i o n  of  VLDL wi th  advancing 
age. Since the  ratio of esterif ied to  free cho- 
lesterol  in ~- l ipoproteins  falls as the  dens i ty  of  
the  l ipopro te in  decreases,  variat ions in lipo- 
pro te in  d i s t r ibu t ion  is p robab ly  the  major  
reason for changes in the  p r o p o r t i o n  o f  plasma 
free choles terol  (61).  We observed similar 
t rends  wi th  age of serum CEFA in a group of  
1,030 sera f rom the  Republ ic  of  Honduras ,  
Cen t r a l  Amer ica  (Fig. 4). However ,  the  
presence  of  O/L ratio of  the  " i n f a n t "  t ype  
m e n t i o n e d  before  was larger in the  Honduran  
sample than  in the  sample f rom the  USA (Table 
V) (62). This could be expla ined  on the  basis o f  
r epor ted  larger values of  VLDL in Central  
Amer ican  popula t ions  (63,64).  As m e n t i o n e d  
before ,  there  seems to be a selective incorpora-  
t ion  of the po lyunsa tu ra t ed  choles teryl -es ter  
in to  the high dens i ty  l ipopro te ins  due to the  
activity of  the LCAT enzyme ,  whereas  the  
ester i fying enzym e  in the  soluble f rac t ion of  
the liver will favor the i nco rpo ra t ion  of  satu- 
ra ted and m o n o u n s a t u r a t e d  choles teryl-es ters  in 
the  lower  dens i ty  l ipopro te ins  (65) whose  
p r o p o r t i o n  is apparen t ly  increased in the  Cen- 
tral Amer ican  popula t ion .  

Abnormal i t i es  in serum C E F A  pat te rns ,  wi th  
O/L ratios above 1.0, have been  also descr ibed 
in malnour i shed  pa t ients  (66) and in pa t ients  
wi th  liver disease (67). We have conf i rmed  these 
f indings in pa t ien ts  wi th  liver cirrhosis (Table 
VI) and found  that  these pa t ients  also have 
reduced  activity of  LCAT enzyme and reduced  
concen t r a t ion  of  a - l ipopro te in .  It remains  to  be 
establ ished if the  reduced  concen t r a t ion  o f  cho- 
lesteryl- l inoleate,  as compared  wi th  choles- 
teryl-oleate  in these pat ients ,  is due to  a 
decreased p r o d u c t i o n  of  LCAT enzyme  by the  
liver or to decreased subs t ra te  (a- l ipoprote ins  
are decreased) ,  or if it is due to  decreased 
a lbumin (normal  accep tor  of  lysoleci th in ,  a 
p roduc t s  o f  the  t ransferase react ion) ,  or  to  
decreased synthesis  o f  leci thin,  or even to a 
release by the  liver o f  hydrolase  for choles terol  
hydrolys is .  Our present  s tudies  are a imed in this 
d i rect ion.  Recent  evidence (68) suggests tha t  
the  low LCAT activity of  pa t ients  wi th  liver 
disease is mos t  p robab ly  due to impaired 
synthesis  or release of  the  enzyme  by the 
damaged liver. 
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Lipid Alterations and Their Reversion in the Central 
Nervous System of Growing Rats Deficient in Essential 
Fatty Acids 1 
C. GALLI,  H.B. WHITE, JR. 2 and R. PAOLETTI, 
Institute of Pharmacology, University of Milan, 20129 Milan Italy 

ABSTRACT 

Essential fatty acid (EFA) deficiency 
modifies several biological parameters, 
i.e., growth, metabolic rate and water 
balance and induces functional changes in 
liver, kidney and lung tissues. The brain 
fatty acid changes reported in the litera- 
ture are generally smaller than those 
observed in other tissues. However, EFA 
deficiency initiated in rats prior to birth 
and continued for a prolonged period of 
time results in decreased brain weight, 
brain lipid and phospholipid content and 
in considerable changes in polyunsatu- 
rated fatty acid distribution, especially in 
the ethanolamine phosphoglyceride frac- 
tion. The unsaturation level of this phos- 
pholipid is maintained at a constant level 
in spite of the fatty acid distribution 
changes. Brain lipid analyses, carried out 
at various time intervals in EFA deficient 
animals, indicate that brain weights are 
already reduced in 10-day-old deficient 
rats, that brain phospholipids decrease, 
especially in the males after three 
months, and that fatty acid distribution 
changes begin rather early. The latter con- 
sist of a decrease of tetraenes and increase 
of trienes and of the triene-tetraene ratios 
as early as at 10 days, a decrease of 
hexaenes after six months, and after six 
months, an increase of pentaenes, which 
are elevated at birth but usually disappear 
after three months of age. Similar changes 
are observed in myelin. The induced 
changes are not completely reversed upon 
return to normal diet. 

II~ITRODUCTION 

The essential role of dietary polyunsaturated 
fatty acids (PUFA), which belong to the lin- 

1One of five papers to be published from the 
Symposium "Lipid Transport," presented at the 
AOCS Meeting, New Orleans, April 1970. 

2On leave of absence from the Department of 
Biochemistry, Medical School of the University of 
Mississippi, Jackson, Mississippi, Research Career 
Development Awardee (6-K3-HE-18,345), National 
Heart Institute o f  U.S. Public Health Service. 

oleate and linolenate families, in balanced body 
growth and proper function of several tissues 
and organs has been recognized many years ago 
and extensively investigated during the last two 
decades. 

Recent reviews of the literature concerning 
essential fatty acid (EFA) deficiency have been 
presented by Holman (1) and by Alfin-Slater 
and Aftergood (2), while the metabolism of 
PUFA has been discussed by Mead (3). Investi- 
gations on the effects of EFA deficiency at the 
biochemical level have elucidated changes in the 
pattern and metabolism of PUFA in tissue 
lipids. The major modifications detected in the 
tissues of EFA deficient animals consist of a 
decrease of  PUFA of the linoleate (18:2 w6) 
and linolenate (18:3 w3) acid families and an 
increase of trienes, especially 20:3, derived 
from oleic acid (18 : 1 w9). 

The fatty acid changes observed in brain 
during EFA deficiency (4-7) are generally less 
pronounced than those occurring in other tis- 
sues (4,5,8-11,14). This has been attributed to 
the lower turnover of brain fatty acids which 
are part of the complex lipids located in cell 
and subcellular membranes of the perennial 
nervous cells. It should be taken into considera- 
tion that most of the experiments reported in 
the literature have been carried out on weanling 
animals, i.e., the dietary EFA deficiency was 
induced after the formation and deposition of 
most of the brain lipids. 

In contrast to the limited effect on the adult 
brain, nutritional deficiencies have a consider- 
able influence upon growth and maturation of 
the central nervous system in experimental ani- 
mals (12) and man (13) when induced during 
the period of brain development. The impor- 
tance of dietary lipids for the growing brain is 
shown by the influence of the maternal diets 
upon the brain fatty acid composition in new- 
born rats (14). Furthermore, Steinberg et al. 
(15) have shown that, when female rats are 
raised to sexual maturity on an EFA deficient 
diet and then bred, the newborn's body and 
brain weights are reduced and the brain fatty 
acid composition is changed. 

On the basis of these observations we pro- 
ceeded to follow the effect on brain lipid com- 
position and fatty acid distribution of EFA 
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TABLE I 

Body and Brain Weights in Control and EFA Deficient Male Rats 

Days 

Control Deficient 

Body weight, Brain weight, Body weight, 
g mg g 

Brain weight, 
mg 

10 21-t- 0.4(11) a 953___14 18 _+ 0.4(9)  858b_+ 7 
30 4 6 +  1.1(4) 1387 _ 8 45 _+ 1.8(4) 1346c+34  
60 177 +10 (6) 1702 •  108 b_+ 7.3 (5) 1655 c +24  
90 375 +- 9 (4) 1910+-54 128 b +  2 (3) 1516 b + 4 8  

365 586 _ 40 (4) 2230 + 90 417 b + 32 (6) 2000 b _~ 30 

aThe number of animals in parentheses. 
bSignificantly lower than control values P~0.01. 
CSignificantly lower than control values P~0.05. 

def ic iency in i t i a ted  w h e n  bra in  d e v e l o p m e n t  is 
mos t  active.  This  was accompl i shed  by  feeding 
the  def ic ien t  diet  to ra ts  dur ing  p regnancy  and 
lac ta t ion  and  t h e n  to the  of fspr ing  af te r  
weaning.  The  inves t iga t ion  has  been  carr ied ou t  
in order  to  s tudy  changes in b ra in  l ipid and  
phospho l ip id  c o n c e n t r a t i o n s  af te r  d i f fe ren t  
per iods  of  E F A  def ic iency,  focused on  the  f a t t y  
acid mod i f i ca t ions  of  e t h a n o l a m i n e  phospho -  
glycer ide (EPG),  a c o m p o u n d  c o n t a i n e d  in h igh 
c o n c e n t r a t i o n  in bra in  and  par t icu lar ly  r ich  in 
p o l y u n s a t u r a t e d  essential  f a t ty  acids. 

The  abi l i ty  of  t issues to  recover  f rom E FA  
def ic iency has  b e e n  s tud ied  by  Walker (16 ,17) .  
F a t t y  acid changes  of  b ra in  to ta l  l ipids are 
reversed more  s lowly t h a n  those  occur r ing  in 
o t h e r  t issues in ra ts  r e t u r n e d  for  81 days to  a 
con t ro l  diet  a f te r  a 25-week per iod  of  E F A  
def ic iency  (17).  On the  basis of  these  da ta ,  in 
our  e x p e r i m e n t s  we have also been  in te res t ed  in 
ob ta in ing  more  deta i led  i n f o r m a t i o n  conce rn ing  
the  degree of revers ibi l i ty  of  f a t t y  acid changes  
of  specific b ra in  phospho l ip ids  at  d i f fe ren t  
stages of  E F A  def ic iency in ra ts  m a i n t a i n e d  on  
def ic ien t  diets  f rom the  ini t ial  per iod  of  b ra in  
deve lopmen t .  

MATERIALS AND METHODS 

Animals and Diets 

Pregnan t  ra ts  of  the  Sprague-Dawley s t ra in  
were fed ad lib. w i th  e i the r  an essent ia l  f a t t y  
acid free diet  (18)  or a con t ro l  die t  w i th  a 2% 
corn  oil added ,  s ta r t ing  a p p r o x i m a t e l y  one  
week  before  del ivery.  The  con t ro l  diet  con- 
t a ined  l inolea te  in the  p r o p o r t i o n  of  0.6% on a 
weight  basis (or  1.5% of  the  calories)  and  lin- 
o lena te  in the  p r o p o r t i o n  of  0 .02% of  weight  
(or  0 .05% of  the  calories)  while on ly  t race  
a m o u n t s  of these  acids were de t ec t ed  in the  
def ic ien t  diet .  The  t r e a t m e n t  was c o n t i n u e d  
dur ing  l ac ta t ion  and  t h e n  these  diets  were fed 
to the  offspr ing.  Groups  of  con t r o l  and  
def ic ien t  rats,  subdiv ided  in to  males  and fe- 

males,  were kil led at  3, I0 ,  30, 60, 90, 180 and  
365 days of  age. 

An  add i t iona l  four  groups  of  p r egnan t  ra ts  
were fed on  the  E F A  def ic ien t  diet  s ta r t ing  five 
days before  delivery.  Two of  these  groups  
r e t u r n e d  to the  con t ro l  die t  at  10 days  and  this  
d ie ta ry  t r e a t m e n t  was c o n t i n u e d  for  a f u r t h e r  
per iod  of  20 and  50 days respect ively .  The 
weanl ings  were sacrif iced at  30 and 60 days of  
age. The  th i rd  and  f o u r t h  groups  of  n e w b o r n  
E F A  def ic ien t  ra ts  r e t u r n e d  to the  con t ro l  diet  
at 30 and 90 days of  age respect ively;  the  
f o r m e r  were kil led at  60 days and  the  l a t t e r  at 
180 days. Body  and  bra in  weights  were 
measured .  Brains of  all g roups  were poo led ,  
w i th  the  excep t ion  of  the  60-day-old con t ro l  
and def ic ien t  groups ,  w h i c h  were e x a m i n e d  
individual ly  in order  to  evaluate  the  indiv idual  
var iabi l i ty  of the  ana ly t i ca l  da ta  wi th in  these  
groups.  

Lipid Analysis 

Tota l  l ipids were ex t r ac t ed  (19)  and  a l iquots  

TABLE [I 

Bra in  Phospholipid Concentrations 
(mg/g fresh weight) in 10-, 30-, 90-, 

180-, and 365-day Old Control and Deficient R a t s  a 

Days Control A Deficient B 

27.2 27.6 
l0 (26.8-27.1-27.3) (26.1-27.3-27.4) 

48.2 51.6 
30 (47.8-48.1-48o7) (51.1-51.7-52.0) 

45.5 40.1 
90 (45.0-45.9-45~ (39.7-40.2-40.4) 

51.9 45.8 
180 (50o3-52.1-53.3) (44.7-45.2-47.3) 

46.0 40.7 
365 (46.5-46.2-45.3) (41.1-40.8-40.2) 

aThe values are the mean of three determinations 
made on the lipid extracts from the pooled brains. 
Values of individual determinations are also given. 
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of the crude lipid extracts were taken from the 
10-, 30-, 90- and 180-day-old control and 
deficient groups, dried under vacuum, reex- 
tracted and the total lipid phosphorus was 
determined. An aliquot of the lipid extracts 
from each of the 180-day and 1-year-old rat 
groups was chromatographed on Sephadex 
G-25 (20) in order to determine the brain total 
lipid content. 

Chromatography of Lipids 

The total lipid extracts from all animal 
groups were chromatographed on one-dimen- 
sional thin layer chromatograms in order to 
purify ethanolamine phosphoglyceride (EPG). 
The solvent system employed was chloroform- 
methanol-acetic acid-water 80:20:5:2 and the 
adsorbent was a mixture of silicic acid and 
magnesium silicate (19). The EPG band was 
located after spraying the chromatograms with 
water, then it was dried under nitrogen and 
scraped off for fatty acid methyl ester prepara- 
tion. 

Fatty Acid Analysis 

Fatty acid methyl esters deriving from both 
the mono- and diacyl forms of EPG were pre- 
pared and freed from aldehydes (21). Fatty 
acid analysis was carried out by gas liquid chro- 
matography using a 2m x 3ram (i.d.) glass 
column packed with 5% polydiethyleneglycol- 
succinate (DEGS) coated on 80-100 mesh Dia- 
toport S and an instrument equipped with a 
hydrogen flame ionization detector. Tempera- 
ture was programmed from 135 C to 210 C at 
2.75 C/rain. To aid the identification of peaks 
not corresponding to available standards, the 
methoxy bromomercuric adducts of the unsatu- 
rated acids were prepared and separated by thin 
layer chromatography (TLC) into groups con- 
taining the same number of double bonds (22). 

Fatty acid identification was confirmed by 
combined gas chromatography-mass spectro- 
metry. The values for the fatty acid distribution 
of EPG obtained after isolation of EPG by 

direct TLC fractionation of the lipid extracts 
were virtually identical to those obtained after 
purification of EPG by combined DEAE 

TABLE Ill 

Brain Total Lipid Concentration (mg/g fresh 
weight) of Control and EFA Deficient Rats a 

D a y s  C o n t r o l  Def i c i en t  

180  8 .95  8 .35  
365  1 1 . 5 0  9 . 4 0  

aThe values are determined on the lipid extracts 
from pooled brains. 

column (23) and TLC procedures. 

Preparation of Myelin 

Myelin was purified by ultracentrifugation 
according to the procedure described by Autflio 
et al. (24). The myelin pellet obtained was 
subjected to an osmotic shock and samples 
were submitted to electron microscopic exami- 
nation in order to check their purity. They 
myelin pellet was lyophilized and the lipid 
extracted. Ethanolamine phosphoglyceride was 
isolated and its fatty acid methyl esters pre- 
pared, purified and analyzed as previously 
described. 

RESULTS 

Effect on Body and Brain Growth 

A considerable reduction i n the  rate of body 
and of brain growth is induced by EFA 
deficiency as shown in Table 1. The values 
reported are for male animals only but the 
results obtained with female animals are virtu- 
ally identical. Brain weights are significantly 
reduced as early as at 10 days of age in the 
deficient animals, while body weight is reduced 
in respect of control values after 60 days. The 
dietary EFA deficiencY thus influences brain 
growth in a relatively short time. 

Brain Phospholipid and 
Total Lipid Concentrations 

Brain phospholipid concentrations are also 
reduced after 90 days of EFA deficiency, as 
shown in Table If. This reduction also involves 
brain total lipids as shown in Table III, which 
presents thevalues for purified brain total lipid 
concentrations in 180- and 365-day-old control 
and deficient rats. 

Brain EPG Fatty Acids 

The fatty acid distribution of brain EPG in 
control and EFA deficient rats at various ages is 
shown in Table IV. The values for individual 
fatty acids are not reported so that presentation 
of the data can be simplified. During normal 
development, saturated and polyenoic fatty 
acids tend to decrease while monoenes increase 
considerably. In EFA deficient animals satu- 
rates are scarcely affected. Monoenes remain 
practically at the same level in both groups up 
to 90 days, but they tend to decrease in the 
EFA deficient rats later on. Polyenes are above 
control values in the treated animals after 60 
days of age. 

Table V shows the distribution of polyenoic 
acids of brain EPG of control and deficient rats 
at various ages. In control rats, dienes and 
trienes are minor components and remain con- 
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TABLE IV 

Brain EPG Fatty Acid Composition (wt. %) in Control (C) and EFA Deficient (D) Rats 

381 

Saturates Monoenes Polyenes 

Days C D C D C D 

3 38.0 36.8 11.0 9.6 49.7 52.2 
10 38.3 39.8 11.9 9.9 48.3 48.7 
30 31.4 29.5 22.2 25.2 46.1 42.6 
60 a (6)b 30.0 + 1.1 (5) 28 .0+1.1  31 .1+0.6  32.8-t-1.1 38 .6+1.3  38.9-t-1.6 
90 27.5 23.9 33.3 33.6 39.1 42.6 

180 22.3 21.5 39.9 33.0 37.6 45.5 
365 31.'7 30.4 38.3 33.7 29.6 35.5 

aThese values represent the average of determinations _SE performed on the EPG fatty acids of individual 
animals. 

bThe number of animals used is shown in parentheses. 

s t an t ly  very low, t e t r aenes  decrease  s lowly and  
p e n t a e n e s  (ma in ly  22 :5  w6) ,  w h i c h  are a b o u t  
6% of  to t a l  EPG fa t t y  acids at  th ree  days,  
p r a c t i c a l l y  d i s a p p e a r  a f te r  six m o n t h s .  
Hexaenes  do no t  vary apprec iab ly  and  are 
sl ightly decreased  on ly  af te r  one  year .  E F A  
def ic iency  enhances  t r ienes  (ma in ly  2 0 : 3  and  
22 :3  w9)  and  decreases  t e t r aenes  (ma in ly  2 0 : 4  
and  2 2 : 4  w6)  as early as at 30 days of  age. 
These  changes  b e c o m e  p r o m i n e n t  in the  
6 - m o n t h -  and  1-year-old def ic ien t  animals .  
P e n t a e n e s  do  no t  decrease  wi th  age in the  
def ic ien t  ra ts  as t hey  do in con t ro l s ,  bu t  r e m a i n  
at a 4-5% level, while  hexaenes  are r educed ,  
relat ive to con t ro l  values,  on ly  a f te r  six m o n t h s .  

The  f a t t y  acid changes  in r e l a t ion  to  age, in 
con t ro l  and  def ic ien t  ra ts  are s u m m a r i z e d  in 
Table  VI,  w h i c h  presen ts  the  d i s t r i b u t i o n  of  
b ra in  EPG fa t t y  acids in the  th ree  famil ies  of  
o lea te  (wg),  l ino lea te  (w6)  and  l i no lena te  (w3) .  
Dur ing  one  year  of  n o r m a l  d e v e l o p m e n t ,  w9 
acids (mos t ly  m o n o e n e s  w i t h  18 and  20  c a r b o n  
a toms)  increase  r e m a r k a b l y ,  w6 acids (mos t ly  
20 :4 ,  22 :4  and  2 2 : 5 )  are r educed  to  a b o u t  half ,  
while  w3 acids (mos t ly  2 2 : 6 )  do no t  change  
s ignif icant ly .  In c o m p a r i s o n  w i th  con t r o l  ani- 
mals,  E F A  def ic iency  induces  an  increase  of  w9 
acids af te r  30 days,  a decrease  of  w6,  w h i c h  is 
a l ready ev ident  a f te r  10 days  and  is p r o m i n e n t  
a f te r  one  year ,  and  a r e d u c t i o n  of  w3 acids on ly  
af te r  a long per iod  of  t ime.  In spite of  these  
cons iderab le  changes ,  the  u n s a t u r a t i o n  index ,  
w h i c h  represen t s  the  average n u m b e r  of  doub le  
b o n d s  per  f a t t y  acid molecule ,  r ema ins  v i r tua l ly  
the  same in b o t h  groups .  This shows  a 
r emarkab le  abi l i ty  of  the  molecules  to  m a i n t a i n  
a cer ta in  level of  u n s a t u r a t i o n ,  regardless  of  the  
d ie ta ry  E F A  con ten t .  

The  severi ty  of E F A  def ic iency  is i nd ica t ed  
by  the  t r i ene - t e t r aene  ra t ios ,  w h i c h  are s h o w n  
in Figure 1 for  con t r o l  and  def ic ien t  ra ts  a t  
var ious  ages. This  ra t io  r ema ins  very low in 

con t ro l  ra ts  ( a b o u t  0 .03)  while  in t he  def ic ien t  
ra ts  it rises rapid ly  af te r  10 days  and  reaches  
the  value of  1.95 af te r  one  year  in an  a lmos t  
l inear  progress ion.  

Effects of Control Diet 
After a Period of Deficiency 

The fa t ty  acid d i s t r i bu t ion  of  b ra in  EPG in 
con t ro l  (C) and  E F A  def ic ien t  an imals  (D) and  
in those  which ,  af ter  a pe r iod  of  def ic iency ,  
were put  o n  the  con t ro l  die t  (D+C) is s h o w n  in 
Table  VII.  This tab le  shows t h a t  feeding the  
con t ro l  die t  to  E F A  def ic ien t  ra ts  does  no t  
apprec iab ly  m o d i f y  the  c o n t e n t  of  sa tu ra tes  
and  m o n o e n e s  w h e n  c o m p a r e d  w i t h  con t ro l s ,  
bu t  induces  a slight bu t  cons i s t en t  e leva t ion  of  
polyenes .  This  e leva t ion  resul t s  in  h igher  values 
of  the  u n s a t u r a t i o n  indices  in  these  groups  of  
animals .  Table  VIII  shows the  d i s t r i bu t i on  of  
po lyeno ic  f a t t y  acids of  b r a in  EPG in the  same 
groups  of  animals .  Trienes r e t u r n  to 
n o r m a l  values in an imals  pu t  on  the  con t ro l  die t  
a f te r  a pe r iod  of  def ic iency.  Te t r aenes  are at  a 
s l ightly bu t  cons i s t en t ly  h igher  level in  def ic ien t  
ra ts  pu t  on  the  con t ro l  diet ,  showing  a 

0.t / //" 

c 

FIG. 1. Trienes:tetraenes ratio in control (C) and 
deficient (D) rats at various ages. 
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" r e b o u n d "  p h e n o m e n o n .  Pentaenes are 
enhanced over control values in the 30- and 
60-day-old rats fed the control diet after a 
period of deficiency. 

In the 180-day-old rats put on a control diet 
after 90 days of EFA deficiency (90 D + 90 C), 
pentaenes remain close to the level found in the 
deficient group, while they are practically 
absent in controls, and hexaenes are close to 
control values, while they are reduced in the 
deficient group. The ratio between trienes of 
the w9 (derived from oleic acid, 18:1 w9) and 
w6 (derived from linolenic acid, 18:2 w6)fa t ty  
acid families in these groups of animals is 
shown in Figure 2. This ratio, which gives an 
indication of the metabolic balance between 
the w9 and w6 fatty acid families, is approxi- 
mately 1 at three days of age and remains 
approximately 0.5 in control animals, while in 
the deficient rats it increases to 8 or 9 after six 
months. In animals put on the control diet after 
an initial period of deficiency, this ratio always 
remains much higher than the normal values. 
This is particularly evident in the 180-day-old 
rats maintained for 90 days on the deficient 
diet and then fed the control diet. 

The fatty acid changes of deficient animals 
returned to the control diet are summarized in 
Table IX, which shows the values for the 
three major fatty acid families of brain EPG in 
these groups of rats. Giving the control diet 
after a period of deficiency normalizes the 
values of w9 acids, which are increased during 
EFA deficiency, and enhances the levels of w6 
acids over the control values. 

EPG Fatty Acid Changes in Myelin 

The fatty acid distribution of EPG in myelin 

! . . . .  Jgc~ 
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FIG. 2. w9:w6 trienes ratio in control  (C) and 
deficient (D) rats plus deficient rats put  on control 
diet (D+C) at various ages, 10D+20C = 10 days on the 
deficient diet plus 20 days on the control  diet; 
10D+50C = 10 days on the  deficient diet plus 50 days 
on the  control  diet; 30D+30C = 30 days on the  
deficient diet plus 30 days on the  control  diet; 
90D+90C = 90 days on the deficient diet plus 90 days 
on the  control  diet. 
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TABLE VI 

Brain EPG Fatty Acid Families as wt.  % of Total Fatty Acids in Control (C) and EFA Deficient (D) Rats 

w9 acids w6 acids w3 acids UI a 

Days C D C D C D C D 

3 10o6 11.2 30.2 28.3 16o2 18.1 241 259 
10 11.2 10.0 29.2 27.6 16.3 17.9 237 238 
30 22.0 26.6 28.4 22.5 14.2 14.6 230 218 
60 30,7 37.2 23.9 20.2 11.3 10.7 205 _ 16 202 _ 7 
90 33.2 40.4 25.7 19.7 11.3 13.4 212 222 

180 39,5 48.9 20.5 17.3 15.7 12.0 218 225 
365 37.8 49.0 18.5 12.6 11.2 5.8 178 172 

aUl, unsaturation index: summation of percentage of  individual unsaturated fatty acids multiplied by the 
number of double bonds. 

prepared from 180-day-old control and EFA 
deficient animals and in those that, after a 
period of EFA deficiency, returned to control 
diets, are shown in Table X. The fatty acid 
pattern of rat myelin EPG is considerably dif- 
ferent from that observed in whole brain EPG. 
Concentrations of saturates and polyenes are 
lower, while those of monoenes are higher in 
respect to the corresponding values for whole 
brain EPG. The high content in monoenes is 
mainly due to the high concentration of C18:1 
and C20:1. Tetraenes are lower in myelin than 
in whole brain EPG, while pentaenes and hex- 
aenes are minor constituents. 

EFA deficiency induces a considerable 
increase of trienes and a corresponding decrease 
of tetraenes in myelin EPG, which is shown by 
a rise of the triene:tetraene ratio. The w9/w6 
fatty acid ratio is also considerably increased. It 
can thus be seen that the fatty acid changes 
induced by EFA deficiency in myelin EPG are 
very similar to those observed in whole brain. 

Return to control diet after 90 days of EFA 
deficiency reverses the fatty acid changes 
almost completely, but trienes and pentaenes 
remain slightly higher and hexaenes lower than 
in control myelin. The increase of polyenes, 
especially of the w6 family, observed in whole 
brain EPG fatty acids in this group of rats, does 
not appear in myelin EPG. 

DISCUSSION 

EFA deficiency induced in the rat at the 
early stage of development affects body and 
brain growth after even a few weeks of 
extrauterine life. A reduction in body and brain 
weights in the offspring from female rats raised 
to sexual maturity on an EFA deficient diet 
and then bred has been reported also by Stein- 
berg et al. (15). Early EFA deficiency results in 
decreased brain phospholipid and total lipid 
deposition, indicating that dietary polyunsatu- 

rated essential fatty acids play a significant role 
for brain development. 

The effects induced by EFA deficiency in 
the brain consist especially in alterations of the 
pattern of polyunsaturated fatty acids. The 
mechanism underlying these changes can be 
attributed to competitive inhibition in the con- 
version of different polyunsaturated fatty acids 
(25). This phenomenon is due to a relative lack 
of specificity of the enzymes devoted to desatu- 
ration and elongation of polyunsaturated acids 
and to a differential relative affinity of this 
enzyme system for acids of the oleate, (18:1 
w9), linoleate (18:2 w6) and linolenate (18:3 
w3) families. This affinity is greater for fatty 
acids with a higher number of double bonds 
and thus is higher for linolenate than for lin- 
oleate, and is much lower for oleate. Hence the 
conversion of oleic acid to more unsaturated, 
longer chain fatty acids, such as w9 trienes, is 
inhibited by linoleate and linolenate which 
possess a greater affinity for the enzyme system 
involved. Conversely, this inhibition is reduced 
b y  dietary deficiency of polyunsaturated 
essential fatty acids. 

The changes in the pattern of polyunsatu- 
rated fatty acids are particularly evident in 
EPG, which is the major brain (26) and myelin 
(27) phospholipid, and is highly unsaturated. 
EPG fatty acids undergo complex changes 
during normal development; saturates decrease 
and monoenes increase. C 16:0 and C 18:0 
fatty acids represent 14% and 23% of total EPG 
fatty acids at three days of age and decrease to 
6% and 15% respectively after six months. Con- 
versely C 18:1 and 20:1, which are 10% and 
0.3% at three days of age, reach 31% and 9% 
respectively at the same period of time. These 
changes are similar to those reported for total 
rat brain glycerophosphatide fatty acids by 
Kishimoto et al. (28) and for human brain EPG 
fatty acids by Svennerholm (29) and Rouser 
and Yamamoto (30). Polyunsaturates decrease 
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slowly with age as seen by the reduction of w6 
acids, particularly of 22:5 w6 which represent 
about 6% of EPG fatty acids at birth and prac- 
tically disappear six months later. Similar 
findings are reported (29) for human brain EPG 
fatty acids. The alterations induced by EFA 
deficiency in our experimental conditions 
appear rather early. Steinberg et al. (15) have 
also shown that fatty acid changes are present 
in the offspring of female rats raised from birth 
on an EFA deficient diet. These changes are 
similar to those reported in other tissues (9,31), 
and consist mainly in an increase of trienes (C 
20:3 and C 22:3 wg) and a decrease of 
tetraenes. The triene-tetraene ratio is cor- 
respondingly already increased at one month of 
age, i.e. at the end of the lactating period, in 
the deficient rats. 

Monoene levels are not greatly modified in 
the brains of young deficient rats, as observed 
by Mohrhauer and Holman (5), while they 
inc rease  in the liver (32,33). However, 
monoenes of brain EPG decrease during pro- 
longed EFA deficiency, suggesting reduced 
availability of brain oleic acid for the con- 
version to trienes, and, consequently, greater 
utilization of the in situ sources of this acid. 

Pentaene levels, mainly 22:5 w6, are con- 
siderably modified after a long period of EFA 
deficiency. The acid 22:5 w6 is practically 
absent in 6-month-old control rats, whereas it 
reaches the value of 5% of EPG fatty acids in 
the deficient ones. The persistence of this acid 
may be due to increased conversion of the 
precursor 22:4 w6, or more likely, to reduced 
degradation of 22:5 w6. This interpretation is 
based on the following observations: the turn- 
over of polyunsaturated fatty acids is lower in 
EFA deficiency (34) since the animal seems to 
try to preserve its stores of EFA (35,36); on the 
other hand, fatty acids of the w6 family are 
preferentially converted to the longer chains, 
i.e., more unsaturated homologues, rather than 
catabolized, (37); and 22:5 w6 appears to be 
the last member of the w6 family (38,39). 
These observations suggest that elevation of 
22:5 w6 of brain EPG during prolonged EFA 
deficiency is based upon reduced degradation 
of the last member of w6 fatty acid family. 
Further investigation on the metabolic fate of 
brain 22:5 w6 is in order. 

The fatty acid changes described for total 
brain EPG during EFA deficiency are present 
also in myelin EPG. The modifications induced 
by EFA deficiency chiefly involve structural 
lipids, as expected, considering the structural 
role of phospholipids, such as EPG, containing 
polyunsaturated fatty acids derived from EFA. 
However, it is important to recognize that fatty 
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TABLE X 

Fatty Acid Distribution (w-t. %) of EPG in Myelin of 180-Day-Old Male Rats 

Control, Deficient and control, Deficient, 
Fatty acids six months three months each six months 

Saturates 13.5 13.9 13.5 
Monoenes 64.0 63.9 60.1 
Polyenes 22.2 21.8 25.6 
Dienes 1.8 1.8 1.9 
Trienes 2.5 4.2 13.0 
Tetraenes 13.9 12.8 7.3 
Pentaenes 0.5 1.1 1.6 
Hexaenes 3.5 2.0 1.8 
w9 acids 63.4 65.7 70.6 
w6 acids 16.7 15.3 9.9 
w3 acids 3.7 2.2 2.0 
Unsaturation index 154 148 151 
Triene-tetraene 0.18 0.33 1.74 
w9]w6 Trienes 0.24 2.72 9.00 

acids deriving f rom b o t h  the  m o n o a c y l  (p lasma-  
logen)  and  the  diacyl  fo rms  of  EPG were analy- 
zed, while  the  sa tu ra ted  e the r  c o m p o u n d  was 
ignored.  The  p r o p o r t i o n  of  EPG plasmalogen  is 
m u c h  h igher  in mye l in  t h a n  in whole  b ra in  
(40) ,  hence  mye l in  data  were o b t a i n e d  on  a 
s o m e w h a t  d i f fe ren t  f a t ty  acid popu la t i on .  

When E F A  def ic ien t  ra ts  are given the  con- 
t ro l  diets  the  levels of  t r ienes  are comple t e ly  
normal i zed .  The  ra t io  of  the  s lowly me tabo-  
l ized w9 t r ienes  (3)  to  the  rap id ly  conve r t ed  w6 
(41)  t r ienes  is h igher  in  the  above  two  groups  of  
ra ts  t han  in con t ro l  animals .  This ind ica tes  t h a t  
the  m e t a b o l i c  ba lance  b e t w e e n  w9 and  w6 f a t t y  
acid families is no t  comple t e ly  r eached  even 
af te r  a long per iod  of  feeding a con t ro l  die t  to  
ra ts  m a i n t a i n e d  in E F A  def ic ien t  cond i t i ons  for  
an  equal ly  long per iod  of  t ime.  

In ra ts  fed the  con t ro l  diet  a f te r  a per iod  of  
def ic iency ,  an increase of  po lyenes ,  especial ly 
m e m b e r s  of the  w6 family ,  above  con t ro l  values 
is also observed .  This r e b o u n d  p h e n o m e n o n  in 
the  i n c o r p o r a t i o n  of  w6 acids,  w h i c h  is 
depressed dur ing  E F A  def ic iency ,  is cons i s ten t  
w i th  the  obse rva t ion  of  an increased incorpora-  
t i on  of  1-14C l inoleic  acid in to  w6 po l yuns a t u -  
rates  (42) ,  t oge the r  w i th  r educed  t u r n o v e r  of  
t he  f o r m e d  P U F A  (34)  in E F A  def ic ien t  rats.  
Accord ing  to  Mead (3),  p rese rva t ion  of  E F A  
occurs  on ly  af ter  i n c o r p o r a t i o n  in to  s t ruc tu ra l  
phospho l ip ids .  

This  r e b o u n d  p h e n o m e n o n  of  w6 acids does  
no t  appear  in  mye l in  EPG fa t t y  acids,  sug- 
gesting a s lower  t u rnove r  of  these  c o m p o u n d s  
in more  s table  s t ruc tures .  However ,  t he  con- 
s iderable  r e d u c t i o n  of  t r ienes  and increase  of  
t e t r aenes  in mye l in  EPG in the  90 D + 90  C 
animal  g roup  ind ica tes  t ha t  the  t u r n o v e r  of  
myel in  l ipids or the  exchange  of  the i r  f a t t y  
acids is apprec iab le  even in adu l t  rats.  

A n o t h e r  in te res t ing  po in t  conce rn ing  bra in  
EPG fa t ty  acids of  th is  g roup  of  animals  (90  D 
+ 90 C) regards the  level of  p e n t a e n e  f a t t y  
acids. In spite of  the  p ro longed  per iod  of  r e t u r n  
to  the  con t ro l  diet ,  p e n t a e n e s  r e m a i n  at  a con-  
c e n t r a t i o n  wh ich  is m u c h  h igher  t h a n  in con- 
t rols  and  is close to  t h a t  observed  in the  
def ic ien t  g roup  of  the  same age. I m p a i r m e n t  of  
p e n t a e n e  me tabo l i sm,  i nduced  b y  a long per iod  
of  E F A  def ic iency ,  is t he r e fo re  r e t a ined  even 
af te r  r e p l a c e m e n t  of  the  diet .  

In  conc lus ion ,  ear ly E F A  def ic iency  induces  
cons iderab le  a l t e ra t ions  in b ra in  s t ruc tu ra l  
l ipids wh ich  may  resul t  in changes  in s t ruc tu re  
and  f u n c t i o n  of ne rvous  cells. These  b iochemi -  
cal a l t e ra t ions  are no t  c o m p l e t e l y  reversed,  even 
af te r  a p ro longed  per iod  of  r e t u r n  to n o r m a l  
diet .  
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Effect of EFA Deficiency on Lipid Transport From Liver1 
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ABSTRACT 

Studies are reported of the effect of an 
essential fa t ty  acid (EFA) deficiency on 
synthesis of triglycerides (TG) and phos- 
pholipids (PL) and secretion of these 
compounds by livers of male Sprague- 
Dawley rats. Animals were fed a semi- 
purified diet containing corn oil or 
hydrogenated coconut oil (HCO) as the 
sole source of fat or no fat from weaning 
to 20 weeks of age. Liver function of the 
animals in each group was compared by 
an isolated liver perfusion technique with 
perfusates containing erythrocytes  and 
linoleate, and in vivo experiments via tail 
vein injection of palmitate-3H. Perfusion 
e x p e r i m e n t s  showed that an EFA 
deficiency reduced the abili ty of the liver 
to secrete TG and PL. Accumulation of 
TG in the liver and its diminished 
secretion into the blood of  EFA deficient 
animals were demonstrated by in vivo 
experiments with palmitate-3H. The rate 
of conversion of linoleate to arachidonate 
and synthesis of  PL was greater in livers 
of EFA deficient rats than in the control,  
corn oil fed animals. The results suggest a 
relationship of EFA metabolism to lipid 
transport.  

INTRODUCTION 

Although accumulation of fat in the livers of 
essential fat ty acid (EFA) deficient animals has 
been observed by a number of investigators 
(1-3), the relationship of essential fa t ty  acids to 
lipid transport  from liver has yet  to be eluci- 
dated.  Holman and Peifer (4) and Alfin-Slater 
et al. (1) speculated that essential fat ty acids 
are important  in the mobilization or transport  
of lipid. However, Sinclair and Collins (5) who 
reported the accumulation of  9% to 10% fat in 
the livers of EFA deficient fats concluded there  
was no impairment of the secretion of  tri- 
glycerides (TG) from the livers of their animals 

1One of five papers to be published from the 
Symposium "Lipid Transport" presented at the AOCS 
Meeting, New Orleans, April 1970. 

on the basis of experiments with Triton. In a 
recent paper (6) we showed via isolated liver 
perfusion experiments that the capacity of  the 
livers of rats to secrete TG was diminished by 
an EFA deficiency. Further  studies on the accu- 
mulation and secretion of  TG from the livers of 
animals fed corn oil or EFA deficient diets via 
isolated liver perfusion, using perfusates con- 
taining erythrocytes,  and in vivo tracer experi- 
ments with palmitate-aH are reported here. 

MATERIALS 

Animals 

Weanling male rats of the Sprague-Dawley 
strain (obtained from Dan Rolfsmeyer Co., 
Madison, Wisconsin) were placed in individual 
cages and fed ad lib. for 20 weeks a fat free diet 
or this diet supplemented with hydrogenated 
coconut  oil (HCO) or corn oil in place of  an 
equal weight of sucrose. The fat free diet con- 
sisted of, by weight, 29% vitamin test casein, 
61% sucrose, 4% salt mixture (Wesson modi- 
fied, Obsourne-Mendel salt mix: General Bio- 
chemicals, Chagrin Fails, Ohio.), 4% cellulose 
(Non-nutritive cellulose Alphacel: Nutri t ional 
Biochemicals Corporation,  Cleveland, Ohio.), 
1% casein containing vitamins in the required 
amounts (7) and 1% choline mixture (22% 
choline dihydrogen citrate, 78% casein). Lin- 
oleic acid-l-14C (sp. Act. 52.9 me/raM) and 
palmitate-9,10-3H (sp. Act. 100 mc/136 mg) 
were obtained from Nuclear Chicago and New 
England Corp., respectively. These labeled com- 
pounds were purified to >95% by thin layer 
chromatography. Linoleic acid, >99% purity,  
was purchased from The Lipids Preparation 
Laboratory  of The Hormel Institute. 

METHODS 

Liver Perfusion 

Livers were perfused by essentially the same 
technique as described by Ruderman et al. (8), 
using a double unit modified Miller apparatus 
(Metaloglass Inc., Boston, Mass., Model 81-68). 
The basic perfusion medium consisted of  200 
ml of Krebs-Ringer bicarbonate buffer (100 ml 
for each apparatus) containing approximately 
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FIG. 1. Release of TG from liver during perfusion 
with simultaneous infusion of 575 #moles of linoleate 
for 5 hr. Each point represents the average of four 
animals in fat-free, two in hydrogenated coconut o i l  
and five in corn oil groups. 

24% erythrocytes and 4% purified albumin. The 
bovine serum albumin (Fraction V powder, 
Eastman Organic Chemicals) was treated with 
charcoal (9) to remove free fatty acids and 
dialyzed against physiological saline (10). Ery- 
throcytes were isolated from fresh bovine blood 
as described by Exton et al. (11). Livers were 
prepared for perfusion as previously described 
(6) except that an 8 to 10 cm cannula was 
inserted into the inferior vena cava in order to 
maintain normal outflow of perfusate and to 
avoid edema (11). In most experiments livers 
were perfused in pairs, one from the corn oil 
group which served as a control and the other 
from either the t/CO or fat free groups for 
direct comparison with the same perfusate. 
Flow rate of perfusate was maintained at 30 
ml]min. Sodium linoleate (575 pmoles, in 
several experiments containing 12 pc of 
1-14C-linoleate) was prepared by neutralization 
of the acid with ethanolic sodium hydroxide. A 
small amount of antioxidant (0.01% NDGA 
w/w of linoleate) was added to this solution to 
prevent autoxidation during perfusion. The lin- 
oleate solution was diluted to a final volume of 
30 ml with water and infused into the perfusate 
over a 5 hr period with an infusion pump 
(Model 1100, Howard Apparatus Co., Inc., 
Mills, Mass.). In several experiments a partial 
lobectomy of the liver was performed before 
the perfusion was started to obtain lipid for 
fatty acid analysis. 

In Vivo Experiments 

Animals of each group were anesthetized by 
intramuscular injection of 5 mg/100 g of body 
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FIG. 2. Release of PL from liver during perfusion 
with simultaneous infusion of 575 ~tmoles of linoleate 
for 5 hr. Each point represents the average of t w o  
experiments in each group. 

weight of sodium pentobarbital and injected in 
the tail vein with 10 pc of palmitate-3H in rat 
serum (12). The animals were maintained at 
37 C during the experiment. At periodic inter- 
vals a small samples of liver (approximately 0.5 
g) was excised and removed through a small 
incision in the upper abdomen. Approximately 
1 ml of blood was also taken at selected inter- 
vals from the retroauricular plexus. Total 
plasma volume was calculated as described by 
Sinclair and Collins (5). 

Analysis of Lipids 

Lipid was extracted according to the method 
of Folch et al. (13), and TG, phospholipids 
(PL) and fatty acid composition were deter- 
mined as previously described (6). Results were 
expressed as mean -+ standard error. Student's t 
test or a modified formula to take into account 
large differences in variances (14) was used for 
statistical analysis. 

RESULTS 

At the end of 20 weeks the TG levels of the 
livers of the animals of the three groups, fat 
free, HCO and corn oil were 19.7-+3.4 [81, 
14.1+0.5 [7] and 9.9+0.9 [10] mg/g liver, 
respectively, (the number in brackets is the 
number of animals for which individual values 
were obtained). The level of the TG in the livers 
of the EFA deficient animals were slightly but 
significantly higher than those of the corn oil 
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TABLE I 

Per Cent Incorporation of Radioactivity Into Liver Lipids and Perfusate TG 

Hydrogenated 
Corn oil Fat free coconut oil 

Liver PL a 14.1~+0.6 b 17.6-+1.3 16.5 
(3) c (3) (2) 

Liver TG a 25.4-+3.9 20.4+3.3 18.0 
(3)  (3)  (2) 

Perfusate TG 12.5-+3.2 5.4_-/-0.4 5.8 
(3)  (3)  (2) 

Ratio of perfusate 0.51-+4).03 0.28_+0.04 d 0.32 
TG to liver TG (3) (3) (2) 

aAbbreviations: Ph, Phospholipids; TG, Triglycerides. 
bMean -+ SE. 
CNumber of animals. 
dp~0,05 to corn oil group. 

groups. 

Liver Perfusion Experiments 

The rates of secretion of TG from the livers 
of animals of the three groups during perfusion 
experiment is shown in Figure I. These results 
demonstrate the generally slower rate of secre- 
tion of TG from the livers of the EFA deficient 
than the corn oil group of animals. The 
generally slower rate of release of PL from the 
livers of the EFA deficient animals is illustrated 
in Figure 2. Amounts of TG in perfusate after 3 
hr perfusion of corn oil, fat free and HCO oil 
groups were 2.1-+0.3 [5],  1.3-+0.3 [4] and 1.8 
[2] mg/g liver, respectively, and the difference 

15 

>- 
I.- 

I-- 
(.3 

rr  
t-i 
LO 

" 5  
Z 

y _ : Z 2  . . . . .  ~ _ 

j "  
. f  s r / ..$27o [ . ~ I -  FOl free 

HOURS 

FIG. 3. Per cent incorporation of radioactivity into 
perfusate TG during 5 hr liver perfusion with simul- 
taneous infusion of 575 #moles of linoleate containing 
12 #c of  1-14C-linoleate. 

between the corn oil and the fat free group was 
significant (p <0.05)  on paried analysis. 
Amounts of PL in perfusate after 3 hr perfusion 
of corn oil, fat free and HCO groups were 
1.1+0.1 [4],  0.7+0.1 [41 and 0.8 [2] mg/g 
liver, respectively, and the difference between 
the corn oil and the fat free group was also 
significant (p <0.05). 

Per cent incorporation of radioactivity in 
experiments with linoleate-l-14C (Figure 3) 
also shows that less TG is secreted into the 
perfusates of the EFA deficient animals than in 
those of the corn oil group. The values were not 
significantly different at the end of the experi- 
ment because of the large variation in the corn 
oil group. However, the differences between the 
fat free group and the corn oil group are signifi- 
cant at the 1 and 3 hr periods. In several experi- 
ments the distribution of TG secreted into the 
perfusate in the form of 13-1ipoprotein and the 
other lipoprotein fraction was determined by 
the method of Burnstein et al. (15). Both mass 
analysis and distribution of radioactivity 
showed that more than 90% of the TG was 
present in the perfusate as /3-1ipoprotein in all 
three groups. 

The per cent incorporation of infused lin- 
oleate-l-14C into liver PL was slightly larger 
and into fiver TG slightly smaller after 5 hr of 
perfusion (Table I) but the differences were not 
significant. However, the ratio of radioactivity 
between the perfusate and liver TG was lower 
in the EFA deficient than the corn oil group. 
Radioactivity remaining in the FFA fraction of 
perfusate at the end of the experiment was 
about 3% to 5% of that infused indicating that 
infused linoleate has been taken up and utilized 
equally well by all groups. 

Fatty acid composition of the liver PL at the 
beginning and after 5 hr of perfusion showed an 
appreciable amount of the infused linoleate was 
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TABLE II 

Fatty Acid Composition and Distribution of Radioactivity in Liver PL a 

391 

Time, 
hr 14:0 16:0 16:1 18:0 18:1 18:2 20:3609 20:4 

Corn oil 0 0.4 b 24.0 0.9 25.9 6.5 14.8 ~ 27.6 
Corn oil 5 0.5 22.2 1.2 27.1 6.8 18.3 - -  24.1 
Corn oil 5 (1.4) c (6.1) d (2.4) (6.2) (54.8) (12.5) e (9.0) 

Fat free 0 0.4 21.2 9.5 20.7 22.7 2.6 17.3 5.6 
Fat free 5 0.3 16.1 7.4 18.5 22.5 9.8 14.5 10.9 

Fat free 5 (0.7) (5.2) d (2.3) (4.6) (29.8) (10.6) e (24.2) 

aFigures without parenthesis show the fatty acid composition of liver phospholipid at 
the beginning and after 5 hr liver perfusion infusing 575 #moles of linoleate. Figures in par- 
enthesis show the per cent distribution of radioactivity incorporated into liver PL after 5 hr 
perfusion infusing 12 #c of 14C-linoleate along with 575/~moles of linoleate. 

bAverage of three animals~ 
CAverage of two animals~ 
dper cent of radioactivity in mixture of 16:0 and l 6:1. 
eper cent of radioactivity collected between 18:2 and 20:4, Probably this radioactivi- 

ty consists of a mixture of 18:3, 20:2 and 20:3 of co6 series. 

conver ted  to  a rach idona te  in the  liver of  EFA 
deficient  animals (Table II). Because the livers 
of  the  corn oil fed animals con ta ined  a fair 
amoun t  of  arachidonic  acid it was not  possible 
to make an es t imat ion  of  the  amoun t  of  con- 
version of  l inoleate in the livers of  these animals 
by a simple mass analysis. However ,  the  relative 
amoun t  of  radioact ivi ty  d i s t r ibu ted  in l inoleate  
and arachidonate  de te rmined  by radio GLC 
(16) showed that  l inoleate  was conver ted  to 
a rachidonate  in the livers of  the corn oil group 
at a much  slower rate  than  in the  EFA def ic ient  
groups in accord wi th  the  results  o f  in vitro 
exper iments  (17). 

Experiments In Vivo 

The rate of  incorpora t ion  of  radioact ivi ty  
in to  the liver and serum TG injected wi th  pal- 
mi ta te-3H is shown in Figure 4. Rate of  in- 
corpora t ion  of  radioact ivi ty  was higher  and 
decreased slower in the  livers and was lower  in 
the  serum of  the animals of  the  EFA deficient  
groups than  in those  of  the corn oil group.  The 
results  were significant at the  60 rain per iod 
af ter  in ject ion as i l lustrated in Table III. Similar 
results  were ob ta ined  in one  animal of  the  fat  
free group and two of the corn oil group in 
expe r imen t s  con t inued  for  120 rain. At the  end 
of  the  expe r imen t ,  the  incorpora t ion  of  
pa lmi ta te  into PL was slightly higher in the  
livers of the EFA deficient  than  the  corn oil 
group but  the  d i f ferences  were not  significant 
(Table IlI). Only about  0.3% of  injected label 
was incorpora ted  in to  serum PI_ and there  was 
no significant d i f ference  b e t w e e n  the  th ree  
groups.  
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FIG. 4. Per cent incorporation of 10 ~c of injected 
palmitate-3H into liver and serum TG. Each point 
represents the average of three or more values except 
the values for serum at 15 min. Values of serum at 15 
min are the results of one of each group. 

DISCUSSION 

Results of  the  perfus ion exper imen t s  in this 
s tudy  are in comple te  accord wi th  those o f  
previous s tudies  (6) using cell free perfusates.  
The longer expe r imen t s  in the  present  s tudy  
pe rmi t t ed  t ime course re la t ionships  to be 
ob ta ined  wi thou t  the  compl ica t ing effect  of  
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TABLE III 

Per Cent Incorporation of Injected Palmitate-3H Into Liver Lipids and Serum TG, in vivo 

Hydrogenated 
Corn oil Fat free c o c o n u t  oil 

8.6+1.2 c 9.8+1.5 13.7-1-2.7 
Liver PL a (5-)b (4) (3) 

Liver TG 4.64-0.3 10.7+2.0 d 11.8+3.4 
(s) (4) (3) 

Serum TG 1.23+0.30 0.36+0.15 e 0.34+0.07 e 
(s) (4) (3) 

aAbbreviations: see Table I. 
bM + SE. 
CNumber of animals in parentheses. 
dp<0.05 on paired analysis to corn oil group. 
ep<0.05 to corn oil group. 

hypoxia. Figures 1,3 and 4 clearly show that 
the rate of secretion of TG is impaired by an 
EFA deficiency. In the post absorptive con- 
dition, plasma lipid level depends mainly on the 
balance between release of lipid from the liver 
and uptake of lipid in peripheral tissue. In the 
peripheral uptake of lipid, lipoprotein lipase 
activity in adipose tissue is increased by an 
unsaturated fat diet (20), and endogenously 
synthesized lipid appears to be a better sub- 
strate for lipolysis via lipoprotein lipase after 
highly unsaturated fats are ingested (21). There- 
fore, the cause of low level of  plasma TG or 
very low density lipoproteins in EFA deficient 
rats (5,18,19) could well be due to impairment 
in the release of lipid from the liver in accord 
with the findings reported herein. 

The greater accumulation of radioactivity in 
the TG of the livers of the EFA deficient ani- 
mals injected with palmitate-3H showed that 
fatty acids taken up from the blood accumu- 
lated in the TG of the livers of the EFA 
deficient animals to a greater extent than those 
fed corn oil. Palmitate was selected for use in 
these experiments because the pool size of this 
acid is about the same in the liver of fat free 
and corn oil groups (6). The decreased accumu- 
lation of linoleate-l-14C in the liver TG of EFA 
deficiency during perfusion might be related to 
increased turnover of PL (22), increased 
incorporation of linoleate into PL (23) and/or 
increased oxidation of fatty acids as observed in 
previous experiments (6). 

A number of factors could contribute to the 
accumulation of fat in the liver of  EFA 
deficient animals. The synthesis of fatty acids is 
increased by an EFA deficiency (24,25) and 
could be important under some conditions. 
Experimentally produced fatty livers (carbon 
tetrachloride, ethionine or choline deficiency) 
are believed to be caused by impairment in the 

synthesis or release of lipoprotein required for 
lipid transport (26). 

A role of EFA in lipid transport may be a 
requirement for lipoprotein synthesis con- 
cerned with lipid or protein. The fact that lin- 
oleic acid and apparently arachidonic acid also 
(because linoleic acid was converted to 
arachidonic acid) had no immediate effect on 
triglyceride secretion indicated that the defect 
involves the synthesis of lipoprotein concerned 
with structural elements in membrane function. 
Presumably, these changes require some time to 
be effected and thus there is no immediate 
effect of linoleate in the perfusion experiments. 
Evidence of this effect is that restoration of 
normal fatty acid composition of liver PL and 
normal rate of release of protein from the liver 
in EFA deficient rats requires the feeding of 
linoleate for several days (27). Restoration of  
normal swelling properties of liver mito- 
chondria of EFA deficient animals also requires 
approximately two days of linoleate feeding 
(28). These observations suggest that the effect 
of an EFA deficiency on lipid transport 
probably involves the physicochemical proper- 
ties of  the membranes of the liver cells. 
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Studies on the Role of Phospholipids in the Triglyceride 
Cycle: II I. Liver and Plasma Phospholipid Exchange in 
Depancreatized Dogs1 
C.A. OLMSTED, 2 Department of Biological Sciences, Louisiana State University in New Orleans, Lake Front, 
Lake Front, New Orleans, Louisiana 70122 

ABSTRACT INTRODUCTION 

Lipid mobilization from the liver to 
extrahepatic sites of utilization and to 
adipose tissue for storage and recycling 
via the triglyceride cycle requires de novo 
synthesis of liver lecithins. The role of 
liver phospholipid (PL) synthesis and 
plasma phospholipid turnover has been 
studied under a number of conditions 
which appear to relate liver lipoprotein 
formation and release to liver PL synthe- 
sis and transport. Conditions which 
enhance nonesterified fatty acid (NEFA) 
release from adipose tissue or which 
inbibit liver PL synthesis prompt liver 
lipid accumulation. Lipid accumulates in 
the liver principally as triglyceride when 
any one of a number of factors required 
for liver lipoprotein complex formation is 
blocked, such as by ethionine, or when 
NEFA release to plasma is increased, such 
as in cold acclimatization. The relation- 
ship of liver PL to liver lipid transport is 
shown also following recovery from these 
conditions. Recovery from liver trigly- 
ceride (TG) accumulation is accompanied 
by increased PL synthesis, remobilization 
of liver PL, and increased turnover of 
plasma phospholipids. The relative spe- 
cific activity (RSA) of phospholipid phos- 
phorus (SA of plasma to liver PLP) is 
increased in depancreatized dogs during 
liver lipid accumulation. Following the 
initial depression in liver PL synthesis and 
transport caused by ethionine administra- 
tion the RSA increased in all animals 
studied, indicating a remobilization of the 
accumulated TG. This remobitization of 
liver lipid occurs to a greater extent in 
depancreatized dogs than in normal dogs 
under the same conditions. 

1One of five papers to be published from the 
Symposium "Lipid Transport" presented at the AOCS 
Meeting, New Orleans, April 1970. 

2On leave 1970-72. Present Address: Division of 
Nutritional Biochemistry, Lipid Biochemistry Section, 
CSIRO, Kintore Ave., Adelaide, South Australia, 
5000. 

The transport of endogenous fatty acids as 
triglycerides (TG) or as glycerides has been 
recognized since the 1957 findings of Carlson 
and Wadstrd'm (1) that TG and some lower 
glycerides are present in plasma during fasting. 
However, Fredrickson and Gordon reviewing 
this work in 1958 (2) point out that the mere 
presence of glycerides in the plasma during 
these times does not imply that they are parti- 
cipating in significant net transport of endo- 
genous fatty acids. It was also pointed out in 
the same review that there were no lines of 
experimental evidence which would prove an 
important role of plasma phospholipids in the 
net transport of fatty acids except as com- 
ponents of the lipoprotein carrying triglycerides 
in the blood. It was recognized at the time that 
free fatty acids, or nonesterified fatty acids 
(NEFA), were released by lipolysis from adi- 
pose tissue and circulated to other tissues in 
combination with plasma albumin (3-6). 

Conditions which enhance NEFA release 
from adipose tissue, or which inhibit liver lipo- 
protein formation also prompt liver lipid 
accumulation. The increased liver lipid content 
under these conditions, classically called "fatty 
liver," is mainly TG. The pathophysiological 
etiology of fatty liver is extremely diverse 
ranging from chronic alcoholism, uncontrolled 
diabetes mellitus, and certain nutritional 
deficiencies to a cellular toxicity response to a 
variety of nonspecific and specific liver toxins. 
Lipid accumulates in the liver parenchyma 
principally as TG when any one of a number of 
factors required for liver lipoprotein formation 
or for release of liver lipoprotein is blocked, or 
when NEFA release to the plasma is increased 
in excess of the energy requirements of the 
animal. Changes in the rate of removal of TG 
from the blood may be an important factor in 
the regulation of liver PL synthesis as appears 
to be the case in TG transport from the liver to 
extrahepatic sites (7). Similarly, a fall in hepatic 
triglyceride could be secondary to a reduced 
uptake of NEFA by the liver (8). Many studies 
have concerned the role of hormones, and 
particularly catecholamines, on the mobiliza- 
tion of lipids. The NEFA release from adipose 
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TABLE 1 

Effects of Pancreatectomy and dl-Ethionine on Blood Glucose 
and Total Liver Lipids in Female Dogs 

395 

Time after Blood 
Dog ethionine, glucose, Total liver 
No. Condition min mg, % lipids, g % 

1 Unoperated 0 94 3.89 
0 73 3.98 
0 68 4.34 

60 52 4.27 
150 42 4.54 
300 40 4.56 
390 37 4.94 
450 --- 5.35 

2 Depancreatized 0 356 13.59 
0 274 15.54 
0 233 16'.70 

60 242 15.72 
205 245 16.16 
305 266 17.34 
375 314 17.75 

3 Unoperated 0 63 5.15 
60 42 5.12 

150 40 5.47 
270 29 5.63 
360 24 5.60 
540 31 5.62 
615 29 --- 

4 Depancreatized 0 428 11.80 
105 482 13.20 
330 412 14.34 
420 396 14.82 
600 467 --- 

t issue is u n d e r  the  c o m b i n e d  con t ro l  of  cor t ico-  
s teroids  and  ca t echo l amines  and  even an excess 
of  one  of  these  agents  induces  no  s t i m u l a t i on  
unless  a ce r ta in  c o n c e n t r a t i o n  of  the  o t h e r  is 
p resen t  in the  sys tem (9).  

While m a n y  subs tances ,  as well as cer ta in  
physiological  cond i t ions ,  increase  hepa t i c  l ipid 
c o n t e n t ,  subs tances  wh ich  reduce  hepa t i c  l ipids 
are k n o w n  as l ipo t rop ic  agents .  Chol ine  is con-  
s idered by  Greengard  (10)  to  be the  mos t  repre-  
sen ta t ive  of  l ipo t rop ic  agents  which ,  as a con-  
s t i t uen t  of  lec i th in ,  is essent ia l  for  the  n o r m a l  
t r a n s p o r t  of  fats ac t ing by  enhanc ing  phospho -  
l ipid t u rnove r  and  p r o m o t i n g  the  t r a n s p o r t  of  
fa t  f rom liver to  tissues. 

Triglyceride synthes i s  by  the  l iver occurs  pri- 
mar i ly  by way of  glycerol  p h o s p h a t e  (1 I) .  
Expe r imen t s  by  BjtSrnstad and  Bremer (12 )  have  
s h o w n  t h a t  the  t e rmina l  r eac t ion  in phospha -  
t idyl  chol ine  (PC) synthes is  is freely reversible  
since the  specific ac t iv i ty  of  CDP-chol ine-14C 
in liver was a b o u t  equal  to the  specif ic  ac t iv i ty  
of  liver l ec i th in  -14 C. Thus  

CDP-chol ine  + d ig lyce r ide*CMP + PC. 

In t e rconver s ions  of phospho l ip id s  can occur  

in liver (13)  y ie lding PC by  s tepwise  m e t h y l -  
a t ion  of e t h a n o l a m i n e  wh ich  m a y  be  der ived 
f r o m  s e r i n e  b y  deca rboxy l a t i on .  These  
reac t ions  can take  place while  the  n i t rogenous  
bases are covalent ly  b o u n d  to phospho l ip ids .  
Bj~Srnstad and  Bremer  (12)  have  s h o w n  t h a t  
while the  m e t h y l a t i o n  p a t h w a y  for  PC synthes is  
occurs  p r e d o m i n a n t l y  in  liver, the  PC derived 
f rom b o t h  pa thways  en te r  a c o m m o n  pool  
which  is in equ i l ib r ium wi th  p lasma.  

The  work  p resen ted  here  conce rns  the  
mechan i sms  for  l ipid mob i l i z a t i on  f rom the  
l iver to  ex t r ahepa t i c  sites of  u t i l i za t ion  and  
storage.  The  vehicle for  this  t r a n s p o r t  is l ipo- 
p ro te in ,  the  wa te r  soluble  l ipid complexes  
which  have been  s tud ied  extens ive ly  and  
p resen ted  in th is  s y m p o s i u m  by Dr. Lopez  (14) .  
Resul ts  of  previously  pub l i shed  po r t i ons  of  the  
p resen t  s tudy  (15 ,16)  ind ica ted  t h a t  l iver l ipid 
m ob i l i z a t i on  requi red  de novo  synthes i s  of  l iver 
leci thins .  

The  relative specific act ivi ty  (RSA)  of  phos-  
pho l ip id  p h o s p h o r u s  (PLP),  or specif ic  act ivi ty  
(SA) of  p lasma to  liver PLP, is a measure  of  the  
exchange  of liver and  p lasma phosphol ip ids .  
Because the  RSA m e a s u r e m e n t s  in the  s tudies  
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FIG. 1. Blood glucose of dogs after a single oral administration of dl-ethionine (1 g/kg). 

using rats that were fasted and rats that were 
given single injections of ethionine indicated a 
dynamic function of phospholipids in the TG 
cycle, further experiments were carried out to 
determine if the RSA would reveal similar 
effects during periods of rapid liver lipid accu- 
mulation irrespective of an acute choline 
deficiency or ethionine inhibition of choline as 
a substrate for the synthesis of specific liver 
lecithins. The depancreatized dog seemed suit- 
able for such a study since it is known that 
withdrawal of insulin and raw pancreas from 
the maintenance ration of such an animal leads 
to the rapid accumulation of liver TG. 
Ethionine superimposed upon these conditions 
would enhance the development of a fatty liver 
and thus exaggerate the predicted exchange 
phenomenon of liver and plasma PLP under 
these conditions. 

EXPERIMENTAL PROCEDURES 

Two female dogs (No. 2 and 4) were de- 
pancreatized according to standard procedures 
(17) and were maintained on insulin and raw 
pancreas until  the time of the experiments in 
which P32-orthophosphate and ethionine were 

administered. Two other female dogs (No. 1 
and 3) were used as unoperated control dogs. 
The ethionine dosages and the method of acute 
administration to the dogs were the same as 
previously described (16). The P32-orthophos- 
phate was administered intravenously and 
samples of the blood were taken from the 
femoral artery at several time intervals after the 
administration of the isotope while the dogs 
were under pentobarbital anesthesia. At about 
the same time that the blood samples were 
taken, l iver biopsy samples were obtained sur- 
gically followed by suturing Gelfoam in the 
wound area to stop bleeding. Analyses for the 
total liver lipids, and measurement of specific 
activity of plasma and liver phospholipids were 
the same as previously described (15,16). Blood 
glucose was measured by the method of Kemp 
et al. (18). Three other dogs were used for the 
measurement of blood glucose after ethionine 
administration. One dog was given ethionine in 
the fed state (male dog No. 5) while the other 
two (male dog No. 6 and female dog No. 7) 
were given ethionine after a 48 hr fast. The 
ethionine was administered orally to these ani- 
mals by force-feeding a gelatin capsule con- 
taining the requisite dosage (1 g/kg). 
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FIG. 2. The specific activity of liver and plasma 
phospholipid phosphorus before and after dl-ethionine 
in normal ( �9 ) and depancreatized ( o ) dogs. (Dogs 1 
and 2). 
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FIG. 3. The specific activity of liver and plasma 
phospholipid phosphorus in normal ( � 9  and de- 
pancreatized ( o )  dogs given dl-ethionine and p32. 
orthophosphate simultaneously. (Dogs 3 and 4). 

RESULTS 

The total liver lipids in the depancreatized 
dogs showed increases of 4.16 and 3.02 g/100 g 
during the experimental  periods, whereas the 
total  liver lipids in the unoperated dogs showed 
increases of only 1.55 and 0.47 g/100 g. 
Although the total  liver lipids in the depancrea- 
tized dogs rose as high as 14.82 and 17.75 
g/100 g, compared to 5.35 and 5.62 g/100 g in 
the unoperated dogs, the liver lipids in the 
depancreatized dogs were high at the start of 
the experiments,  and hence, the percentage 
increase in the liver lipids was 39.8%, 30.6%, 
9.1% and 25.6% for dogs No. 1-4, respectively 
(Table I). 

The administration of d/-ethionine dras- 
tically reduced the blood glucose. This was 
observed in three dogs given a single oral ad- 
ministration of ethionine. Two of the dogs were 
given ethionine following a 48 hr fasting period 
and died within 24 hr after ethionine. The 
other dog was not fasted prior to ethionine 
administration and it survived for four days. 
The blood glucose decreased to about the same 
level in both the fasted and nonfasted dogs 
(Fig. 1). 

A similar blood glucose lowering effect fol- 
lowing ettdonine was not seen in the de- 
pancreatized dogs in which the blood glucose 
levels were already eievated, nor were any sig- 
nificant changes in blood glucose seen in the 
unoperated control  dogs given ethionine while 
under pentobarbi tal  anesthesia (Table ' I ) .  The 
depancreatized dogs remained hyperglycemic 
throughout  the measurements of plasma and 
liver PLP specific activities, while the non- 
diabetic dogs showed only slight lowering of 
blood glucose during this period. 

The uptake of  Pa2-orthophosphate into liver 
and plasma PL measured at 3 and 4 hr prior to 
the administration of ethionine and at several 
time intervals after ethionine, showed a tran- 
sient inhibition in the depancreatized dog and 
no apparent effect in the unoperated~ dog (Fig. 
2). 

When ethionine was given to the experi- 
mental animals at the same time that the p32- 
orthoph0sphate was administered, the uptake 
into liver PLP was found to be lower in the 
depancreatized dog than in the unoperated con- 
trol dog. The amount  of  this difference was 
greater than that observed in the preceeding 
experiment (Fig. 3). 
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FIG. 4. The relative specific activity of plasma to 
liver phospholipid phosphorus before and after dl- 
ethionine in normal ( � 9  and depancreatized ( o )  
dogs. (Dogs 1 and 2). 

FIG. 5. The relative specific activity of plasma to 
liver phospholipid phosphorus in normal ( �9 ) and de- 
pancreatized ( o )  dogs given dl-ethionine and p32. 
orthophosphate simultaneously. (Dogs 3 and 4). 

While the magnitude of the temporary 
inhibition of liver and plasma PLP synthesis was 
not very great when ethionine was given during 
the time course of p32 orthophosphate uptake, 
the effects on the RSA are quite significant. At 
early intervals, the RSA values for the de- 
pancreatized dogs were higher than the cor- 
responding values for the nondiabetic dogs. 
After ethionine administration the RSA value 
decreased temporarily in the diabetic dog (Fig. 
4). 

When the ethionine was given at the same 
time as the Pa2-orthophosphate, the decrease in 
RSA was not observed until tile SA of liver PLP 
was approaching the maximum SA (Fig. 5). 

During the later time intervals after p32. 
o r t h o p h o s p h a t e  administrat ion the RSA 
increased in all four animals. The increase 
occurred more abruptly and to a greater extent 
in the animals given ethionine after the admin- 
istration of the radioactive phosphate and the 
effect was greater in both depancreatized dogs 
than in the nondiabetic dogs. 

DISCUSSION 

The value of the RSA measurement in esti- 
mating lipid transport from the liver is apparent 
from the findings reported here. The RSA 

values observed under the conditions of these 
experiments show changes relating first, to an 
increased RSA in the diabetic dog, second, 
relating to the inhibitory effect of ethionine on 
liver PL formation at early time intervals after 
ethionine administration, and finally, relating 
to the remobilization of liver PL after the 
ethionine had depleted. The remobilization was 
greatest in the depancreatized dogs. While an 
increase in the RSA at later time intervals after 
the administration of ethionine occurred in all 
animals tested, the effect was more pronounced 
in the diabetic dogs that were accumulating 
greater amounts of liver lipid during the time of 
measurement. 

In rats (15) ethionine was shown to cause 
inhibition of liver phospholipid mobilization to 
the plasma accompanied by an increase in liver 
TG. The effect appeared to occur to a greater 
extent in animals which developed a more 
intense fatty liver. Changes in liver lipid mobili- 
zation as a function of time after ethionine 
suggested remobilization of liver PL just before 
or at about the same time that de novo synthe- 
sis of liver PLP would be back to normal levels. 
Changes in the RSA during the course of fasting 
suggested increased mobilization of liver PL at 
times when liver TG cycling would be en- 
hanced. In normal dogs (16), ethionine blocks 
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the turnover of plasma PL and the transport of 
phospholipids from liver to plasma. Ethionine 
stopped the disappearance of native labeled 
plasma PL (nPLP32) abruptly, indicating that 
some immediate effect of ethionine, perhaps on 
choline metabolism, was responsible for altering 
the uptake of plasma PL by the peripheral 
tissues. 

It would appear that the mechanism by 
which ethionine blocks the transport of phos- 
pholipids, and hence the release of lipoproteins 
to the plasma, is by blocking synthesis of liver 
lecithins. When this effect of ethionine "wears 
off," remobilization of liver PL to the plasma 
occurs as evidenced from the increase in the 
RSA of plasma to liver PLP in the present 
study. 

The data presented here show that ethionine 
decreases the uptake of radiophosphate into 
liver and plasma phospholipids, but that the 
effect is transient in nature. In these experi- 
ments such inhibition of liver PL synthesis must 
be evaluated by changes in the slope of the 
uptake curves before and after ethionine admin- 
istration since a continual uptake of radio- 
phosphate into liver and plasma PLP is observed 
as a function of time after radiophosphate 
administration. This was most apparent in the 
fiver inhibition of PL synthesis by ethionine 
which occurred to a greater extent in de- 
pancreatized dogs which accumulated greater 
amounts of total liver lipid than the non- 
diabetic control dogs. 

It is most important to note that the RSA 
was decreased by ethionine during the early 
intervals after administration, and was increased 
at later time intervals after administration, i.e., 
near the time of the SAma x. The fact that PL 
exchange occurs to a greater extent in de- 
pancreatized dogs than in the unoperated con- 
trois suggests that an increased exchange of 
liver and plasma PL is related to the accumula- 
tion of total liver lipids. Animals that show 
increased hepatic TG accumulation after 
ethionine administration also show a significant 
increase of RSA of plasma to liver PLP. 
Increased hepatic TG, therefore, appears to be a 
stimulus to remobilization of liver lipid. 

The increased exchange of phospholipids 
seems to be unrelated to the glucose levels in 
blood since blood glucose was high in the 
depancreatized dogs, and low in the unoperated 
controls. Earlier observations ( 1 9 ) s h o w  low 
blood glucose after ethionine in both male and 
female rats where a pronounced difference in 
hepatic TG accumulation is seen; the females 
got a fatty liver whereas the males did not. 
Although the apparent availability of carbo- 
hydrate in the blood of depancreatized dogs 

would seem to argue against the conclusions 
that carbohydrate depletion can by itself give 
rise to increased lipid mobilization for oxidative 
purposes, it should be mentioned that increased 
blood glucose in the diabetic condition is 
secondary to the insulin deficiency which limits 
substrate oxidation of both carbohydrates and 
lipid. 

Studies on the turnover of plasma PL in 
depancreatized dogs (20) and in dogs 
after phlorizin (21) show an increased RSA 
of liver to plasma PLP which the authors 
relate to an increased oxidative metabolism of 
lipids. Robinson and Seakins have shown that 
there is a reduction in the rate of formation of 
plasma lipoprotein in the early stages after 
giving ethionine or puromycin resulting in accu- 
mulation of liver TG (22-24). These authors 
suggest that impaired release of lipoprotein 
from the fiver to the plasma results in hepatic 
TG accumulation. Although PL metabolism and 
lipoprotein release are important in regulating 
fiver TG content and output,  other possible 
mechanisms must be considered, notably the 
effects of ethionine on liver S-adenosyl- 
transferase reactions effectively reducing the 
availability of adenosine triphosphate. This 
area, and other considerations of fatty liver 
induction by ethionine, has been thoroughly 
reviewed by Farber (25). 

The conditions of the present experiments 
allowed the measurements of plasma and liver 
phospholipid exchange to be made during the 
time when there is a very rapid accumulation of 
hepatic TG. It is interesting to note that 
although the administration of ethionine 
affected the time course of radioactive phos- 
p h a t e  u p t a k e  i n t o  phospholipids only 
transiently, the effects on the exchange of liver 
and plasma phospholipids persisted longer, and 
that subsequent to the depression of RSA there 
was a marked and persistent rise in PL transport 
especially in those animals which had a fatty 
liver. 
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The Phospholipids of Corynebacteria 
PATRICK J. BRENNAN and DEREK P. LEHANE, 1 Department 
of Biochemistry, Trinity College, Dublin 2, Ireland 

ABSTRACT 

The  phospholipids of  Corynebac- 
terium diphtheriae, Corynebacterium 
xerosis, C orynebacterium equi and 
Corynebacterium ovis were examined,  
largely by chromatographic procedures. 
In all of these, lipids of the phosphoinosi- 
tide and mannophosphoinosi t ide type 
were prominent.  In contrast  to the myco- 
bacteria, the mannophosphoinosi t ides of 
the corynebacteria were all dimannophos- 
phoinositides; however, as in myco- 
bacteria, these dimannophosphoinosit ides 
apparently occurred in the diacylated and 
tr iacylated f o r m s - t h e  tetraacylated com- 
ponent  prominent  in mycobacter ia  was 
absent. Phosphatidylethanolamine and 
phosphatidylserine were also absent. In 
Corynebacterium diphtheriae the major 
single phospholipid corresponded to 
phosphat idy lg lycero l :  cardiolipin also 
appeared to be a major lipid. The fat ty 
acids of the corynebacterial  phospho- 
lipids were distinguished by the presence 
of branched chain isomers of medium 
chain length. The importance of  phospho- 
lipids in the taxonomy of the actino- 
mycetes and related eubacteria is dis- 
cussed. 

INTRODUCTION 

The close phylogenetic relationship of  myco- 
bacteria, corynebacteria,  propionibacteria  and 
nocardia ( I )  is supported by morphological  (2) 
and immunological evidence (3). For  certain 
members of these genera, the relationship is 
also shown by studies on the infrared 
absorption spectra of whole cells (4), by the 
presence of complex a-branched/3-hydroxy- 
lated fatty acids (5) at tached to either trehalose 
(6), glucose (7) or cell-wall arabinose (8), and 
the presence of large amounts of free trehalose 
(9) and a typical cell wall mucopept ide  (10). 
Moreover,  there is evidence that  some coryne- 
b a c t e r i a  c o n t a i n  mannophosphoinosi t ides 
(11,12) previously thought to be restricted to 
the mycobacteria.  In the present work we are 
concerned with this lat ter  relationship. 

1present address: Department of Biological Chem- 
istry, Medical School, University of Michigan, Ann 
Arbor, Michigan, 48104. 

The wide spectrum of phosphoinosit ides of 
mycobacter ia  have been extensively examined 
by Ballou and coworkers. They range from the 
simplest lipid, 1-phosphatidyl-L-myoinositol,  
through those with from one to six molecules 
of mannose glycosylated to the myoinositol  
ring (13). The predominant  component  con- 
tains two mannose units (14) and was regarded 
as 1-phosphatidyl-L-myoinositol  2,6-di-O-a-D- 
mannopyranoside.  However, this dimannoside 
is now known to exist in several acylated forms, 
the major ones containing two, three and four 
molecules of fat ty acid (15,16). 

Previously the morphological relationships 
between the propionibacteria and mycobacter ia  
were discussed and their ctose relationship was 
substantiated by the findings of a monomanno- 
phosphoinosit ide,  and an enzyme system for its 
biosynthesis in propionibacteria  (17). However, 
it was later shown that  the bulk of the man- 
nose-inositol-containing lipids of  propioni- 
bacteria were not  glycerides and that  the mono- 
mannophosphoinosi t ide was a minor  compo- 
nent (18,19). In view of the relationship 
between propionibacteria  and corynebacteria 
(1) it was therefore possible that  the mannose- 
inositol lipids of the lat ter  were not  manno- 
phosphoinosit ides but mannoinositides,  a pos- 
sibility we have excluded in this work. 

Some of these results have been published in 
preliminary form (20,21). 

MATERIALS AND METHODS 

Organisms 
Corynebacterium diphtheriae, Coryne- 

bacterium equi and Corynebacterium xerosis 
were obtained from the Department  of Bac- 
teriology, Trinity College, Dublin, and were 
grown, harvested and washed as described pre- 
viously (7). The origins of Corynebaeterium 
ovis have been described by Came et al. (22). 

Lipid Extraction 

In the early stages of this work the cells were 
first extracted several times with redistilled ace- 
tone. This t reatment  removed acylglucoses (7); 
phospholipids were then obtained by subse- 
quent extraction of the bacterial residue with 
chloroform-methanol-water (16:6 : 1, all ratios 
are by volume). In later experiments cells were 
extracted only with chloroform-methanol-  
water. Lipid extracts were washed (23), dried 
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by rotary evaporation and stored under nitro- 
gen at 4 C. Prior to column chromatography 
phospholipid mixtures were emulsified, a small 
amount  of sodium EDTA was added and the 
emulsion was stored at 4 C for two days. The 
preparation was then dialyzed against 0.1 M 
sodium EDTA for 24 hr and against deionized 
water for a further 24 hr. Finally the material 
was lyophylized and chromatographed. In the 
case of C. ovis, soluble lipids were repeatedly 
t r i tura ted  with acetone. Acetone-insoluble 
lipids only were further examined. 

Chromatographic Procedures 

Total lipid extracts were applied to a column 
of silicic acid (Mallinckrodt) which was eluted 
first with 2-3 column volumes of chloroform, 
followed by varying concentrations of acetone 
in chloroform to remove acylglucoses and acyl- 
trehaloses (7). Phospholipids were then eluted 
with chloroform-methanol ( 1 : 1 ). 

Column chromatography of the phospho- 
lipids of C. diphtheriae was carried out  on 
DEAE-cellulose (Whatman DE-32) (acetate 
form) in chloroform-methanol-water (20:9:1)  
with ammonium acetate gradients (16). Col- 
lected fractions (3 ml) were monitored for 
carbohydrate and phosphorus. Mixed fractions 
were dialyzed to remove ammonium acetate 
and chromatographed on thin layer plates. Such 
lipids were also hydrolyzed or deacylated and 
the products chromatographed on paper. 

Deacylated phospholipids of C. ovis were 
chromatographed on a column of DEAE-Sepha- 
dex (14). The column was eluted first with 
water, followed by a gradient of  ammonium 
carbonate (0.3.0 M). Ammonium carbonate was 
removed from eluates by repeated lyophyliza- 
tion and fractions were further purified by 
passage through a column of Sephadex G-25. 

Thin layer chromatography (TLC) of phos- 
pholipids was performed on plates (20 x 20 cm 
and 20 x 40 cm) of Silica Gel H (Merck). The 
following solvent systems were used: chloro- 
form-methanol-water (65:25:4)  (solvent A); 
chloroform-methanol-acetic a c i d - w a t e r  
(30:15:4:  2) (solvent B); chloroform-methanol-  
7 N ammonia (12:7:1)  (solvent C). Lipids were 
located by exposing the plates to iodine vapor 
and also by gentle spraying of the plates with 
water. Carbohydrate-containing lipids were 
detected with a spray composed of 1% phenol 
in 60% orthophosphoric  acid. Phospholipids 
were detected with the molybdenum-blue 
reagent (24). A ninhydrin spray was also used 
for this purpose. In preparative TLC, phospho- 
lipids were located by spraying a strip with 
molybdenum blue reagent or the whole plate 

with water, bands were scraped from the plates 
and the lipids eluted from the gel with chloro- 
form-methanol (1:2) and chloroform-methanol 
(2:1). Eluted lipids were dried by rotary evapo- 
ration and washed (23). 

Paper chromatography was performed on 
Whatman No. 1 or 3 MM paper, using the 
following solvent systems: Ethyl acetate-acetic 
acid-formfc acid-water (18:3 :1 :4)  (solvent D); 
e t h y l  acetate-pyridine-water (2:1:2,  upper 
phase) (solvent E); isopropyl alcohol-ammonia- 
water (7:1:2)  (solvent F). Solvent D proved to 
be the only one which could effectively resolve 
glucose, mannose and arabinose. Solvent E was 
capable o f  separat ing mannose and 
arabinose. Solvent F was used for the separa- 
t ion of glyceryl-phosphoryl derivatives. Sepa- 
rated products were located by staining the 
papers with the silver nitrate-sodium hydroxide 
dip reagent (25), the periodate-benzidine dip 
reagent (26) or the aniline-phrhalate spray (27). 

G a s  l i q u i d  chromatography (GLC) of 
methylated fatty acids was carried out on a Pye 
Unicam Series 104 Analyzer, using a column of  
1 0% diethylglycolsuccinate (DEGS) on 
Chromosorb W, (100/120 mesh). Assignments 
for each peak were obtained from a semi-loga- 
rithmic plot of relative retention times against 
chain length and degree of unsaturation of  
standard mixtures of fat ty acid methyl esters. 
The percentage of each acid was estimated from 
the ratio of the weight of  a peak tracing to total  
weights of all peaks. 

Analytical Methods 

Carbohydrates were estimated by a phenol- 
H2SO 4 assay method (28). Total phosphorus 
was determined by the method of Bartlett (29) 
and amino compounds by the method of Spies 
(30). Glycerol was estimated by the amount  of 
formaldehyde produced on periodate oxidation 
(31). Acid hydrolysis of lipids was carried out 
with 2 N HC1 for 3 hr at 100 C in sealed tubes. 
Lipids were deacylated by mild NaOH treat- 
ment. Methyl esters of  fat ty  acids were ob- 
tained either by transmethylat ion or by saponi- 
fication followed by methylat ion with diazo- 
methane. 

Materials 

P hosphatidylinositol ,  phosphatidylethanol-  
amine and phosphatidylserine were isolated 
from yeast (32,33). Dimannophosphoinosit ides 
we re  isolated from Mycobacterium phlei 
(16,34). Straight chain and branched chain 
fatty acids for GLC were obtained from 
Applied Science Laboratories, State College, 
Pa. 
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FIG. 1. Thin layer chromatogram of the total phos- 
pholipid fraction from Corynebacterium diphtheriae, 
developed with chloroform-methanol-water (65: 25:4) 
and sprayed with the molybdenum blue reagent. 1, 
phosphatidylinositol; 2, phosphatidylethanolarnine; 3, 
dimannophosphoinositide A; 4, phosphatidylserine; 5, 
total phospholipid from C. diphtheriae; 6, dimanno- 
phosphoinositide B; 7, dimannophosphoinositide C; 8, 
cardiolipin. (Phospholipids 2-4 were included as 
markers, but, as mentioned in text, they were absent 
from C. diphtheriae.) 

RESULTS 

Phospholipids of Corynebacterium diphtheriae 

Acid hydrolysis of total free lipid of C. 
diphtheriae and chromatography in solvent D 
showed mainly glycerol, mannose, glucose and 
inositol. Ethanolamine and serine were absent 
from chromatograms stained with ninhydrin. 
Chromatography of the deacylated lipid in 
solvent F showed glucose, trehalose, glyceryl- 
phosphorylinositol, glycerylphosphorylinositol 
dimannoside, and an unknown of Rglucose 
0.71. [A photograph of the products obtained 
has previously been published (7) in connection 
with the identification of acylglucoses in C. 
diphtheriae.] Glucose arose from acylglucose 
(7). Trehalose was probably due th the presence 
of diacyltrehalose (cord factor) (6). The origins 
of the glycerylphosphorylinositol and the 
glycerylphosphorylinositol dimannoside were 
investigated further by TLC in solvents A and 
B. Plates were sequentially visualized with 
iodine, ninhydrin and the molybdenum blue 
reagent. Ninhydrin positive lipids were absent 
as reported previously for C. exerosis (20), thus 
excluding the possible presence of phospha- 
tidylethanolamine or phosphatidylserine in C. 
diphtheriae. The molybdenum blue reagent 
showed the presence of several phospholipids 

~ t 2 -3 4 5 P* 

FIG. 2. Thin layer chromatogram of the Coryne- 
bacterium diphtheriae phospholipid fractions eluted 
from the DEAE-cellulose column. PE, phosphatidyl- 
ethanolamine; PS, phosphatidylserine; 1, early elutes 
from the column; 2, phospholipids eluted with 0.05 M 
ammonium acetate; 3,4,5, material eluted with higher 
concentrations of ammonium acetate; PI, phospha- 
tidylinositol. Chromatography was carried out on long 
(40 cm) plates of Silica Gel H in chloroform- 
methanol-water (65:25:4). Dimannophosphoinositide 
C' (Table II) is not obvious on this photograph. 
Dotted areas contained lipids which reacted with 
iodine previous to visualization with the phosphate 
spray. 

(Fig. 1). The major lipid (Rf [0.56 in solvent A) 
is considered later. Another phospholipid had a 
Rf of 0.42 close to that of phosphatidyl- 
inositol. Two further phospholipids chromato- 
graphed to the same region (Rf 0.35) as the 
t r i a c y l a t e d  d imannophospho inos i t ide  B. 
Other p r o m i n e n t  phospholipids cor- 
responding to the diacylated dimannophospho- 
inositide C from M. phlei (16) and to cardio- 
lipin from M. tuberculosis. 

To purify and further identify the individual 
phospholipids, lyophilyzed lipid was applied to 
a column of DEAE-cellulose and eluted as 
described. Acylglucoses and the traces of 
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TABLE I 

Characterization of Phosphoinositides Isolated From Corynebacterium diphtheriae a 

Rf value of 
lipid in Products of acid Products of Probable identity 

solvent A hydrolysis deacylation of lipid 

0.13 Inositol, mannose, Glycerylphosphoryl- Diacyl dimannophos- 
glycerol inositol dimannoside phoinositide C 

0.25 Inositol, mannose, Glycerylphosphoryl- Diacyl dimannophos- 
glycerol inositol dimannoside phoinositide C' 

0.32 Inositol, mannose, Glycerylphosphoryl- Triaeyl dimannophos- 
glycerol inositol dimannoside phoinositide B 

0.34 Inositol, glycerol Glycerylphosphoryl- Phosphatidyl- 
inositol inositol 

aFractions 3 and 4 (Fig. 2) from DEAE-cellulose column were applied as bands to long (40 cm) 
plates of silica gel H and ehromatographed in chloroform-methanol-water (65:25:4). Phospholipids 
were located with water and by spraying a side strip with molybdenum blue. Chromatography on 
these longer plates fully resolved the dimannophosphoinositides B and C' which chromatographed 
close together on 20 cm plates (Fig. 1). 

diacyltrehaloses were removed with chloro- 
form-methanol-water. The pattern of phospho- 
lipids eluted with ammonium acetate is shown 
in Figure 2. The major unknown phospholipid 
and a phospholipid corresponding to dimanno- 
phosphoinositide B were eluted with the 
gradient up to 0.05 M ammonium acetate 
(Fraction 2). Phospholipids corresponding to 
phosphatidylinositol, dimannophosphoinositide 
B, dimannophosphoinositide C and some un- 
knowns were subsequently eluted (Fractions 3 
and 4). The two phospholipids in Fraction 2 
were isolated by preparative TLC in solvent A. 
The minor one on deacylation yielded glyceryl- 
phosphorylinositol dimannoside and hydrolysis 
showed mannose, glycerol and inositol only. Its 
Rf value would indicate the triacylated diman- 
nophosphoinositide B (16). The major lipid in 
this fraction was the predominant single phos- 
pholipid in C. diphtheriae. This was repurified 
twice in solvent B; such purifications yielded a 
nitrogen-free phospholipid. Acid hydrolysis of 
the lipid followed by paper chromatography 
and visualization with the silver nitrate-sodium 
hydroxide reagents showed glycerol only. Assay 
for glycerol and phosphorus gave a molar ratio 
of 1.85:1. In three solvents the lipid was chro- 
m a t o g r a p h i c a l l y  similar to phosphatidyl- 
glycerol. It had the following Rphosphatidy 1_ 
ethanolamine values: 0.78 in solvent A, 0.90 in 
solvent B and 1.10 in solvent C. Paper chro- 
matography of the deacylated lipid in solvent F 
showed a product with an Rglycerylpho s_ 
~ohOrylinosito 1 value of 1.66 compared to 1.68 

r glycerylphosphorylglycerol. Positive identi- 
fication of this lipid was not obtained, but the 
above evidence is strongly indicative of phos- 

phatidylglycerol. 
Four phospholipids were isolated from Frac- 

tions 3 and 4 by preparative TLC in solvent A. 
Identification of these is summarized in Table I. 
A number of dimannophosphoinositides are 
obviously present as well as phosphatidyl- 
inositol. 

Phospholipids of Corynebacterium xerosis, 
Corynebacterium equi and Corynebacterium ovis 

Brennan (20) previously examined the phos- 
pholipids of C. xerosis and described the major 
components, a phosphoinositide and a di- 
mannophosphoinositide. In the present work 
the organism was re-examined for the possible 
presence of phosphatidylglycerol and other 
dimannophosphoinositides. Six phospholipids 
were isolated by preparative TLC in solvent A. 
The principal ones were identical to the di- 
mannophosphoinositide and phosphoinositide 
described before (20). Another prominent 
phospholipid was present with chromatographic 
p r o p e r t i e s  identical to dimannophospho- 
inositide C from M. phlei and on deacylation 
yielded glycerylphosphorylinositol dimanno- 
s ide.  Hydrolysis produced only inositol, 
mannose and glycerol. Two further phospho- 
lipids (Rf 0.76 and Rf 0.94 in solvent A) have 
not been fully identified. The former on 
h y d r o l y s i s  yielded glycerol, glucose and 
inosi tol .  The latter had chromatographic 
properties identical to cardiolipin. 

The products of acid hydrolysis of the total 
soluble lipid from C. equi were glycerol, 
mannose, inositol, glucose and arabinose. The 
major products of deacylation were identified 
as glycerylphosphorylinositol dimannoside, 
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glycerylphosphorylinositol, glycerol and glu- 
cose. A prominent product had an Rglucose 
value of 0.70, similar to the glycerylphospho- 
rylglycerol characterized above. 

Hydrolysis of the acetone insoluble lipids of 
C. ovis yielded glycerol, glucose, arabinose, 
mannose and inositol. A portion (1.03 g) of this 
material was deacylated, yielding 268 mg of 
water soluble products. These were fractionated 
on a column of DEAE-Sephadex and identified 
b'y chromatography in solvent H. The products 
were glycerol, arabinose, trehalose, glyceryl- 
phosphorylinositol  and glycerylphosphoryl- 
inositol dimannoside. Since Lacave et al. (35) 
reported the presence in this organism of phos- 
pholipids containing inositol and arabinose, it 
was possible that we had a glycerylphosphoryl- 
inositol diarabinoside instead of the dimanno- 
side. This material was therefore further 
examined. It was first purified on a column of 
Sephadex G-25 and rechromatographed in 
several systems where it had chromatographic 
properties identical to glycerylphosphoryl- 
inositol dimannoside. The deacylated phospho- 
lipid was hydrolyzed and chromatographed in 
solvents D and E for long periods to resolve 
arabinose and mannose. Glycerol was lost from 
the end of these chromatograms; however, they 
showed the presence of both inositol and 
mannose and not arabinose (Fig. 3). Moreover, 
s t a i n i n g  the chromatogram with aniline- 
phthalate showed that the monosaccharide 
yielded a brown color, characteristic of hexoses 
and not the purple color of pentoses. Thus, this 
lipid which is prominent in C. ovis, is a di- 
mannophosphoinositide and not a diarabino- 
phosphoinositide. 

Fatty Acids of the Phospholipids of Corynebacteria 

TLC in benzene (36) of the methylated 
phospholipid fatty acids from C. diphtheriae, C. 
xerosis and C. equi showed they were non- 
hydroxylated, i.e., they had an Rf similar to 
methyl stearate. On the other hand, the 
methylateu fatty acids from the acetone in- 
soluble lipids of C. ovis were seen to contain 
considerable material with the chromatographic 
properties of methyl mycolate. This is in agree- 
ment with the finding of corynomycolic acid in 
a similar fraction by Lacave et al. (35) which | ~ l  
probably arises from dicoryno'mycolyltrehalose I / . .  
(6). The methylated phospholipid fatty acids of 
C. ovis and C. equi as well as the fatty acids 
from the four dimannophosphoinositides of C. 
diphtheriae were then examined by GLC (Table 
II). The major fatty acid of the dimannophos- 
phoinositides of C. diphtheriae closely cor- 
responded to C16:1 ; in dimannophospho- 
inositide B it comprised almost half of the total 
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fatty acid content. A feature of these patterns 
was the prominence of branched chain fatty 
acid types. The percentage of these ranged from 
42.3% in one sample of dimannophospho- 
inositide C to 26.5% in dimannophospho- 
inositide B of C. diphtheriae. The major type 
found in all four dimannophosphoinositides 
was the branched chain Cls  fatty acid. 
Branched chain fatty acids also predominate in 
the phospholipids from the other species com- 
prising 66.9% in C. equi and 91.8% in C. ovis. 

t �9 �9 Or~in 

3 4 5 
FIG. 3. Hydrolyzed products of deacylated di- 

mannophosphoinositide from Corynebacterium ovis 
chromatographed in a descending direction in ethyl 
acetate-acetic acid-formic acid-water (18:3:1:4) and 
stained with the silver nitrate-sodium hydroxide dip 
reagent. Glycerol was lost from the end of this chro- 
matogram. 1, glucose; 2, inositol; 3, hydrolyzed 
products; 4, mannose and inositol; 5, arabinose. 
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TABLE III 

Hypothetical Evolutionary Descent of Mannose-Inositol-Containing Lipids 

407 

Genus Type of lipid Reference 

Propionibacterium 

Corynebacterium 

Mycobacterium 

Monomannoinositide and 18,19,17 
monomannophosphoinositide 

Dimannophosphoinositides This work 

Mono-, di-, tri-, tetra-, 13,14 
penta- and 
hex amannophosphoinositides 

The percentage of saturated straight chain fatty 
acids varied. They comprised an average of 32% 
in the four dimannophosphoinositides of C. 
diphtheriae and 33.1% in C. equi; however in C. 
ovis this figure is reduced to 11.2%. The phos- 
pholipids of C. ovis and C. equi seem to 
contain most of the fatty acid types present in 
t h e  d i m a n n o p h o s p h o i n o s i t i d e s  of  C. 
diphtheriae, viz. C14, anteiso Cls ,  C15 , Cl6 
and  branched C17; they lack however, 
branched C14 , iso C16 and C18:1. The most 
salient point of difference between the phos- 
pholipid fractions is, however, that concerning 
the dorr/inant single isomer in each fraction; in 
C. ovis and C. equi, the C16:1 acids of C. 
diphtheriae appear to be replaced by an iso C17 
fatty acid. 

DISCUSSION 

The most striking feature of the phospho- 
lipids of the corynebacteria examined here is 
the predominance of phosphoinositide-type 
lipids, consisting of phosphatidylinositol and 
dimannophosphoinositides. Unlike myco- 
bacteria, we found no evidence in coryne- 
bacteria for mannophosphoinositides other 
than the dimer. Chromatographic evidence indi- 
cated that these dimannophosphoinositides are 
identical to the triacylated and diacylated 
dimannophosphoinositides of M. phlei but no 
evidence was found for the tetraacylated 
dimannophosphoinositide prominent in M. 
phlei and M. tuberculosis. 

The existence of dimannophosphoinositides 
in several corynebacteria substantiates the 
proposed relationship between corynebacteria 
and mycobacteria. This similarity has received 
recent fresh support from the computer 
analyses of corynoform bacteria of Masuo and 
Nakagawa (37). These authors calculated 
similarity indices for 12 Gram-positive genera 
based on phenetic characters as diverse as cell 
shape and size, stain reactions, cell wall com- 
ponents and nutritionals for growth. Their 
results showed an overall similarity of approxi- 

mately 70-75% between corynebacteria and 
mycobacteria. The differences found in the 
composition of the mannophosphoinositides 
does not detract from the proposed relationship 
but serves rather to reinforce the existence of 
corynebacteria as a separate genus. 

It is interesting to compare the types of 
mannoinositides found in the most studied 
genera, i.e., propionibacteria, corynebacteria 
and mycobacteria (Table III). Assuming an 
evolutionary line of descent from monomanno- 
inositides and monomannophosphoinositides to 
polymannophosphoinositides, the ensuing path- 
way would match that of Lechevalier and 
Lechevalier (1). This would also be in agree- 
ment with the evolutionary pathway of mycolic 
acid structure in several of these genera (38). 
Unfortunately, little is known of the mannose- 
containing inositides of the nocardias, but on 
the basis of their mycolic acid structure they 
are in an intermediate position between the 
corynebacteria and mycobacteria. 

The phosphoinositides of C. ovis represent a 
special case. Lacave et al. (35) concluded that 
these were principally arabinophosphoinositides. 
The fractionation procedure was based on a 
traditional method largely utilizing the dif- 
ferential solubility of lipids in various organic 
solvents and does not seem to have been carried 
out with the ultimate aim of identifying 
inositol-containing phospholipids. Using more 
direct procedures, we found two major 
deacylated phospholipids with chromatographic 
properties similar to those of glycerylphos- 
phorylinositol and glycerylphosphorylinositol 
dimannoside. Since the latter compound would 
be expected to behave chromatographically in a 
similar fashion to a diarabinoside derivative, the 
monosaccharides of the compound were 
examined and shown to be mannose rather than 
arabinose. This is not to suggest that arabino- 
phosphoinositides do not occur in C. ovis but 
that they are probably minor components, pos- 
sibly on a level with the reported traces of 
arabinophosphoinositides in M. tuberculosis 
(38). 
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The major single phospholipid from C. 
diphtheriae exhibited certain unusual features. 
Hydrolysis of an apparently pure sample 
produced one ninhydrin-positive spot in a one- 
dimensional chromatographic system (21). 
Howeve r  two-dimensional chromatography 
showed several amino acids in about equal 
amounts (D.P. Lehane, unpublished work). 
Repeated thin layer chromatography of this 
material finally yielded a preparation free of 
nitrogen and analyses indicated phosphatidyl- 
glycerol. The occurrence of phosphatidyl- 
glycerol as the major phospholipid of C. 
diphtheriae seems to represent a point of 
d e p a r t u r e  f rom p h y l o g e n e t i c  patterns. 
Although phosphatidylglycerol is widespread in 
Gram-positive bacteria (40) it does not appear 
to be present in appreciable amounts, if at all, 
in mycobacteria or in nocardia (41); it has 
however, been reported among the phospho- 
lipids of Propionibacterium shermanii (18). 

The most prominent feature of the fatty 
acid patterns of the corynebacterial phospho- 
lipids is the predominance of branched chain 
isomers. In the phospholipids of C. diphtheriae, 
the principal branched chain fatty acid cor- 
responds to anteiso C15, which is in keeping 
with the finding of Moss et al. (42) that the 
single most abundant fatty acid in Coryne- 
bacterium acnes is a C 15 branched chain acid. 
The range of remaining fatty acids in C. 
diphtheriae is substantially similar to that 
observed by Moss et al. (42) in C. acnes though 
differing in relative amounts. The main point of 
divergence would appear to be that the most 
abundant  single fatty acid present in the phos- 
pholipids of C. diphtheriae corresponds to 
C16:1. The phospholipid fatty acid patterns of 
C. ovis and C. equi also show large quantities of 
branched chain fatty acids; however in these 
organisms the principal isomer would appear to 
be a branched-chain C17 acid. Although the 
fatty acids of these organisms are qualitatively 
similar to those of C. diphtheriae, they are 
quantitatively different. The genus Coryne- 
bacterium is composed of a very diverse range 
of organisms, many of which might be better 
classified as propionibacteria, or as brevibac- 
teria (42,43). It is not surprising therefore to 
find different members of this genus with quan- 
titatively distinct fatty acid patterns. 

Comparison of the fatty acid patterns of the 
phospholipids of C. diphtheriae with those of 
the phospholipids of mycobacteria, nocardia 
and streptomyces (41,44) and with the total 
fatty acids of listeria (45) reveal overall 
similarities between the genera. Branched chain 
fatty acids are prominent,  and most straight 
chain fatty acids from C14 to C18 are also 

present. This similarity is most marked between 
corynebacteria and streptomyces (46) and 
between corynebacteria and nocardia (47). 
Between corynebacteria and mycobacteria the 
major divergence in pattern is found in the fact 
that the branched chain ClS and C17 fatty 
acids of the phospholipids of the coryne- 
bacteria are replaced in the mycobacteria by 
the branched C19 fatty acid, tuberculostearic 
acid (48). 

The biological role of the dimannophospho- 
inositides of corynebacteria is now under con- 
sideration in this laboratory. In mycobacteria 
such lipids are mainly located in the cell 
envelope and it has been suggested that these 
lipids are the primary structural components of 
the cell. The low turnover rate of the manno- 
phosphoinositides supports this hypothesis 
(49). Shaw and Dinglinger (19) suggest that the 
hydrophilic portions of the mannoinositides of 
propionibacteria form pores in the membranes 
through which small ions and molecules may 
pass. Such a function may apply to the phos- 
phorylated inositides. 
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ABSTRACT 

Quantitative analyses of the phospho- 
lipids of three strains of marine biolumi- 
nescent bacteria were carried out after 
separation by two-dimensional thin layer 
chromatography. The phospholipids of all 
three species consisted of about 75% 
phosphatidyl  ethanolamine, 13% phos- 
phatidyl  glycerol and 7% cardiolipin. The 
composit ion was only slightly affected by 
drastic changes in the growth conditions. 
One of the species contained poly-j3- 
hydroxybutyra te .  The fatty acids of 
another species contained principally 
straight and branched-chain 16 and 18 
carbon fat ty  acids. No clue as to the 
nature of the elusive "aldehyde factor"  of 
bacterial bioluminescence was found by 
analysis of aldehyde deficient mutants, 
indicating that  possibly the factor is not a 
major phospholipid of these bacteria. 

INTRODUCTION 

Precise quantitative analyses of the phospho- 
lipids of bacteria, especially of  marine bacteria, 
are as yet  relatively rare (1-4). This paper 
presents data for the phospholipids of  three 
strains of marine bioluminescent bacteria. The 
lipids of  these bacteria are of  more than general 
interest since the in vitro bioluminescence 
reaction requires long chain aldehydes such as 
dodecanal (5). The in vivo bioluminescence 
may also depend on aldehydes. Certain "alde- 
hyde"  mutants normally glow very dimly but,  
upon addit ion of aldehydes, transiently reach 
nearly wild type levels of  luminescence (6,7), 
indicating that wild type cells contain an "alde- 
hyde factor" which may be lacking in the 
mutants. No such aldehyde factor has yet  been 
demonstrated by extraction experiments.  Since 
the aldehyde factor may be related to phospho- 
lipid composit ion,  several aldehyde mutants of 
one of the strains were analyzed. 

MATERIALS AND METHODS 

All chemicals were reagent grade. Solvents 
were distilled from glass before use. Methyl 
1 4-methylpentadecanoate  and methyl  16- 

methylheptadecanoate  were obtained from 
Applied Science Laboratories, State College, Pa. 
2,6-di-tert-butyl-p-cresol (BHT) was obtained 
from Eastman Organic Chemicals, Rochester, 
N.Y. 

Three strains of  bacteria were used: Photo- 
bacterium fischeri, ATCC 7744, P. fischeri 
strain MAV (MAV) (8), and P. phosphoreum 
from the collections of C.B. van Niel. Light 
production was measured with an apparatus 
similar to that described by Hastings and Weber 
(9) and OD measurements were made with a 
Beckman DU spectrophotometer  with a red 
filter (Coming 2-61) placed between the sample 
and the phototube.  The bacteria were grown at 
room temperature (ca. 25 C) under three dif- 
ferent sets of conditions:  ( a ) " c omple t e ,  small 
batch,"  5 g of Bacto-tryptone,  3 g of yeast 
extract,  and 2 ml of  glycerol per liter, plus salts 
(10), with very vigorous aeration achieved with 
a stirrer fi t ted with a propellor paddle, using 1 
or 2 liters of  medium; (b) "complete,  large 
batch,"  as above, but with 10 or 20 liters of  
medium and with less vigorous aeration 
achieved with air bubbler tubes; and (c) "mini- 
mal," 2 ml of glycerol per liter, plus salts (10), 
with aeration as in (a) above. In one experi- 
ment, arginine was added at a concentration of 
1.2 g/liter. Arginine is known to increase the 
bioluminescence of  cells growing in minimal 
media partly by increasing the availability of 
the aldehyde factor (11). 

Wild type MAV were grown under all three 
sets of conditions,  P. fischeri only under the 
first two, and P. phosphoreum and MAV alde- 
hyde mutants  only under the first. Table I 
shows the OD at 660 nm and the light output  
of the cultures at the time of harvesting. Cells 
were harvested by centrifuging for 10 min at 
0 C at 12,000 x g and were washed three times 
with cold 3% NaC1. At the end of  the harvesting 
procedure,  wild type cells which were resus- 
pended in 3% NaC1 and allowed to warm to 
room temperature were still motile and nearly 
as luminescent as before. Cells were frozen at 
-20 C immediately after harvesting. 

The extraction, separation and phosphorus 
analysis of the lipids followed the procedures 
described previously (12,13). A 1 g sample of a 
frozen bacterial pellet was extracted with 20 ml 
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TABLI'; 1 

OD and Light Output of Photobacterium Cultures at Time of Harvesting 

O1) at Light output 
Strain Growth conditions a 660 nm quanta sec-lm1-1 

Maximum light 
output after addition of 

aldehyde b quanta sec' lml ' l  

MAV c Complete, small batch 1.6 3.6x 1011 
MAV Complete, large batch ca. 3. d ca. l xl0 l l d  
MAV Minimal 0.85 4 x106 
MAV Minimal + arginine 1 0.zt9 2.7x10 l0 
MAV Minimal + arginine 2 0.95 1.0xl09 
IA mutant e Complete, small batch 1.5 4.0xlO 7 
5A mutant Complete, small batch 1.6 5.4x 10 8 
7A mutant Complete, small batch 1.7 4.6x 108 
10A mutant Complete, small batch 1.4 2.0x 108 
l 1A mutant Complete, small batch 1.8 6.0x 108 
12A mutant Complete, small batch 1.5 8.0x 10 6 
P. fiseheri Complete, small batch l. 3 1.0x 10 t 2 
P. fischeri Complete, large batch c a .  3.6 d ca. 1 xl010d 
P. phosphoreum Complete, small batch ca. 2.1 not determined 

. . _  

_ _ _  

8.0~10 to 
2.0x i 01 l 
1.9xl0 t l  
2.0xl010 
1.0xl011 
1.9x1010 

aSee Materials and Methods for explanation. 
bA 0.02 ml sample of an ultrasonicated suspension 

ml aliquots of cultures of the mutants. 
CMAV: Photobacterium fischeri strain MAV. 
dThese figures are approximate, since harvesting 

large batch cultures. 
eAll mutants were aldehyde mutants of strain MAV. 

of  ch lo ro fo rm-me thano l  2:1 (conta in ing 50 ktg 
of  BHT), 10 ml of  ch lo ro fo rm-me thano l  2:1, 
10 ml of  ch lo ro fo rm-me thano l  1:2 and 10 ml 
of  ch lo ro fo rm-me thano l  7:1 saturated wi th  
28% aqueous  ammonia  (13). The combined  
ext rac ts  were evapora ted  nearly to dryness with 
a ro tary  evapora tor  and the residue was t rea ted  
several t imes wi th  ch lo ro form to remove water  
by r ep lacemen t  (12). The mois t  residue was 
suspended  in a small volume of ch loroform-  
methano l  19:1 sa tura ted  wi th  water ,  applied to 
a l x l 0  cm co lumn of  Sephadex G-25 and 
eluted wi th  30 ml of  the same solvent (13). The 
eluate was evapora ted  as above and diluted to 
the  desired volume with ch lo ro fo rm-me thano l  
9:1. The total  weight o f  lipid in the  final 
solut ion was de t e rmined  by evaporat ing a small 
a l iquot  at 80 C for  3 rain and weighing the 
residue with a Cahn e lec t robalance  (12). The 
ext rac ts  were s tored  under  n i t rogen at -20 C. 

E x t r a c t s  o f  P. p h o s p h o r e u m  prepared  
according to this p rocedure  were ex t remely  
viscous. Addi t ion  of  four  volumes of  me thano l  
gave a prec ip i ta te  which was col lected by 
centr i fugat ion.  The precipi ta te  was dissolved in 
ch lo ro fo rm and reprec ip i ta ted  by the addi t ion  
of  4 vol of  me thano l  four  more  t imes,  and was 
then  dried in air. An IR spec t rum of  this 
material  was identical  to that  of  au thent ic  
p o l y @ h y d r o x y b u t y r a t e  (14). The combined  
supernatants ,  conta in ing  the lipids, were evapo- 
ra ted and taken up in ch lo ro fo rm-me thano l  9:1 
as above. Nei ther  MAV nor  P. f i scher i  con ta ined  
any of  the po lymer ,  whereas  it accoun ted  for  

of 0.02 ml of dodecanal in 10 ml of water was added to 1 

took place over relatively long periods of time for the 

about  4% of  the wet  weight of  P. p h o s p h o r e u m .  
Aliquots  of  the lipid ext rac ts  were spo t t ed  at 

55% relative humiditY under  n i t rogen on to  thin 
layer ch roma tog raphy  (TLC) plates (Silica Gel 
H, plain, Merck) and developed in the first 
d i m e n s i o n  in  c h l o r o f v r m - m e t h a n o l - 2 8 %  
aqueous  ammonia  13 : 17 : 1. After  drying for  10 
min under  N2, the plates were run in the 
s e c o n d  d imens ion  in ch lo ro fo rm-ace tone -  
methanol -ace t ic  acid-water  6 : 8:2:2:1 ( 12), The 
ch romatograms  were dried briefly in air. For  
de te rmina t ion  of  tota l  phosphorus  in the 
extracts ,  al iquots of  the  ext rac ts  were spo t t ed  
on to  areas of  the plates k n o w n  no t  to  conta in  
phosphol ip ids .  The plates were then  sprayed 
wi th  98% H2SO4-37% HCHO 97:3,  charred by 
heat ing at 180 C for  30 min,  and the phos-  
phorus  c o n t e n t  o f  the  aspirated TLC spots  

measured (15). 
Gas liquid ch roma tography  (GLC) was car- 

ried out  with an F&M model  810 apparatus ,  
using 4% SE-30 on 60-80 mesh Dia topor t  S, 1/4 
in. x 6 ft ,  and a 10 C/min t empera tu re  rise 
start ing at 100 C. IR spectra  were taken wi th  a 
Beckman model  IR-4, using a micro KBr disc 
t echnique  (16). NMR spectra  were taken wi th  a 
Varian T-60 apparatus .  

RESULTS 

Three major  phosphol ip ids  were found  in all 
ex t r ac t s :  phospha t idy l  e thano lamine  (PE), 
phospha t idy l  glycerol (PG) and d iphospha t idy l  
glycerol or cardiolipin (DPG). They were identi-  
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T A B L E  III 

P h o s p h o l i p i d  C o m p o s i t i o n  o f  Photobacterium St ra ins  
as Per Cen t  o f  To ta l  Lip id  P h o s p h o r u s  a 

Strain b PE c PG DPG LPE Spot  2 d 

MAV (15)  e 75+_1.5  1 4 + - 1 . 4  7 + 1  2-t-1 0.6+__0.3 
t:). f ischeri  (4) 77 + 3 10 • 3 6 • l 2 • 1 2 • 1 
P. phosphoreum (3) 70 + 3 14 • l 7 4- 2 5 +- 1 ca. 1 

aAverage  va lues  a n d  s t a n d a r d  dev i a t i ons  de r ived  f r o m  Table  II f o r  cells g r o w n  in c o m -  
p le te  media,,  

b N u m b e r s  in p a r e n t h e s e s  i n d i c a t e  t he  n u m b e r  o f  ana lyses  f r o m  w h i c h  the  averages  we re  
de r ived .  

CFor  a b b r e v i a t i o n s  see Tab le  II. 
d S p o t  2 is t e n t a t i v e l y  i den t i f i ed  as p h o s p h a t i d i c  ac id .  
e D a t a  f o r  t he  a l d e h y d e  m u t a n t s  are i n c l u d e d .  

fied by their migration patterns in this and 
several other TLC systems and by comparison 
of the IR spectra of material eluted from TLC 
spots with those of authentic materials (16-18). 
The phospholipids of P. phosphoreum migrated 
slightly differently from those of MAV or P. 
fischeri, indicating that the fatty acids in P. 
phosphoreum are probably different from those 
in the other two strains. 

One sample of PE, obtained from MAV cells 
grown under the "complete,  large batch" condi- 
tions, was further characterized. The PE was 
eluted from a spot on a TLC plate, passed 
through a Sephadex G-25 column to remove 
silica gel, and hydrolyzed in 6 M HC1 at 110 C 
for 18 hr. The hydrolysate was extracted with 
hexane and the HC1 solution was evaporated to 
dryness. The residue was analyzed with a Beck- 
man model 116 amino acid analyzer. One mole 
of ethanolamine was found per mole of phos- 
phorus in the spot. The hexane extract was 
evaporated to dryness, treated with concen- 
trated HCl-methanol 3:8 at 110 C for 90 min 
(19) and extracted with hexane after the 
addition of water. The hexane extract, con- 
taining fatty acid methyl esters, was analyzed 
qualitatively by GLC. The methyl esters of 
1 4-methylpentadecanoic acid, hexadecanoic 
acid, 16-methylheptadecanoic acid and octa- 
decanoic acid were identified by a comparison 
of the retention times with those of authentic 
materials. A comparison of the IR spectrum of 
the ester mixture obtained by evaporation of 
the hexane extract with that of a mixture made 
from the authentic methyl-branched esters as 
well as an NMR spectrum of the ester mixture, 
confirmed the identifications (20,21). Trace 
amounts of other esters were also present in the 
hexane extract, but no unsaturated or cyclopro- 
pane fatty acid methyl esters were found. 

The results of the quantitative phosphate 
analyses (Table II) are given as per cent of the 
total phosphate recovered from each plate. All 

spots were analyzed (Fig. 1). The total phos- 
phate recovered, neglecting material at the sol- 
vent fronts, was about 92% of the total applied. 
The lipid in the extracts represents 1.0 -+ 0.2% 
of the wet weight of the cells. Diethylamino- 
ethyl-cellulose column chromatography (13) 
showed that about 6% of the lipids extracted 
from MAV consists of "neutral"  lipids, about 
2% consists of free fatty acids and the re- 
mainder consists of phospholipids. No phospha- 
tidyl serine nor any glycolipids were found in 
the MAV extracts. 

DISCUSSION 

The results indicate that the three strains of 

8 0 0 5  

to Origin 

Z 

FIG. 1. Composite two-dimensional chromatogram 
of lipid extracts of Photobacterium strains. Identifica- 
tion of spots: PE, phosphatidyl ethanolamine; LPE, 
lysophosphatidyl ethanolamine; PG, phosphatidyt 
glycerol; DPG, diphosphatidyl glycerol; Spot 6, free 
fatty acid; Spot 2, phosphatidic acid. Spot 7 was seen 
in MAV-1 and 1A extracts, Spot 9, in P. fischeri-2 and 
P. phosphoreum-1 (polymer removed) extracts, the 
latter also showing Spot 11. Spot 10 was seen in P. 
phosphoreum-1 (polymer present) extracts. See Table 
II, where Spots 7-11 are listed under "Other." Chro- 
matographic solvent systems are described in Materials 
and Methods. 
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marine bioluminescent bacteria studied are very 
similar in phospholipid composition. Table III 
shows that the approximate composition in 
terms of per cent of total lipid phosphorus is 
75% PE, 13% PG, 7% DPG and 2% lysophos- 
phatidyl ethanolamine. Minor phospholipids 
amount to about 2% of the total phospholipids. 
This composition is very similar to that of 
many other species of Gram negative bacteria 
(I-4,22,23). 

The finding of branched chain and straight 
chain fatty acids and no unsaturated or cyclo- 
propane acids in the PE of strain MAV (a Gram 
negative organism) is surprising since such a 
composition seems to be characteristic of Gram 
positive bacteria (3,24). 

The composition of the major phospholipids 
of these bacteria seems to be rather insensitive 
to large changes in the composition of the 
medium. The composition of MAV grown in a 
minimal medium was similar to that of MAV 
grown in a complete medium, though growth in 
the presence of arginine to an O D of 0.95 
(Table II, MAV-3c) seemed to raise the per- 
centage of PE at the expense of PG. A signifi- 
cant change was seen with P. fischeri in which 
the amount of PG decreased while that of some 
of the minor components increased in high cell 
density cultures with the "complete,  large 
batch" conditions (Table II) (3). There were no 
striking correlations between the presence or 
absence of any of the minor components and 
the nature of the strains or the conditions 
under which they were grown. 

The composition of the major phospholipids 
of several aldehyde mutants of MAV is the 
same as that of wild type MAV. This demon- 
strates that the aldehyde factor of bacterial 
bioluminescence is not related to the amounts 
of the major phospholipids of these bacteria. 
An investigation of the minor lipids is under 
way. In the context of the present paper, the 
analyses of the aldehyde mutants serve to show 
the degree of reproducibility of the analytical 
method. 
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Effects of Level and Type of Dietary Fat on Incidence of 
Mammary Tumors Induced in Female Sprague-Dawley Rats 
by 7,12-Dimethylbenz((x)Anthracenel 
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ABSTRACT 

Female Sprague-Dawley rats on semi- 
synthetic diets containing 10% and 20% 
by weight of corn oil developed more 
mammary adenocarcinomas after treat- 
ment with a single oral dose of 7,12-di- 
methylbenz(c0anthracene than similar 
rats on diets containing only 0.5% or 5% 
corn oil. Experiments with 10 different 
fats and oils fed at the 20% level indi- 
cated that unsaturated fats enhance the 
yield of adenocarcinomas more than satu- 
rated fats. Fibroadenomas and adenomas 
were also found in small numbers in all 
dietary groups but the yield did not seem 
to be influenced by level or type of 
dietary fat. The possible relevance of  
these findings to the incidence of breast 
cancer in humans is discussed. 

I N T R O D U C T I O N  

Experiments carried out in a number of dif- 
ferent laboratories over the past 30 years have 
provided evidence that rats and mice on high 
fat diets are more prone to develop mammary 
tumors than control animals on low fat diets 
(1,2). This applies both to spontaneous tumors 
(3,4) and to tumors induced by various means 
(5-7), and the effect seems not to be dependent 
on differences in caloric intake (3,7). The pos- 
sible involvement of dietary fat in the etiology 

of human breast cancer has also received in- 
creasing attention in recent years (2,8-10). 

Our studies on the effects of dietary fat have 
all been carriecl out with mammary tumors 
induced in female Sprague-Dawley rats by a 
single oral dose of dimethylbenz(c0anthracene 
(DMBA) (11). The initial experiments showed 
that rats on a high fat semisynthetic diet 
containing 20% corn oil developed more tumors 
than rats on a corresponding diet .containing 
20% coconut oil or on a low fat semisynthetic 
diet containing only 0.5% corn oil (7). In 
subsequent studies the level of carcinogen in 
mammary tissue was measured at different time 
intervals after injection, and although the 
average level was somewhat higher on the 20% 
corn oil diet during the first 12 hr, it seemed 
doubtful that the difference was sufficient to 
account for the higher tumor yield (12). 
Furthermore, it was found that the high corn 
oil diet enhanced the tumor yield when it was 
fed only after administration of the carcinogen 
but not when it was fed only before (13). This 
suggested that the effect was related to develop- 
ment of the tumors rather than to distribution 
and metabolism of the carcinogen or other 
factors concerned with tumor initiation. 

The aim of the present experiments was to 
determine the effect of intermediate levels of 
corn oil on mammary tumor incidence and to 
assess the effects of a number of other dietary 
fats and oils. 

1 p r e s e n t e d  a t  the  I S F - A O C S  W o r l d  Congres s ,  Chi- 
cago ,  S e p t e m b e r  1 9 7 0 .  

2Medica l  R e s e a r c h  Assoc i a t e  o f  the  Medica l  
R e s e a r c h  C o u n c i l  o f  C a n a d a .  

T A B L E  I 

C o m p o s i t i o n  o f  S e m i s y n t h e t i c  Diets  a 

Diet  0 .5% Fa t  5% F a t  10% F a t  20% F a t  

Case in  18 19 20 .5  23  
D e x t r o s e  72 66 .5  59 .5  4 6  
Fa t  0.5 5 10 20  
Salt  m i x t u r e ,  

(Ph i l l ips -Har t )  4 4 4.5 5 
Ce l lu f lou r  5 5 5 5 

aAdequate vitamin supplements were added to 
these diets (13). 

M A T E R I A L S  A N D  METHODS 

As in earlier studies, the experiments were 
carried out with 21- to 22-day-old weanling 
female rats obtained from Sprague-Dawley, 
Inc., Madison, Wisconsin. They were placed on 
the semisynthetic test diets as soon as received 
and were housed two to a cage in a tempera- 
ture-controlled, well-ventilated room with arti- 
ficial lighting controlled to give alternating 12 
hr periods of light and darkness. The propor- 
tions of major ingredients in the diets are 
shown in Table I. The composition of the 
vitamin supplements and the sources of dietary 
materials have been reported previously (13). 
The diets were normally prepared in 2 kg lots 
and were stored in a cold room at 4 C. 
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4 1 6  DIETARY FAT AND MAMMARY TUMORS 

The corn oil, butter and lard used for the 
experiments were purchased locally. Other fats 
and oils were donated by Procter and Gamble, 
Ltd., Hamilton, Ontario. The fatty acid compo- 
sition of the different dietary fats is shown in 
Table II. For these analyses, the fats were trans- 
methylated by refluxing for 2 hr with a mixture 
prepared by adding 1 vol of acetyl chloride 
dropwise to 9 vol of reagent grade methanol 
(19). The methyl esters were then extracted 
with petroleum ether and analyzed by gas 
liquid chromatography in a Beckman GC-45 
with hydrogen flame detector, using a column 
of 15% EGSS-X on Chromosorb P. The results 
were quantitated by integration and were 
checked by use of National Institutes of Health 
standard mixtures of fatty acid methyl esters. 

At 50 days of age, all rats were given a single 
dose of 5 mg DMBA in 0.25 ml of sesame off by 
stomach tube. As in previous experiments, the 
rats were transferred to commercial diet for 
two days before and one day after administra- 
tion of DMBA to minimize effects of the 
experimental diets on absorption of the carci- 
nogen. The DMBA was obtained from Eastman 
Organic Chemicals, Rochester, N.Y., and was 
purified by recrystallization from methanol- 
water as described previously (13). 

The diets were continued for four months 
after administration of the DMBA and the rats 
were palpated regularly for mammary tumors. 
At the end of this time they were killed with 
chloroform and the tumors were preserved in 
10% buffered formalin for sectioning and 
staining with hematoxylin and eosin. To mini- 
mize variations due to the use of different lots 
of animals at different times, the rats were 
allotted randomiy in groups of 10 and the dif- 
ferent experimental diets were all fed at the 
same time. The complete set of experiments 
was then repeated twice to bring the total to 30 
animals per group. The only exceptions were 
the diets containing 10% corn oil and 20% lard. 
These were not included in the first feeding 
trial, and 20 rats were therefore allotted to each 
of these diets in a subsequent experiment. 

The apparent digestibility of the different 
dietary fats was determined on groups of six 
rats during the course of one of the dietary 
experiments. The animals had been on diet 
about three months when these experiments 
were carried out. Feces were collected daffy for 
five consecutive days and pooled for each group 
on a daffy basis. For extraction of fecal lipids 
(20), 2 g of dry feces were ground in a mortar 
and transferred to 100 ml centrifuge tubes with 
10 ml of 96% ethanol. To the mixture was 
added four to six drops of concentrated HC1 
and 2 ml of water and the lipids were extracted 
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with two portions of 40 ml petroleum ether 
(30-60 C). The combined extract was transfer- 
red to a weighed beaker and dried, first under 
nitrogen and then overnight in a desiccator over 
P205. The Coefficient of Apparent Digesta- 
bility was calculated as 
fat ingested - fat excreted 

X 100. 
fat ingested 

RESULTS 

Ef fect  o f  D i f fe ren t  Levels o f  Dietary Fat 
on Mammary Tumor  Incidence 

The cumulative palpable mammary tumor 
incidence in female rats fed diets containing 
different levels of corn oil is shown in Figure 1 
and the results at autopsy are summarized in 
Table III. The groups on diets containing 10% 
or 20% by weight of  corn oil gave similar results 
and the tumor incidence was higher than with 
diets containing 0.5% or 5% corn oil. The dif- 
ference between the groups on 10% corn oil 
and 0.5% corn oil was significant (P<0.05) and 
the group on 10% corn oil had significantly 
more tumors per rat than either of the low fat 
groups (P<0.05). Most of the tumors were 
adenocarcinomas and the differing incidence on 
high and low fat diets was seen only in this type 
of tumor (Table IV). 

Effect of Different Types of Dietary Fat 
on Mammary Tumor Incidence 

Table V shows the effect of different dietary 
fats, fed at a level of  20% by weight of  the diet, 
on incidence of mammary tumors induced by 
DMBA. More than 85% of the animals 
developed tumors in all groups except those on 
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TABLE IV 

Incidence of Different Types of Mammary Tumors in Rats 
on Semisynthetie Diets Containing Different Levels of Corn Oil 

Corn oil 
diets 

Adenocarcinomas 

Palpable Nonpalpable Total 

Fibroadenomas Adenomas 

Palpable Nonpalpable Total Palpable Nonpalpable Total 

20% 76 
10% 85 

5% 49 
o.s% 45 

29 lO5 1 2 3 2 0 2 
25 110 4 3 7 0 5 5 
17 66 0 1 1 2 1 3 
21 66 4 2 6 3 0 3 

tallow and rapeseed oil. However, there tended 
to be more tumors per rat when unsaturated 
fats were fed and this is reflected in the trend 
toward higher tumor yields with increasing un- 
saturation in the dietary fat (Table VI). Rape- 
seed oil is the most obvious exception, and the 
low yield with this oil may be related to its high 
content of monounsaturated C 20 and C22 fatty 
acids (Table II). As before, most of the tumors 
were adenocarcinomas and the higher yield on 
diets containing unsaturated fats was confined 
to this type of tumor (Table VI). 

DI SC USSI ON 

The results of these experiments confirm our 
previous findings (7,13) that young female 
Sprague-Dawley rats treated with DMBA 
develop more mammary carcinomas on a semi- 
synthetic diet containing 20% corn oil than on 
a comparable diet containing only 0.5% corn 
oil. The tumor yield was not increased appre- 
ciably by raising the level of corn oil from 0.5% 
to 5%, but a further increase to 10% gave a 
tumor yield similar to that obtained with the 
20% corn oil diet (Fig. 1, Tables III and IV). 
These findings are in general agreement with 
the results of Silverstone and Tannenbaum (3), 
who investigated the effect of diets containing 
different levels of partially hydrogenated cot- 
tonseed-soybean oil on the incidence of 
spontaneous mammary tumors in mice. They 
found that the tumor incidence increased as the 
level of fat in the diet was raised from 2-4% up 
to 12-16%, but beyond this level additional fat 
seemed to have little effect. Both in our experi- 
ments and in those of Silverstone and Tannen- 
baum, about 90% of the animals developed 
tumors when the diet contained 10-12% fat and 
it might be argued that there is not much room 
for further increase at higher levels. A smaller 
dose of DMBA could have been used in our 
studies to give a lower tumor incidence, but the 
5 mg dose was chosen because it appeared to 
give the best differential in tumor yield 
between rats on high and low fat diets (13). It 
may also be noted that the number of tumors 
per rat showed a significant increase as the level 

of corn oil was raised from 5% to 10%, but no 
further increase in going from 10% to 20% 
(Table III). 

Our initial studies on dietary fat in relation 
to incidence of DMBA-induced mammary 
cancer in rats indicated that coconut oil had 
much less effect on tumor yield than corn oil 
(7). Other workers have shown that edible oils 
such as olive oil (4), Crisco (5), and lard (6) can 
enhance mammary carcinogenesis in the rat, 
but no systematic studies have been carried out 
with different dietary fats. Our investigation 
was therefore expanded to include a variety of 
other edible fats and oils. The results indicated 
that, in general, rats on diets containing unsatu- 
rated fats developed more adenocarcinomas 
after treatment with DMBA than rats on similar 
diets containing saturated fats (Table VI). In 
fact, the tumor yields with dietary fats such as 
coconut oil and tallow were much the same as 
those obtained with low fat diet. (Table IV). 
However, although the total yield was lower 
with saturated fats, in most cases the per- 
centage of animals developing tumors was 
about the same as for unsaturated fats. The 
observed differences were thus due mainly to 
differences in the number of tumors per rat 
(Table V). 

Rapeseed oil was exceptional in giving a low 
tumor yield although it contains a relatively 
high proportion of unsaturated fatty acids. 
Much  o f  the unsaturation, however, is 
accounted for by the C20 and C22 monoenes, 
eicosenoic acid and erucic acid (Table II). Rape- 
seed oil has a lower coefficient of digestibility 
than most other dietary fats and oils (21) and is 
known to depress growth in rats (22) and to 
increase the concentration of cholesterol in 
adrenals and ovaries (23). Possibly the low 
tumor yield is related t o  some of these effects. 

In the present experiments, the animals in 
the rapeseed oil group had the lowest average 
weight at autopsy although it was not much 
below that of other dietary groups (Table V). 
The apparent digestibility was also lower than 
for any other fat except tallow (Table V), but 
not as low as the value reported in the literature 
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(24) .  Erucic acid appears  to  be respons ib le  for  
mos t  of  the  observed  effects  of  rapeseed  oil in 
an imals  ( 22 ,25 )  and  the  relat ively small  e f fec ts  
on  g r o w t h  and  digest ibi l i ty  in the  p resen t  
e x p e r i m e n t s  may  be due to  the  use of  an oil 
c o n t a i n i n g  a lower  pe rcen tage  of  erucic  acid 
(16)  or to  feeding the  oil at  a lower  level t han  
those  used  in earlier s tudies.  

Lard appea red  to  be more  effect ive  t han  
o t h e r  solid fats  t e s t ed  and  olive oil, wh ich  con-  
ta ins  oleic acid as the  ma jo r  u n s a t u r a t e d  fa t ty  
acid (Table  II), gave a t u m o r  yield comparab l e  
to  t ha t  of  oils wi th  a h igh  c o n t e n t  of  l inoleic  
acid (Table  VI). The  r e p o r t  o f  H a r m a n  (26)  
t h a t  increas ing the  level of  a - t o c o p h e r o l  in a 
diet  con t a in ing  20% corn  oil decreased the  
t u m o r  yield in ra t s  t r e a t ed  wi th  DMBA suggests 
t ha t  l i p o p e r o x i d a t i o n  may  be a factor .  A recen t  
s t udy  by  Pol ing et  al. (27 )  i nd ica t ed  t h a t  the  
inc idence  of  s p o n t a n e o u s  m a m m a r y  t u m o r s  in  
rats  fed hea t - t r e a t ed  fats  was m u c h  the  same as 
in ra ts  fed the  u n t r e a t e d  fats,  bu t  the  pe rox ide  
values of  the  fa ts  were l i t t le  changed  by  the  
hea t ing  p rocedure .  Our  ow n  studies  have indi-  
ca ted  t ha t  the  ef fec t  is p r o b a b l y  re la ted  to  
d e v e l o p m e n t  r a t h e r  t h a n  in i t i a t ion  of  the  
t u m o r s  and  it  seems possible  t h a t  the  dis t r ibu-  
t i on  and m e t a b o l i s m  of  s te ro id  h o r m o n e s  m ay  
be  a l te red  by  the  level and  t ype  of  fat  in the  
diet .  F u r t h e r  e x p e r i m e n t s  are be ing  car r ied  ou t  
to  invest igate  th is  possibi l i ty .  

E x a m i n a t i o n  of  s ta t is t ica l  da ta  for  h u m a n  
popu l a t i ons  o f  d i f fe ren t  coun t r i e s  has disclosed 
a s t rong  posi t ive co r re l a t ion  b e t w e e n  d ie ta ry  fa t  
in t ake  and  age-adjusted mor t a l i t y  f rom breas t  
cancer  (2,8,9) .  The f indings  in e x p e r i m e n t a l  
animals  may  n o t  be appl icable  to  h u m a n s ,  bu t  
cons ide red  in the  l ight  of  th is  s ta t is t ica l  evi- 
dence ,  t hey  suggest the  poss ib i l i ty  t h a t  the  inci- 
dence  of  b reas t  cancer  migh t  be  lowered  by  
decreas ing fa t  in take .  The h igh  fat  diets used in 
our  s tudies  con t a in  a b o u t  the  same level of  fa t  
(20% by weight  = a p p r o x i m a t e l y  40% of  to t a l  
calories)  as typ ica l  Amer i can  diets,  whereas  a 
low-fat  die t  which  was ef fec t ive  in decreas ing 
the  inc idence  of  m a m m a r y  t u m o r s  in rats  is 
comparab l e  in  fa t  c o n t e n t  (5% by weight  = 
a p p r o x i m a t e l y  10% by calories)  to  diets  in 
coun t r i e s  such  as J apan  where  the  d e a t h  ra te  
f rom breas t  cancer  is m u c h  lower  t h a n  in 
Amer ica .  The  fac t  t h a t  u n s a t u r a t e d  fats  
appea red  to  e n h a n c e  the  y ie ld  of  m a m m a r y  
t u m o r s  to  a grea ter  e x t e n t  t h e n  s a tu r a t ed  fats  in  
the  e x p e r i m e n t s  w i th  ra t s  also suggests t h a t  
c au t i on  shou ld  be  exercised in r e c o m m e n d i n g  a 

large-scale shi f t  to  more  highly u n s a t u r a t e d  fats  
in h u m a n  diets.  
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The Infrared Spectra and Polymorphism of 
Long Chain Esters: IV. Some Esters From Tetradecanol, 
Hexadecanol, Octadecanol, Eicosanol, Docosanol and 
Dodecanoic, Tetradecanoic, Hexadecanoic, Octadecanoic 
and Eicosanoic Acid 1 
S. ALEBY, Crystallography Group, Medical Research Council Unit 
for Molecular Structure Analysis, University of Goteborg, Goteborg, 
Sweden, I. FISCHMEISTER, Institute of Medical Biochemistry, 
University of Goteborg, B.T.R. IYENGAR,  The Hormel Institute, 
Austin, Minnesota 2 

ABSTRACT 

Infrared spectra and x-ray diffraction 
photographs have been recorded for some 
normal-chain esters of long chain acids 
and long chain alcohols. The substances 
show no polymorphism but two different 
structure types exist, one with the chains 
tilting towards the end group planes and 
one with vertical chains. The IR spectra 
permit determination of the chain length 
of the acid methylene chain. The length 
of the alcohol chain cannot be deduced. 

INTRODUCTION 

As a continuation of a program of studying 
fatty acid esters some wax esters have been 
investigated. In the earlier parts of this series 
(1-3) some groups of long chain esters were 
found to be polymorphic. It was also found 
that the IR spectra differed considerably 
between esters with long acid part and long 
alcohol part. A review of the field and details of 
the experimental technique are found in 
Reference 4. 

Some x-ray studies on wax esters are 
r e p o r t e d  in the literature. Kreger and 
Schamhart (5) prepared some of these esters 
and determined their melting points and long- 
spacings. By comparing the latter with calcu- 
lated values they decided that, among others, 
octadecyl hexadecanoate crystallized in a form 
with vertical chains, i.e., perpendicular to the 
end group planes, while most others crystallized 
in a tilted form. Tetradecyl octadecanoate and 
docosyl octadecanoate gave spacings for both 
types of form. It was concluded that the 
appearance of the vertical form was a feature 
inherent in some of the esters and not caused 
by impurities. 

1 Parts I, II and III of this series have appeared in 
Arkiv Kemi 31:267,283,291 (1969). 

2present address: Unilever Research Laboratoryr 
Vlaardingen, The Netherlands. 

Lutz et al. (6) accurately determined the 
long-spacings of several wax esters. Crystals of 
tetradecyl tetradecanoate, tetradecyl hexa- 
decanoate, hexadecyl hexadecanoate, octadecyl 
tetradecanoate, hexadecyl octadecanoate and 
octadecyl octadecanoate were considered to be 
i somorphous  and also isomorphous with 
crystals of ethyl esters of long acids. The 
powder patterns could be indexed on the basis 
of the unit cell of hexadecyl hexadecanoate as 
given by Kohlhaas (7). Hexadecyl tetra- 
decanoate, tetradecyl octadecanoate and octa- 
decyl hexadecanoate were found to have 
another form with the chain axis almost verti- 
cal. Esters of some alcohols with an odd 
number of carbon atoms gave several sets of 
long-spacing lines indicating the existence of 
polymorphs. 

A number of studies of the dieletric 
absorption of the wax esters have been reported 
(8-12). 

Iyengar and Schlenk (13) have prepared a 
number of the wax esters and determined their 
melting points. When these were plotted against 
the difference in the number of carbon atoms 
in the alcohol and the acid chains as in Figure 
1, there was a striking deviation from regularity 
for the difference +2 in that the melting points 
were higher than interpolation would predict. 
This group of compounds includes some of 
those  which had been claimed to have vertical 
chains by the earlier workers. It was considered 
worth while by the present authors to extend 
the study of the available wax esters. 

EXPERIMENTAL PROCEDURES 

The substances synthesized by Iyengar and 
Schlenck (13) have a purity of 99% or better as 
shown by thin layer chromatography (TLC) 
and gas chromatography (GLC). The melting 
points in Figure 1 had been determined on a 
Kofler Micro Hot Stage using a heating rate of  
1-2 C/min. They have also been determined in a 
Mettler FP2 apparatus with a rate of 0.2 C/rain. 
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The values obtained were generally lower, on 
the average 0.8 C. 

Powder photographs have been recorded 
with a Guinier type camera and also during 
continuously varying temperature in a so-called 
DPT camera (Diffraction Pattern-Temperature) 
described by Stenhagen (14). 

IR spectra have been recorded with a Per- 
kin-Elmer Model 157 spectrophotometer.  The 
substances were mixed with freeze-dried potas- 
sium bromide in an agate mortar and pressed to 
pellets with cold tools. This gentle mixing 
avoids destruction of the sample crystals, 
known to occur by prolonged treatment of 
samples with crystalline potassium bromide in 
vibration mills. With the present kind of pellet 
preparation, the crystal form is not altered as 
shown by a comparison of potassium bromide 
and Nujol mull spectra of polymorphic long 
chain fatty acids (15). During the first 
recording, the temperature in the pellet was 
kept at about 25 C by air cooling. In many 
cases spectra have also been recorded at higher 
temperatures and after melting and cooling. 
The instrument is linear in wavelength, but in 
the text wave numbers will be used. According 
to the specification, the accuracy in wave 
numbers is -+ 2 cm -l and the resolution 5 cm-1 
at 1000 cm -1. 
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X - R A Y  STUDI  ES 

The  Guinier photographs showed side 
spacings characteristic of fl'-forms according to 
the nomenclature of Larsson (16). This was 
confirmed by the IR spectra and means that the 
chain packing is of the orthorhombic type with 
every other chain plane almost perpendicular to 
the others. Due to strong orientation effects in 
the specimens, no long-spacing lines were 
obtained. 

The DPT photographs showed no phase 
transitions during heating. The phase crystal- 
lized from melt always showed the same long- 
spacing as the original solvent-crystallized speci- 
mens. The intensities of the lines could differ 
much for specimens differently solidified, but 
this difference is probably caused by orienta- 
tion effects, and it thus seems that all the 
substances occur in only one form. This was 
also the case for esters of even alcohols investi- 
gated by Lutz et al. (6). 

The values of long-spacings obtained with 
the DPT camera are not so accurate as those of 
Lutz and coworkers. For the nine substances 
common to both studies the greatest deviation 
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FIG. 1. Melting points of saturated wax esters (13). 
The figures denote the number of carbon atoms in the 
alcohol and acid part respectively. 

FIG. 2. Long-spacings of saturated wax esters. The 
figures denote the number of carbon atoms in the 
alcohol and acid part respectively. 
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TABLE I 

Long-spacings (A) of Wax Esters 
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Ester Type a Present study Reference 6 Reference 5 b 

Tetradecyl dodecanoate V 36.0 

Hexadecyl dodecanoate T 34.4 

Tetradecyl tetradecanoate T 34.3 

Hexadecyl tetradecanoate V 41.5 

Octadecyl tetradecanoate T 38.8 

Eicosyl tetradecanoate T 41.6 

Tetradecyl hexadecanoate T 36.7 

Hexadecyl hexadecanoate T 39.2 

Octadecyl hexadecanoate V 46.7 

Eicosyl hexadecanoate T 43.3 

Tetradecyl octadecanoate V 44.1 

Hexadecyl octadecanoate T 42.0 

Octadecyl octadecanoate T 43.1 

Eicosyl octadecanoate V 51.4 

Docosyl octadecanoate T 49.5 

Tetradecyl eicosanoate T 41.4 

Hexadecyl eicosanoate V 49.1 

Octadecyl eicosanoate T 46.3 

Eicosyl eicosanoate T 48.2 

34.54 - 0.06 

41.36 -+ 0.04 

38.98 --- 0.02 

36.79 -- 0.01 37.0 
I 41.2 

38.90 -- 0.01 40.7 
45.98 ---0.01 46.1 

43.44---0.01 43.5 (39.3) 

41'34+0"02- I 41.4 41.8 
43.47 -- 0.02 43.7 

t 50.2 (53.9) 
54.3 (50.7) 

av,  vertical; T, tilted. 
bValues in parenthesis denote a 

note different preparations. 
second set of (weaker) long-spacing lines. Values in two rows de- 

is 0.7 A. Our  values are given in Table  I 
t oge the r  wi th  those  of  Kreger  and S c h a m h a r t  
(5)  and  Lutz  et al. (6).  When  our  values are 
p l o t t e d  against  the  c a r b o n  a t o m  d i f fe rence  as in  
Figure 1 the  diagram in Figure 2 is ob ta ined .  
F o r  the  d i f fe rence  +2 the  same k ind  of  devia- 
t ion  is visible as in  the  me l t i ng  p o i n t  d iagram 
bu t  there  is also a longer  long-spacing for  the  
d i f ference  -4. The  la t t e r  f ea tu re  has  no  
c o u n t e r p a r t  in the  me l t i ng  p o i n t  d iagram in 
Figure 1. 

When c o m p a r i n g  the  observed  long-spacings 
wi th  values ca lcula ted  for  s t ra ight  molecu les  
one  f inds t h a t  those  w i th  the  longer  spacings 
are of  the  vert ical  t ype  ( m ar ked  wi th  V in Table  
I) while  the  o the r s  are t i l ted  ( m a r k e d  wi th  T in 
Table  I). If  t he  molecules  are supposed  to  be 
s t ra ight  also in this  phase,  the  angle of  t i l t  is 
close to  the  value 63 ~ f o u n d  for  o t h e r  esters  
(1%19) .  

I N F R A R E D  SPECTRA 

The spec t ra  have been  r eco rded  f rom 4 0 0 0  
to  700  cm-1,  and  the  in terva l  1500 to  700  cm- t  
is p r e sen t ed  in Figures  3-7, in each  of  wh ich  the  
acid par t  is the  same. In Figure 8 the  spect ra  of  
the  pa lmi ty l  esters are s h o w n  to i l lus t ra te  the  

e f fec t  of  vary ing  the  acid cha in  length .  
The  bands  in the  s p e c t r u m  of  m e t h y l  octa-  

decanoa t e  have been  assigned to  v ib ra t ions  
extens ively  by  Susi and  J a h n  (20)  f rom 
m e a s u r e m e n t s  w i th  polar ized  l ight  and  the  
spec t rum has  also been  discussed in c o n n e c t i o n  
wi th  the  spect ra  of  the  h o m o l o g o u s  m e t h y l  
a lkanoa tes  (21).  

The  ass ignment  of  the  bands  in m e t h y l  octa-  
d e c a n o a t e  is as fol lows (wave n u m b e r s  f rom 
Refe rence  20). The  a n t i s y m m e t r i c  s t r e t ch ing  of  
the  m e t h y l e n e  groups  gives rise to  a b a n d  at 
2 9 2 5 / 2 9 2 0  c m  -1 w h i l e  the  s y m m e t r i c  
s t r e t ch ing  appears  at  2 8 5 3 / 2 8 5 0  cm -1. The  
average values o b t a i n e d  for  the  wax esters  are 
2914  and  2852  cm-1,  respect ively .  The car- 
b o n y l  s t r e t ch ing  f r e q u e n c y  (1742  cm -1) is 
f o u n d  at  1731 cm-1.  The m e t h y l e n e  b e n d i n g  
m o d e  ( 1 4 7 4 / 1 4 6 4  cm-1)  is o b t a i n e d  at 1466 
cm -1, in some cases w i t h  an i n f l ec t i on  on  the  
h igh  f r equency  side. The  a-CH2 b e n d i n g  (1413  
cm-1)  has  been  f o u n d  at 1414 c m - t .  The  
s y m m e t r i c  m e t h y l  bend ing  f r e q u e n c y  ( 1 3 8 0  
cm-1)  absorbs  at 1398 or 1375 cm -1. The  l a t t e r  
b a n d  has  poss ibly  the  h ighes t  c o n t r i b u t i o n  of  
m e t h y l  bend ing  as i t  d is turbs  the  regular  pro- 
gression pa t t e rn .  
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The  band progression caused by the 
methylene wagging modes (23,24) between 
about 1380 and 1170 cm-I has been observed 
to be independent of the length of the alcohol 
chain in accordance with References 2 and 3. 
The number of strong peaks between 1330 and 
t170 cm-1 are for the dodecanoates 6, tetra- 
decanoates 7, hexadecanoates 8, octadeca- 
noates 9 and eicosanoates 10. This is clearly 
demonstrated in Figure 8. Towards higher 
wavenumbers two groups of weaker bands 
appear, the first at 1415 and 1398 cm -1, the 
second at about 1375 and 1362 cm -1 . The 
latter group is surrounded with more inflections 
in the longer chain compounds than in the 
shorter ones. The band at 1375 cm -1 Js the 
most intensive one, and probably methyl sym- 
metric bending makes a large contribution to it. 

In the region 1150 to 950 cm- 1 where the C-C 
stretching vibrations absorb, the spectra show 
differences both within the series shown in 
Figures 3-7 and between the series. Here, 
obviously, the O-alkyl chain has an influence on 
the spectra. One band around 1099 cm -1 and 
two strong bands at 961 cm-1 and 922 cm-1 are 
found in all spectra. They are quite strong and 
thus probably due to C-C stretching near the 
ester group or O-CH 2 stretching. O-CH 2 
stretching was found by normal coordinate 
analysis to absorb in that region (846 cm -1) 
(25). These bands are also prominent in the 
higher members of the series of octadecanoates 
described in Reference 2. 

A band constant for all spectra is found at 
891 cm -1, possibly caused by methyl rocking 
vibrations. A corresponding band was reported 
for methyl to octyl stearate (2) where also a 
band at 879 cm -1 occurs. Between about 820 
and 740 cm -1 there are some weak peaks or 
inflections caused by methylene rocking vibra- 
tion. Their positions differ between the series 
and are the same within the series. In some 
spectra an extra peak or inflection was observed 
without any evident relation to chain length. At 
730 and 720 cm -1 are the two strong methyl- 
ene rocking peaks characteristic of the chain 
packings with two sets of nearly perpendicular 
chain planes [3'-forms according to Larsson 
(16)].  

DISCUSSION 

Present studies support the conclusion that 
in series of wax esters the occurrence of 
abnormally high melting points-when alkyl is 2 
carbons longer than acyl (+2 type)--is correlated 
with the occurrence of vertical crystal forms. 
However, esters with the alcohol chain 4 carbon 
atoms shorter than the acid chain (-4 type) also 

are vertical but they do not show high melting 
points. The vertical phase here seems to have 
about the same stability as the tilted, and 
Kreger and Schamhart (5) found both forms for 
tetradecyl octadecanoate. 

A comparison with dielectric data in Refer- 
ences 8-12 shows no correlation between the 
occurrence of rotation and vertical crystal 
forms. The latter are obviously not of s-type 
(in which the molecules have considerable 
orientational freedom around tile long axis). 
This is also in accordance with the x-ray and IR 
data which in all cases indicate/3'-forms. 

It is interesting to note that in some cases the 
d i e l e c t r i c  studies (8,9) show transitions 
between rotating and nonrotating forms. The 
rotating form often supercools. On heating, the 
transitions are sharp. The dielectric behavior 
also depends on the freezing rate. The x-ray 
studies showed no change in pattern which 
could be correlated with reported rotational 
transitions. 

The IR spectra show no obvious differences 
between vertical and tilted forms or between 
rotating and nonrotating forms. This may be 
taken as a confirmation of the view expressed by 
Crowe and Smyth (8) and Hunter and Eddy (12) 
that the molecules rotate as a whole so that 
the molecular geometry is not changed and 
does not cause marked changes in the IR 
spectra. 

For most substances the spectra have been 
recorded also during cooling of the melted 
specimen. As judged from the appearance of 
the 720 cm-1 region a 3'-form (with a double 
peak) is formed directly from the melt. 

Tetradecyl octadecanoate, however, showed 
a spectrum with a single peak at 720 cm-1 while 
the rest of the spectrum (recorded earlier) indi- 
cated a solid substance. The DPT photographs 
showed no changes below the freezing point. 
The substance was found to be nonrotating by 
Crowe and Smyth (8) and Crowe et at. (9) and 
their curves indicate no transition. An explana- 
tion might be that solidification is not a simple 
process in that each individual molecule could 
be in the same all-trans configuration as in the 
solid, thereby giving mostly the same spectrum 
as solid, but that the chain packing is not  yet 
ordered in the orthorhombic way necessary for 
giving a doublet at 720 cm-1. More detailed 
experiments with accurate temperature control 
are needed to clarify the situation. 

The IR spectra give information as to the 
chain length of the acid part, in that the 
number of progression bands between about 
1330 and 1170 cm -1 is half the number of 
carbon atoms in the acid. The O-alkyl chain 
modes are obviously not intensified in the same 
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w a y  as t h o s e  o f  t h e  C - b o n d e d  c h a i n ,  a n d  
c h a n g e s  in t h e  l e n g t h  o f  t h e  a l c o h o l  c h a i n  m a k e  
o n l y  sma l l  d i f f e r e n c e s  in  t h e  s p e c t r a ,  m a i n l y  in 
t h e  r e g i o n  o f  s k e l e t a l  v i b r a t i o n s  a t  1 1 5 0  t o  9 5 0  
c m  -1. F r o m  t h e  a p p e a r a n c e  o f  th i s  r e g i o n  a n d  
t h e  n u m b e r  o f  p r o g r e s s i o n  b a n d s  b e t w e e n  1 3 3 0  
a n d  1 1 7 0  c m  ~ it  s h o u l d  be  p o s s i b l e  t o  i d e n t i f y  
t h e s e  w a x  e s t e r s  w h e n  r e f e r e n c e  s p e c t r a  are  
avai lab le .  
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Deposition of Cyclopropenoids in the Tissue Lipids of Rainbow 
Trout Fed Methyl Sterculate 1 
J.N. ROEHM,2, 3 D.J. LEE, R.O. SINNHUBER and S.D. POLITYKA, 
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ABSTRACT 

Groups of young rainbow trout were 
fed diets containing 0, 100 and 200 ppm 
methyl sterculate. Their tissue lipids were 
analyzed for cyclopropene content using 
the modified Halphen test. Halphen- 
positive compounds, calculated as ster- 
culic acid, accumulated in all tissues 
analyzed and reached concentrations 
approximately equal to those of the 
dietary lipid. Gas liquid chromatography 
used in conjuction with mild hydrogena- 
tion of the cyclopropene ring revealed 
that these Halphen-positive compounds 
were predominantly, if not entirely, ster- 
culic acid which was esterified in the tri- 
glycerides. To facilitate analysis of cyclo- 
propenes in liver tissue, a method was 
developed whereby interfering pigments 
were removed prior to the Halphen test. 

INTRODUCTION 

Cyclopropenoid fatty acids (CPFA)occur  
naturally in the lipids of plants in the order 
Malvales (I).  The most nutritionally and econo- 
mically important of these lipids is cottonseed 
oil which contains small quantities of both 
malvalic acid, co-(2-n-octylcycloprop- 1-enyl) 
heptanoic acid, and the 19 carbon homolog, 
sterculic acid. 

These acids have been studied extensively 
because of their implications in a variety of 
physiological disorders (2). In work directly 
related to this study, Sinnhuber et al. (3) and 
Lee et al. (4) found that cyclopropenoid fatty 
acids fed as Sterculia foetida oil greatly 
increased the incidence and growth of afla- 
toxin-induced hepatomas in rainbow trout. 
Although these acids were not carcinogenic 
themselves, Roehm et al. (5) have shown that 
liver biochemistry and histology is greatly 
changed with dietary CPFA levels as low as 10 

1Technical Paper No. 2944, Oregon Agricultural 
Experiment Station. 

2present address: Battelle N.W. Memorial Institute, 
Richland, Wash. 99352. 

3This paper represents part of the thesis  research 
conducted at Oregon State University in partial fulfill- 
ment for the degree of Doctor of Philosophy. 

ppm. A possible explanation for the biological 
activity of CPFA is that sulfhydryl groups add 
rapidly to the highly strained double bond of 
the cyclopropene ring (6). A limited number of 
enzymes known to contain sulfhydryls have, in 
fact, been inhibited in this manner invitro (6-8). 
In spite of the fact that the cyclopropene ring is 
acid labile, it has been found in the tissue lipid 
of some laboratory animals (9) fed CPFA. Only 
the presence of the ring, however, has been 
shown and the compound itself has not been 
identified. 

These experiments were undertaken to docu- 
ment the level of cyclopropene present in trout 
tissue during and after the feeding of sterculic 
acid. The cyclopropene containing compound 
in the tissue was also tentatively identified. 

MATERIALS AND METHODS 

Feeding Studies 

The fish used in this study were Mt. Shasta 
strain rainbow trout (Salmo gairdneri) which 
had been artificially spawned and maintained in 
fiberglass tanks at a temperature of 11.4 C. 
These trout were fed a semipurified diet 
described previously (I0)  which contained 
methyl sterculate added into the dietary lipid 
(lipid was 10% salmon oil rather than the 5% 
c o r n  oil and 5% salmon oil originally 
described). The methyl sterculate was purified 
from Sterculia foetida beans using the proce- 
dure of Kircher (6) which employs urea 
adduction and low temperature crystallization. 
An ester sample was obtained which contained 
96.48% methyl sterculate, 1.65% methyl mal- 
valate and 1.87% methyl linoleate. 

Duplicate lots of 150 fish each were fed 
diets containing 0, 100 or 200 ppm CPFA for a 
period of 200 days. After 100 days of this 
feeding period, 25 fish from each lot fed 200 
ppm CPFA were tagged and placed on the con- 
trol diet. At regular intervals 10 fish were 
randomly selected from each group and killed 
by exposure to concentrated tricane methane 
sulfonate. Samples of liver, muscle and adipose 
tissue were removed for analysis. 

Analysis of CPFA 

Lipids were extracted from the tissue using 
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FIG. 1. Halphen-color intensi ty vs. concentrat ion 
of methyl  sterculate; % 25 ml di lut ion;  A, 10 ml 
dilution.  

the method of Folch (11) and cyclopropenes 
were analyzed spectrophotometrically using a 
modification of the Halphen test (12). This 
method lacks precision and uses a complex and 
poorly understood reaction, but was selected 
on the basis of its high sensitivity. The lipid to 
be analyzed was dissolved in 10 ml butanol and 
2.5 ml of 1% sulfur in carbon disulfide, and 
heated 2 hr at 110 C in 25 ml low actinic 
volumetric flasks with foil covers. The foil 
covers were then removed and the heating con- 
tinued 30 rain. The solution was then cooled 
under tap water, diluted with either 10 or 25 
ml butanol, and the absorbance at 495 m/a 
recorded immediately using a Beckman DU 
spectrophotometer. Each analysis was done in 
triplicate. 

This determination was quantified using a 
standard curve obtained from serial dilutions of 
purified methyl sterculate, and the results were, 
therefore, calculated as per cent sterculic acid. 
It should be noted, however, that the Halphen 
test is specific only for the cyclopropene 
moiety and other procedures are necessary to 
identify the actual compound. Two standard 
curves obtained in this manner are shown in 
Figure 1. The two curves are identical treat- 
ments except for the final dilution with 
butanol. As can be seen, both curves follow the 
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FIG. 2. Accumulat ion of CPFA in the muscle and 
depot  lipid of  trout.  Muscle (A) and depot  (e) lipids 
from fish fed 200 ppm CPFA. Muscle (zx) and depot  
(o) lipids from fish fed 100 ppm CPFA, 

Beer-Lambert Law, but they cannot be used 
interchangeably on the basis of concentration 
of CPFA (i.e., mg CPFA/ml butanol). A new 
standard curve must be obtained for each 
dilution of reactants and reagents used. 

When this test was used to analyze fiver 
l i p id s ,  interfering orange pigments were 
produced which resulted in extremely high 
and variable readings. To remove these inter- 
fering substances the lipid was first inter- 
esterified using a sodium methoxide catalyst to 
form methyl esters. These esters were then 
applied in hexane to a small glass column con- 
taining 5 g silicic acid which had been activated 
at 110 C and equilibrated with 4% water as 
described by Luddy et al. (13). The esters 
were completely eluted with 150 ml of 1% 
diethyl ether in hexane and were suitable for 
analysis using the modified Halphen test. 

The liver lipid was also separated into polar 
and nonpolar lipids using silicic acid column 
chromatography. The column used was similar 
to that used for the ester cleanup except that 
the silicic acid was not equilibrated with water. 
Nonpolar lipids, primarily triglycerides, were 
eluted with 150 ml of chloroform, and polar 
lipids were eluted with the same volume of 
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FIG. 3. The CPFA concentration of muscle and 
depot lipids from trout fed 200 ppm methyl sterculate 
for 100 days and then fed a CPFA-free diet. The 
feeding period shown refers to the CPFA-free diet. 
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FIG. 4. Absorption spectra of Halphen pigment in 
trout lipids. (A) control liver lipid; (B) liver lipid + 
CPFA; (C) liver lipid + CPFA + cleanup; (D) depot 
lipid; (E) depot lipid + CPFA. 

methanol. After chromatography, the inter- 
feting pigments were still present in the non- 
polar lipids. 

In addition to analysis of the cyclopropene 
ring, methyl sterculate was determined in the 
purified esters, diet and tissue lipids using a 
combination of hydrogenation and GLC. The 
lipid was first partially hydrogenated with 5% 
palladium on BaSO 4 which completely satu- 
rated the cyclopropene ring with a minimum of 
ring cleavage (<4%) to straight chained and 
branched products. Some polyenoic esters were 
also partially hydrogenated, but no conversion 
of monoenes to saturated esters occurred. The 
saturated esters, including the cyclopropanes, 
were separated from the unsaturated esters 
using argentation column chromatography 
according to the method of DeVries (14). These 
esters were then analyzed by gas liquid chro- 
matography (GLC) as described previously (5). 

Since the ratio of saturated straight chain 
acids to cyclopropanoid fatty acids remained 
unchanged during this procedure the concentra- 
tion of corresponding cyclopropenes in the 
original lipid could be calculated. The silver ion 
chromatography also effected a concentration 
of the saturated esters by removing unsaturates 
and allowing analysis of smaller quantities of 
CPFA. 

RESULTS AND DISCUSSION 

The ingestion of CPFA by trout resulted in 
an accumulation of compounds containing the 
intact cyclopropene ring as determined by the 
Halphen test. These results are shown in Figure 
2. With both the intermuscular and depot 
lipids, this accumulation was gradual and 
approached a maximum after approximately 
100 days. The concentration of CPFA was 
identical in both the muscle and depot lipids, 
and appeared to approach the dietary lipid level 
(i.e., 0.1% and 0.2%, respectively). In both 
cases, the tissue lipid concentration of CPFA 
reached a maximum at approximately 82% of 
the dietary lipid concentration. 

When fish which had been fed the 200 ppm 
CPFA diet for 100 days were placed on the 
control diet, the CPFA content of the tissue 
lipids decreased rapidly (Fig. 3). This rate of 
decrease was reduced, however, after approxi- 
mately 30 days and levels of CPFA somewhat 
less than half the original concentration 
remained in the tissue after 50 days on a 
CPFA-free diet. 

The determination of liver lipid cyclo- 
propenoids was found to be quite difficult due 
to the small quantities of lipids available for 
analysis. For this reason, routine analysis such 
as was carried out with muscle and depot lipids 
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was n o t  possible. On several occasions 
throughout the experiment, however, liver 
samples were pooled and the lipids were 
analyzed for CPFA. 

The lipid cleanup procedure developed to 
eliminate interfering pigments was checked for 
quantitative and qualitative accuracy. Lipids 
containing internal standards of identical 
amounts of methyl sterculate were taken 
through various stages of the procedure and the 
absorption spectra of the Halphen test product 
was determined (Fig. 4). Normal trout depot 
lipid was selected as the blank control, and 
produced the spectrum shown in curve D. 
Depot lipid containing 0.274% CPFA as an 
internal standard showed a clearly defined 
absorption maxima at 495 m/a (curve E) and 
with the background subtracted had an 
absorbance of 0.280 A. Normal liver lipid 
(curve A) had an abnormally high background 
of 0.380 A at 495 mp. This high background 
was found to vary considerably among liver 
lipid samples and was independent of the 
amount of CPFA present. When 0.274% of 
purified methyl sterculate was added to this oil, 
its absorption spectrum (curve B) had a large 
shoulder at 495 mp and an absorbance of 0.700 
A. No clearly defined peak could be seen. 

An oil identical to that shown in spectrum B 
was taken through the cleanup procedure and 
its spectrum (curve C) was almost identical to 
that observed with the spiked depot lipid (curve 
E). A small shoulder appeared at 550 mp which 
was not observed in any of the other samples. 
This shoulder corresponds to that reported by 
Bailey et al. (12) which occurred in refined 
cottonseed oil but not in the crude oil. 
Addition of phosphatides to the refined oil 
suppressed its formation. The complete removal 
of phosphatides in our cleanup procedure most 
likely accounts for this similar observation. The 
reduction of absorbance after the cleanup 
procedure (curve C vs. E) was calculated at 
5.3% and indicates that no significant destruc- 
tion of CPFA occurs during base-catalyzed 
i n t e r e s t e r i f i c a t i o n  with 0.1 N sodium 
methoxide or during short-term silicic acid 
chromatography. 

The liver lipids accumulated CPFA much 
more rapidly than the depot lipid and muscle 
lipid and reached a maximum concentration at 
the first sampling (10 days). The cyclopropenes 
found in the liver triglycerides were present in 
concentrations almost identical to that of the 
respective dietary lipid. The liver triglycerides 
from trout fed diets having lipid concentrations 
of 0.10% and 0.20% CPFA contained 0.104% 
and 0.214% CPFA, respectively. No cyclo- 
propenes were found in the liver phospholipids. 

Using the GLC technique described it was 
ascertained that at least the great majority of 
cyclopropenoids detected in trout lipid were 
present as sterculic acid. Table I shows a com- 
parison between total CPFA values found with 
the Halphen test and sterculic acid which was 
analyzed by GLC as dihydrosterculic acid after 
hydrogenation and silver ion chromatography. 
Due to the inherent quantitative inaccuracy of 
this analysis when working with very small con- 
centrations of cyclopropenes, it was not pos- 
sible to determine the extact percentage of 
Halphen-positive compounds present as ster- 
culic acid. No other unusual compounds were 
found, however, quantitative analysis did reveal 
that sterculic acid was present in concentrations 
near that predicted by the Halphen test. 

The data obtained in this study show that 
sterculic acid, and presumably other cyclo- 
propenoids, fed to rainbow trout, accumulates 
in body triglycerides as the intact cyclo- 
propenoid. Evidence for a lengthy biological 
half-life for cyclopropenoids is the fact that 
after 30 days on a CPFA-free diet slightly less 
than half the original tissue level of CPFA still 
remained. During this period the fish gained in 
weight from approximately 27 g to 42 g. A 
dilution effect from new tissue lipid formed 
during this period could, therefore, account for 
much of this apparent loss. When one considers 
the reported reactivity of the cyclopropene ring 
(1,6) the retention of the intact ring in vivo is 
surprising. The observation that intact CPFA 
was incorporated into triglycerides and was not 
found in phospholipids may really be a 
reflection of increased stability of the cyclo- 
propene ring when incorporated into a trigly- 
ceride. 
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TABLE I 

Comparison of Halphen-Color Response 
to GLC Analysis of Sterculic Acid 

in Tissues of Trout Fed a Diet 
Containing 200 ppm for 117 Days 

% CPFA % Sterculic acid 
Tissue (halphen +) (GLC analysis) 

Depot lipid 0.167 0o155 
Muscle lipid 0.187 0.167 
Liver 

triglycerides 0.214 0.197 
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SHORT COMMUNICATIONS 

A Possible Block in the Intermediary Metabolism 
of Glucose Into Proteins and Lipids in the 

Brains of Undernourished Rats 

ABSTRACT 

[U-14C] Glucose or [1-14C] L-leucine 
was injected intraperitoneally into 28- 
day-old undernourished rats and control  
sibs who were killed 6 hr later. Brain 
proteins and lipids were extracted and the 
lipids fractionated by silicic acid column 
chromatography into cholesterol, glyco- 
lipids and phospholipids. The specific 
activity of labeled carbon derived from 
[U-14C] glucose in brain proteins was 
reduced by 25% in undernourished ani- 
mals when compared to controls. A 
similar reduction was seen in the specific 
activity of brain lipids of undernourished 
animals: 14% for cholesterol, 21% for 
phospholipids and 35% for glycolipids. 
When [1-a4C] L-leucine was used as a 
direct precursor of brain protein synthe- 
sis, the specific activity in the under- 
nourished group was only 5% less than 
that found for the controls. This was not 
statistically significant. The results sug- 
gest that there may be a block in the 
intermediary metabolism of glucose in 
the brains of undernourished rats that 
reduces the availability of glucose carbon 
to the precursor pool used for protein 
and lipid synthesis. 

The rapid flux of  [U-14C] glucose into 
glutamate and related amino acids as well as 
into precursors of lipids in the adult nervous 
system has been well documented (1-3). As a 
result, [U-14C] glucose is a useful isotope for 
labeling both proteins and lipids in nervous 
tissues (4-6). In this communication we present 
evidence that in undernourished rats there is a 
block in the incorporat ion of labeled carbon 
derived from glucose into brain proteins and 
lipids. 

Sprague-Dawley rats were undernourished 
from birth to 28 days of age by being placed in 
a lit ter of 20 to 22 pups with one mother  
whereas sibs were raised in litters of 6 to 8 
animals. Twenty-eight-day-old undernourished 
rats and control  sibs were injected intra- 

peritoneally (0.25 /.tc/g body weight) with 
either [U-14C] glucose (5 mc/mMole) or 
[1-14C] L-leucine (28.1 mc/mMole).  The ani- 
mals were killed 6 hr later by decapitation and 
the brains removed and frozen between two 
pieces of dry ice, The method of Vrba et al. (5) 
was used for the preparation of total  proteins 
and lipids. Protein was estimated by the 
method of  Lowry et al. (7). The lipid extract  
obtained by Vrba's method was washed as 
described by Folch et al. (8). Lipid classes were 
then separated into three fractions, neutral 
lipids, glycolipids and phospholipids, by silicic 
acid column chromatography as described by 
Rouser et al. (9). Cholesterol was measured by 
the method of Zlatkis et al. (10), galactose by 
the method of  Hess and Lewin (11), and lipid 
phosphorus by the method of Rouser et al. 
(12). The protein samples used for measure- 
ment of radioactivity was prepared as 
described by Agrawal et al. (13) and counted in 
a Nuclear Chicago spectrometer  at an efficiency 
of 87%. The lipids in each fraction were dis- 
solved in chloroform-methanol (2:1 v/v) and 
counted in fluid containing 4.0 g Omnifiuor in 
1000 ml toluene at an efficiency of 90%. The 
counting efficiency for lipids was determined 
both by the method of an external standard 
ratio while an internal standard (14C toluene) 
was used for counting proteins. 

Body and brain weights of the under- 
nourished rats at 28 days of age were reduced 
by approsimately 45% and 13%, respectively 
(Table I). The incorporat ion of 14C metabolites 
derived from [U-14C] glucose into the brain 
p r o t e i n  o f  undernourished animals was 
inhibited by 25% compared to controls, where- 
as the incorporat ion into phospholipids was 
decreased by 21%, glycolipids by 35%, and cho- 
lesterol by 14% (Table I). With the exception of 
cholesterol, the decrease in incorporat ion of 
14C into protein and lipid fractions in the 
undernourished rat was statistically significant 
at a level of p<0.05.  

When these experiments were repeated with 
[1-14C] L-leucine, a direct precursor of the 
proteins, the rate of incorporat ion of [ 1-14C] 
L-leucine into brain proteins of  poorly 
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nourished rats was unimpai red  when compared  
to controls  (Table I). 

Since [1-14C] L-leucine is not  rapidly 
metabol ized  in the small g lutamate  pool  in the 
brain (14) and is direct ly incorpora ted  into 
proteins,  a normal  rate of  incorpora t ion  of  the 
c o m p o u n d  in to  brain proteins  suggests that  
e i ther  pro te in  synthesis per se is no t  inhibi ted 
or  that  leucine may not  be the rate-l imit ing 
amino acid control l ing the synthesis o f  protein 
in the brains of  poor ly  nourished rats. However ,  
a reduced rate of  incorpora t ion  of  14 C metabo-  
lites derived f rom labeled glucose into brain 
proteins  and phospholipids of  undernour ished 
rats strongly suggests a b lock in the inter- 
mediary  metabol ism of  glucose. 

The reduced incorpora t ion  of  [U-14,C] 
glucose into  glycolipids could be a manifesta-  
t ion of  a true inhibi t ion of  cerebroside and 
sulfatide biosynthesis  unless one or  more  of  the 
steps involved in the conversion of  glucose into 
galactose in the brains of  poor ly  nourished rats 
is impaired (4). A true inhibi t ion of  glycolipid 
biosynthesis  is suggested by an earlier observa- 
t ion of Chase et al. (15) who found that  the 
incorpora t ion  of  35S sulfate in to  sulfatide was 
reduced in the brains of  poor ly  nourished rats. 

If such a b lock in the in termediary  metabo-  
lism of  glucose eventual ly  reduces the avail- 
ability of  the precursors needed for the synthe-  
sis of  characterist ic membrane  const i tuents ,  it 
might  exert  a deleterious effect  both  on the 
biochemical  deve lopment  and the funct ional  
integrat ion of  the central  nervous system. 
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Renal Cerebroside in Globoid Cell Leukodystrophy 
(Krabbe's Disease) 

ABSTRACT 

The kidney tissues of  five pat ients  
w i t h  g l o b o i d  c e l l  l e u k o d y s t r o p h y  
(Krabbe 's  disease) and of  seven age- 
m a t c h e d  n o r m a l  i n d i v i d u a l s  were 
analyzed for the con ten t  o f  galacto-and 
glucocerebros ides .  There was a sta- 
t istically significant increase of  galacto- 
cerebroside (+25%) in the pathological  
spec imens .  However ,  g lucocerebroside 
was also similarly increased (+30%). 
Therefore ,  despite the genetic defect  of  

the degradative enzyme,  galactocerebro-  
side ~-galactosidase, there is no specific 
accumula t ion  of  galactocerebroside in the 
kidneys of  pat ients  wi th  globoid cell 
l eukodys t rophy .  

The rare, fatal neurological  disorder  of  
infants,  globoid cell l eukodys t rophy  (GLD),  or  
Krabbe 's  disease, appears to be caused by a 
genetic deficiency of  (galactocerebroside /3- 
g a l a c t o s i d a s e  g al actosylceramide-galacotsyl  
hydrolase)  (1). We demons t ra ted  the enzyme  
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nourished rats was unimpai red  when compared  
to controls  (Table I). 

Since [1-14C] L-leucine is not  rapidly 
metabol ized  in the small g lutamate  pool  in the 
brain (14) and is direct ly incorpora ted  into 
proteins,  a normal  rate of  incorpora t ion  of  the 
c o m p o u n d  in to  brain proteins  suggests that  
e i ther  pro te in  synthesis per se is no t  inhibi ted 
or  that  leucine may not  be the rate-l imit ing 
amino acid control l ing the synthesis o f  protein 
in the brains of  poor ly  nourished rats. However ,  
a reduced rate of  incorpora t ion  of  14 C metabo-  
lites derived f rom labeled glucose into brain 
proteins  and phospholipids of  undernour ished 
rats strongly suggests a b lock in the inter- 
mediary  metabol ism of  glucose. 

The reduced incorpora t ion  of  [U-14,C] 
glucose into  glycolipids could be a manifesta-  
t ion of  a true inhibi t ion of  cerebroside and 
sulfatide biosynthesis  unless one or  more  of  the 
steps involved in the conversion of  glucose into 
galactose in the brains of  poor ly  nourished rats 
is impaired (4). A true inhibi t ion of  glycolipid 
biosynthesis  is suggested by an earlier observa- 
t ion of Chase et al. (15) who found that  the 
incorpora t ion  of  35S sulfate in to  sulfatide was 
reduced in the brains of  poor ly  nourished rats. 

If such a b lock in the in termediary  metabo-  
lism of  glucose eventual ly  reduces the avail- 
ability of  the precursors needed for the synthe-  
sis of  characterist ic membrane  const i tuents ,  it 
might  exert  a deleterious effect  both  on the 
biochemical  deve lopment  and the funct ional  
integrat ion of  the central  nervous system. 

H.C. A G R A W A L  
M.A. F ISHMAN 
A.L. P R E N S K Y  

St. Louis Children 's  Hospital  
500 S. Kingshighway 
St. Louis, Missouri 63110 
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Renal Cerebroside in Globoid Cell Leukodystrophy 
(Krabbe's Disease) 

ABSTRACT 

The kidney tissues of  five pat ients  
w i t h  g l o b o i d  c e l l  l e u k o d y s t r o p h y  
(Krabbe 's  disease) and of  seven age- 
m a t c h e d  n o r m a l  i n d i v i d u a l s  were 
analyzed for the con ten t  o f  galacto-and 
glucocerebros ides .  There was a sta- 
t istically significant increase of  galacto- 
cerebroside (+25%) in the pathological  
spec imens .  However ,  g lucocerebroside 
was also similarly increased (+30%). 
Therefore ,  despite the genetic defect  of  

the degradative enzyme,  galactocerebro-  
side ~-galactosidase, there is no specific 
accumula t ion  of  galactocerebroside in the 
kidneys of  pat ients  wi th  globoid cell 
l eukodys t rophy .  

The rare, fatal neurological  disorder  of  
infants,  globoid cell l eukodys t rophy  (GLD),  or  
Krabbe 's  disease, appears to be caused by a 
genetic deficiency of  (galactocerebroside /3- 
g a l a c t o s i d a s e  g al actosylceramide-galacotsyl  
hydrolase)  (1). We demons t ra ted  the enzyme  
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deficiency in the brain, liver, spleen, kidney, 
serum, leukocytes and cultured fibroblasts 
(1-3). Unlike other sphingolipid storage dis- 
orders, accumulation of the involved lipid, 
galactocerebroside, in the brain occurs only 
focally in the characteristic globoid cells, and 
the total  amount  is generally far below that of 
normal brain. To explain this unusual phenome- 
non, we postulated an early cessation of galac- 
tocerebroside biosynthesis due to the dis- 
appearance of oligodendrogiial cells, the pri- 
mary site of the galactocerebroside synthesis in 
the body (1). The clinical and pathological 
abnormalities of Krabbe's disease are restricted 
to the nervous system, in which galactocerebro- 
side is present in large amounts. Galactocere- 
broside is almost absent in most of the systemic 
organs. However, the kidney normally contains 
approximately equal amounts of ga lac to -and  
glucocerebrosides, although the total  amount  is 
much smaller than in the brain (4). The normal 
presence of galactocerebroside, unaltered his- 
tology in Krabbe's disease, and the presence in 
kidney of profound deficiency of galactocere- 
broside J3-galactosidase make it the organ of 
choice to examine for possible abnormal accu- 
mulation of galactocerebroside in globoid cell 
leukodystrophy.  The results of the analysis of 
five GLD kidneys, however, somewhat un- 
expectedly,  did not show a specific increase of 
galactocerebroside. 

The kidney samples from five patients with 
gioboid cell leukodystrophy and from carefully 
age-matched control individuals were kept 
frozen until analysis. The tissues were extracted 
and fractionated into major constituents, 
essentially according to Folch et al (5). The 
total  lipid fraction was subjected to the mer- 
curic chloride-saponification procedure (6), to 
remove most of the glycerophospholipids. A 
clean cerebroside fraction was obtained by 
silicic acid column chromatography (7). The 
cerebroside fraction was eluted by a mixture of 
chloroform-methanol (90:10 v/v), and did not 
contain lactosylceramide. The amounts of 
galacto- and glucocerebrosides were determined 
by measuring the content of galactose and glu- 
cose of the cerebroside fraction by gas liquid 
chromatography as tr imethylsilyl-ether deriva- 
tives. Methanolysis of the cerebroside fraction, 
extraction of fatty acid methyl  esters, and the 
derivatization to tr imethylsilyl  ethers were 
carried out essentially according to Sweeley and 
Vance (8). The column was a 6 ft stainless steel, 
packed with 6% JXR coated on Gas-Chrom Q, 
80-100 mesh (Applied Science Laboratories, 
State College, Pa.). Mannitol was used as the 
internal standard. The relative detector 
response of manit tol  to glucose was 

1.27 + 0.09, and that  of galactose to glucose 
was 0.99 + 0.03, using an electronic integrator..  

T h e r e  were no significant differences 
between the GLD and control  groups in the 
water content of the tissue or in the proport ion 
of total  lipids in the dry weight. The total  
amount of cerebroside in the control  kidneys 
were approximately 50% higher than those 
reported by Martensson for "juvenile kidneys" 
(4). His "juvenile" samples were in the 10 - to  
17-year-old range. Our control  individuals were 
all less than two years old. Since the content of 
cerebroside appeared to decrease in older age 
groups, it may not  be surprising to find higher 
concentrations of cerebrosides in our control  
specimens. The relative proport ion of gluco- 
cerebroside to galactocerebroside (1:0.99) was 
similar to Martensson's data (1:0.88). There 
was a slight but statistically significant increase 
in galactocerebroside in the GLD kidneys. How- 
ever, glucocerebroside was similarly increased in 
the pathological samples, and the relative 
amount of these two compounds remained 
essentially unchanged (1:0.95). Other hexosyl- 
ceramides were not determined quantitatively, 
but visual inspection of a thin layer chromato- 
gram of the saponified samples indicated no 
gross differences between the GLD and control  
kidneys. 

Contrary to the expectation,  the data clearly 
indicated that there is no specific increase of 
galactocerebroside in the kidneys of patients 
with globoid cell leukodystrophy,  despite the 
metabolic block in the degradative pathway. 
The small increase is accompanied by a similar 
increase in glucocerebroside. There are a few 
possibilities to explain this finding. One obvious 
possibility is related to the differences in the 
relative amounts of  galactocerebroside and 
galactocerebroside t3-galactosidase in normal 
brain and kidney. The enzyme activity is 
approximately 30% higher in the kidney than in 
white matter  (2), whereas normal white matter  
contains galactocerebroside which is more than 
200 times that  of normal kidney. If a similar 
rate of turnover is assumed for galactocerebro- 
side in these organs, less than 0.5% of the 
normal concentration of the hydrolase would 
still be adequate to handle the requirement of 
normal kidney. The actual residual levels of 
galactocerebroside t3-galactosidase in GLD kid- 
neys were approximately 5% of normal (2). 
Another  possibility is the existence of a regula- 
tory mechanism which shuts off further biosyn- 
thesis of  galactocerebroside when there is a 
block in the degradative pathway. There is no 
experimental evidence for or against this hypo- 
thesis, except that such regulatory mechanism 
does not appear to operate in other sphingo- 
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lipid s torage diseases,  in wh ich  c o n t i n u e d  
s yn the s i s  resul ts  in overt  a c c u m u l a t i o n  o f  the  
involved lipids. This  possibi l i ty ,  however ,  needs  
to be exp lo red  because  it also provides  an 
a l ternat ive  e x p l a n a t i o n  for  the  lack of  overt  
a c c u m u l a t i o n  of  ga lac tocerebros ide  in the  
brain.  
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D e p a r t m e n t  o f  Neuro logy  
Univers i ty  o f  Pennsy lvan ia  School  o f  Medicine 
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Hydrophobic Enzymes in Hydrocarbon Degradation 1 
A.C. VAN DER L INDEN and J.C. VAN R A V E N S W A A Y  CLAASEN,  
Koninklijke/ShelI-Laboratorium, Amsterdam, The Netherlands 

ABSTRACT 

Pseudomonas aeruginosa (strain 473) 
constitutively contains an NADP-linked 
alcohol dehydrogenase. This enzyme is 
believed to function only in assimilative 
processes, because growth on primary 
alcohols, a,co-diols or n-alkanes induces 
another alcohol dehydrogenase which is 
not linked to a pyridine nucleotide. The 
inducible enzyme reduces bovine cyto- 
chrome c and various dyes, but not 
oxygen. At least two variants of the 
dissimilative NAD(P)-independent en- 
zyme can be induced by choosing the 
substrate used for growth. The main 
difference between the two variants is 
their different capacity to oxidize etha- 
nol. A noteworthy property of the indu- 
cible enzyme is its hydrophobic charac- 
ter. Some of its consequences in paraffin 
dissimilation are discussed. The paraffin 
hydroxylase system of the heptane-grown 
Pseudomonas was found to hydroxylate 
various types of hydrocarbons and thus 
shows a low substrate specificity.On the 
other hand, remarkable specificities were 
also encountered; in some cases only the 
trans configuration of a substrate was 
hydroxylated. With respect to the site of 
hydroxylation, the enzyme system was 
quite specific, even to the extent that, in 
appropriate cases, the hydroxyl group 
was introduced in the trans-position only. 
The results obtained with the enzymatic 
hydroxylations, including some of the 
specificities encountered, can be ex- 
plained by assuming that substrate mole- 
cules capable of attaining a planar confor- 
mation are bound by hydrophobic forces 
to the enzyme surface. 

I N T R O D U C T I O N  

Fundamental studies of paraffin oxidation in 
the past dealt mainly with dissimilative path- 
ways and aimed at elucidating the reaction 
mechanism by which the alkane is oxidized to 
yield an alcohol. The subsequent oxidative 
reaction leading to the aldehyde was assumed 

1One of five papers being published from the 
Symposium "Biochemistry of Hydrocarbon Degrada- 
tion," presented at the AOCS Meeting, Chicago, 
September 1970. 

to involve a conventional alcohol dehydro- 
genase linked to a pyridine nucleotide, similar 
to those found in other organisms. 

In fact, such a pyridine-nucleotide-linked 
alcohol dehydrogenase was found by various 
authors (1-3) in cells of their alkane-oxidizing 
Pseudomonas strains. However, we have been 
able to demonstrate the presence of an addi- 
tional alcohol dehydrogenase that is not linked 
to pyridine nucleotides. 

An account of these studies (4) will be given, 
concentrating on the hydrophobic character of 
the inducible alcohol dehydrogenase and its 
consequences with respect to metabolic path- 
ways. 

In addition, we will show selected results of 
another study (J.C. Van Ravenswaay Claasen 
and A.C. Van der Linden, in prepara t ion)of  
our group on the specificity of the paraffin 
hydroxylase. 

The results obtained by enzymatic hydroxy- 
lation of various compounds, including specifi- 
cities encountered towards cis and trans con- 
figurations, can also be explained by assuming 
hydrophobic forces in the formation of the 
enzyme-substrate complex. 

EXPERIMENTAL PROCEDURES 

All the experiments were carried out with a 
crude enzyme extract obtained from Pseudo- 
monas aeruginosa (strain 473). The extract had 
been prepared from a sonic homogenate upon 
centrifugation for 1 hr at 38,000 g. The 
supernatant liquid contained 10-15 mg pro- 
tein/ml. 

Details on the assay of the alcohol dehydro- 
genases, either by phenazine-methosulfate- 
mediated 02 uptake or by spectrophotometric 
assessment of dichoroindophenol reduction, 
have been given earlier (4). 

Enzymatic hydroxylations were carried out 
by vigorously shaking 2 ml of the extract 
containing 2 mg added NADH with 3 /~1 of the 
hydrocarbon substrate in a closed bottle for 1 
hr. The products, alcohols and acids, were 
extracted with ether and the ether was sub- 
jected to gas liquid chromatography analysis 
using a Porapak Q column. Full details will be 
published elsewhere (J.C. Van Ravenswaay 
Claasen and A.C. Van der Linden, in prepara- 
tion). 

The rate of the reactions given in Figures 
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NADP REDUCED t 
0 . 3 -  

0.2 - ! 

0.1 - 

,_0 M 
2 

mote. rain -1 .mcJ -1 m~mo[e 
DCIP red.,rnin -1. mg -I  
4 0 -  

!o, 
4 B 10 

C NUMBER OF prim - ALCOHOLS 

FIG. 1. Specific activity of the NADPqinked 
constitutive alcohol dehydrogenase with straight pri- 
mary alcohols. Hatched bars: extract from peptone- 
glucose-grown cells. Open bars: extract from ethanol- 
grown cells. Substrate concentration: as indicated in 
the bars. 

9-12 and  14 was ca lcu la ted  f r o m  the  to ta l  
a m o u n t  of  the  p r o d u c t s  recovered.  A ra te  of  
100 was a rb i t ra r i ly  set for  the  h ighes t  ra te  
e n c o u n t e r e d  w i th  a n -para f f in  subs t r a t e  (n-oc- 
tane) .  In these  figures,  t he  ma in  p r oduc t  is 
m e n t i o n e d  only .  Pr imary  a lcohols  are o f t en  
f u r t h e r  ox id ized  by  the  c rude  ex t rac t s  to  give 
the  co r r e spond ing  acids. Cyclic a lcohols  are no t  
f u r t h e r  oxidized.  

RESULTS A N D  D ISCUSSION 

Alcohol Dehydrogenases 

Analysis  of  ex t rac t s  o f  ou r  s t ra in  of  P s e u d o -  

m o n a s  c o n f i r m e d  the  presence  of  pyr id ine-  
nuc leo t ide - l inked  a lcohol  dehydrogenases ,  bu t  
un l ike  the  earlier inves t iga tors  (1-3) we f o u n d  
NADP r e d u c t i o n  to  be  fas ter  t h a n  the  r e d u c t i o n  
of  NAD. The  specif ic i ty  of  our  NADP-l inked  
e n z y m e  towards  t he  s t ra igh t -cha in  p r imary  al- 
cohols  was no t  un l ike  t h a t  of  t he  NAD-l inked  
enzyme.  This  specif ic i ty  is i l lus t ra ted  in Figure 
1. With the  lower  a lcohols ,  in par t icu lar  w i th  
e thano l ,  t he  ra te  o f  the  r e a c t i o n  was low and  
could no t  be increased by  using subs t ra te  

30-  

.08 mM 
2 0 -  

1 0 -  

4 6 10 
C-NUMBERS OF prim-ALCOHOLS 

FIG. 2. Rates of 2.6-dichloroindophenol reduction 
with straight primary alcohols: extract from ethanol- 
grown cells. 

c o n c e n t r a t i o n s  h igher  t han  40  mM. There  seems 
to  be no  a f f in i ty  b e t w e e n  the  lower  a lcohol  and  
th is  enzyme .  With  the  h igher  a lcohols  the  low 
ra te  is to  be  a t t r i b u t e d  to  t oo  low concen t r a -  
t ions  of  the  subs t ra te ,  due to  the  low solubi l i ty  
o f  t he  h igher  a lcohols .  

The  low ra te  o f  e t hano l  o x i d a t i o n  is sur- 
prising, because  the  cells used in the  e x p e r i m e n t  
r ep re sen t ed  by  the  open  bars  were grown on 
e thano l .  The re fo re  we t h o u g h t  i t  wor thwhi l e  to  
inves t igate  the  c rude  ex t rac t s  for  the  presence  
of  a n o t h e r  a l coho l  dehydrogenase  t h a t  is more  
ap t  to  diss imilate  t he  a lcohols  of  var ious chain  
lengths .  We t h e n  f o u n d  an  e n z y m e  which  
reduces  p h e n a z i n e  m e t h o s u l f a t e  (PMS), dichlo-  
r o i n d o p h e n o l  (DCIP)  and  c y t o c h r o m e  c, bu t  
n o t  NAD(P) .  PMS is au tox id i zab le  and  can be 
used to med ia t e  b e t w e e n  e n z y m e  and  oxygen.  
By use of  PMS it can  be d e m o n s t r a t e d  in the  
Warburg  r e s p i r o m e t e r  t ha t  the  ac t iv i ty  of  the  
e n z y m e  d e p e n d s  o n  t he  presence  of  the  dye and  
t h a t  i t  does  no t  reac t  d i rec t ly  w i th  oxygen.  

In the  n e x t  series of  e x p e r i m e n t s  we investi- 
ga ted  w h e t h e r  th is  PMS-reducing e n z y m e  was 
induc ib le  (Table  I). Var ious  subs t ra tes  were 
used  for  growing  t he  cells. The  activi t ies deter-  

TABLE I 

Assay of a Constitutive and an Inducible Alcohol Dehydrogenase 

Extract, 
1 hr, 38,000 g sup. 
of cells  grown on: 

Dehydrogenation of 1,6-hexanediol 

NADP, 
gmole rain -1 mg -1 

PMS-O2, 
/zi 0 2 h -1 mg -1 

Peptone-glucose 
Hexanedioate 
Lactate 
1 , 6 - H e x a n e d i o l  
n-Heptane 
Ethanol 

0.33 
0.23 
0.21 
0.25 
0.19 
0.23 

2 
1 
2 

73 
81 
90 
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FIG. 3. Rates of 2,6-dichloroindophenol reduction 
with straight primary alcohols: extract from n-octane- 
grown cells. 
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mined by analyzing the extract for the constitu- 
tive NADP-linked enzyme merely confirm the 
constitutive character of this enzyme. All the 
assays were carried out with 1,6-hexanediol, 
because this compound had proved to be an 
excellent substrate for both enzymes. The 
results of our assay of  the PMS-reducing en- 
zyme definitely show that this enzyme is 
inducible; high values ar found only with the 
alcoholic growth substrates or with n-hexane, 
which is known to be degraded via an alcohol. 

Figure 2 shows the effect of the chain length 
of the alcohol on its oxidizability by the 
inducible enzyme as present in extracts of 
ethanol-grown cells. The assays were carried out 
by measuring the rate of DCIP reduction. All 
the oxidation rates from ethanol up to decanol 
were about equal, but to obtain this result we 
had, in particular, to adjust the concentrations 
of the higher alcohols to a value depending on 
the C-number of the alcohol. An unexpected 
finding was that results were different when 
using an extract from n-octane-grown cells (Fig. 
3). In this case ethanol is not oxidized to any 
appreciable extent. To obtain a generally con- 
sistent result, as in the foregoing experiment, 
we had to watch the concentrations of the 
substrate even more carefully. 

The higher alcohols were very toxic when 
overdosed. The concentrations used are written 
in the bars. They are far below saturation. 

When comparing this experiment with the 
preceding one, we arrive at two conclusions. 
There are at least two different forms, variants 
or modifications of the inducible alcohol dehy- 
drogenase. One is capable of oxidizing ethanol, 
the other is not. The second conclusion is that a 
r e g u l a r  d e c r e a s e  in optimal substrate 
concentrations with increasing chain length of 
the alcohol reflects an increase in affinity of the 
enzyme for its substrate when the chain length 
of the alcohol increases. 

FIG. 4. Inhibition of the inducible alcohol dehy- 
drogenase by excess substrate. Three different extracts 
of n-hexane-grown cells were used. The three curves 
were corrected to read the same maximum velocity of 
100 arbitrary units. 

We continued our studies by looking more 
closely into the inhibition by excess substrate. 
Figure 4 shows the enzyme activity as a 
function of  substrate concentration for 1-oc- 
tanol, 1-hexanol and 1-pentanol. Michaelis' law 
is obeyed at lower concentrations, but the 
curves go through a maximum and the rate falls 
off again at higher concentrations. The decrease 
in activity at higher concentrations follows 
Haldane's equation for the inhibition of en- 
zyme action by excess substrate fairly well 
(Dixon and Webb, 6). 

Haldane's equation is based on the assump- 
tion that the enzyme has more than one active 
site and that excess substrate converts an active 
ES complex into an inactive SES complex. This 
decreases the amount of the active ES complex, 
resulting in a decreased rate of enzyme action. 

S u b s t r a t e  R a t e  a) 

HOH2C . CH 2 �9 CH 2 �9 CH 2 �9 CH 2 �9 CH2OH 110 

HOOC . CH 2 . CH 2 . CH 2 . CH 2 �9 CH2OH 4 

O % C  . CIt 2 �9 CH 2 �9 CH 2 �9 CH 2 �9 CH2OH 110 
H 3 C O /  

HOH2C . CH 2 . O .  CH 2 . CH2OH 4 

CH 3 

CH 3 . CH . CH2OH 4 

.CH 3 

H3C . CH 2 �9 CH 2 . CH 2 �9 CH . CH2OH 100 

FIG. 5. Oxidation of the primary hydroxyl group 
of various compounds by an extract of hexane-grown 
cells. The rate of dichloroindophenol reduction ob- 
tained with 1-hexanol is arbitrarily set at 100. 
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CONCENTRATION, mmoto/t 
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0 SO 6 0  9 0  120 150 

rain 
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I | I I 
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min 
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FIG. 6. Competition between 1-hexanol and 1-bu- 
tanol for the inducible NAD(P)-independent alcohol 
dehydrogenase. Ceils and extract obtained after 
growth on ethanol. Residual concentrations were 
followed by GLC analysis of samples taken from the 
incubation mixture. Phenazine methosulfate added to 
enzyme preparation. 

At higher substrate concentrations Haldane's 
equation in its reciprocal form, is represented 
by a straight line. 

When we tested Haldane's equation graphi- 
cally we actually found a straight line, which 
means that the enzyme has indeed more than 
one active site, and that the substrate molecule 
occupies two or more active sites of the 
enzyme. One of these sites will no doubt be 
occupied by the hydroxyl group. The other 
will therefore bind the aliphatic chain. The only 
way to do so is by formation of hydrophobic 
bonds between the aliphatic chain and regions 
of the enzyme surface with a hydrophobic 
character. 

With respect to the hydrophobic bonds, it 
can be said that they owe their stability to the 
polarity of  the solvent, which is water. Water 
molecules easily form hydrogen bonds between 
one another and by doing so they will expel the 
aliphatic chains, which then tend to  stick to 
hydrophobic parts of the enzyme surface. In 

mM 

2.0 XANEDIOL 

1.5 

0.5 

30 60 90 120 
mirl 

FIG. 7. Oxidation of a mixture of 1-hexanol and 
1,6-hexanediol by intact hexane-grown cells. Residual 
alcohol concentrations were followed by GLC analysis 
of withdrawn samples. 
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FIG. 8. Effect of partial pressure of n-pentane on 
specific growth rate. Reproduced from Reference 15. 

this way it is easy to understand that there will 
be a negative correlation between the affinity 
of the enzyme for the alcohol and the solubility 
of the latter in water. 

This negative correlation can be illustrated 
with the compounds listed in Figure 5. 

1,6-Hexanediol is one of the best substrates, 
because it is not easily overdosed. The corres- 
ponding hydroxy acid, which is much more 
soluble in water, is not a substrate. A high oxi- 
dation rate is, however, found for the methyl 
ester, which has a lower solubility in water. Di- 
ethylene glycol is highly soluble in water and is, 
accordingly, not oxidized, while the same seems 
to be true for isobutanol when we compare this 
a-methyl-substituted alcohol with 2-methyl- 
hexanol-1. 

Another consequence of the hydrophobic 
character of the enzyme is that it prefers the 
alcohol with the lower solubility in water, when 
incubated with a mixture of two alcohols. 
Figure 6 shows that an extract of ethanol- 
grown cells, when incubated with equimolar 
concentrations of 1-hexanol and 1-butanol, first 
oxidizes l-hexanol. Interestingly, the results 
with intact resting cells are quite similar. In 
both cases 1-butanol is oxidized only upon ex- 
haustion of  1-hexanol. 

Figure 7 shows that the extract from hex- 
ane-grown cells in a similar experiment selects 
1-hexanol from its mixture with 1,6-hexane- 
diol, as can be expected from the lower solubili- 
ty in water of  1-hexanol. 

Our earlier work (6) furnishes another 
example of a competit ion between two sub- 
strates which, in fact, is a special case of compe- 
titive inhibition. During the oxidation of 
1,6-hexanediol by resting cells grown on this 
diol, there is an accumulation of 6-hydroxy- 
hexanoate. Upon exhaustion of the 1,6-diol the 
enzyme turns to the less hydrophobic 6-hy- 
droxyhexanoic acid, converting it into adipate, 
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SUBSTRATE PRODUCT RATE a) SUBSTRATE PRODUCT RATE 

- C H 3 HO - ~ -  C H3 I00 

~ -CH20H 

~ C H 2 O C H 3 ~ C H 2 O C H 3  50 
HO~ ~ /  

< ~  CH3 

C~H~ 
CH 3 

<~ /CH3 /7-~X /CH2 OH 
C H CH 

CH 3 ~ "CR 3 
CH 3 CH 3 

/CH3 ~ /CH20H 
H3CJ~ ~- Cxl-I H3C'~__~-CH 

CH 3 ~ xCH 3 

35 

50 

FIG. 9. Enzymatic hydroxylation of monosubsti- 
tuted cyclohexanes. All rates in this and following 
figures are expressed as a percentage of the rate of 
n-octane hydroxytation. 

which is highly oxidizable and does not accu- 
mulate to any appreciable extent. (Free 
6-hydroxyhexanoic acid, as already shown in 
Figure 5, is not a substrate for the inducible 
alcohol dehydrogenase. In the experiment with 
intact cells the 6-hydroxyhexanoic acid is con- 
verted into its CoA derivative, which has a 
lower solubility than the free acid.) 

From this competitive inhibition it can be 
concluded that one enzyme is responsible for 
the oxidation of both the 1,6-diol and the 
6-hydroxyhexanoic acid. This experiment and 
the one of Figure 7 further show that the pri- 
mary alcohol is oxidized in preference to the 
a,co-diol and that in turn the a,c0-diol is oxi- 
dized in preference to the co-hydroxy acid. 
Again we find that the higher affinity of the 
enzyme for its substrate correlates with the 
lower solubility of the substrate in water. 

Paraffin Dissimilation. At this point we re- 
call the discussion in earlier years on the ques- 

SUBSTRATE PRODUCT RATE 

~ _  CH3 ~ CH20H C:H C'H 55 

FIG. 11. Enzymatic hydroxylation of cymenes. 

tion of monoterminal versus diterminal oxida- 
tion in paraffin dissimilation. By 1963 a mono- 
terminal attack on the molecule and a pathway 
through a number of fatty acids linked by 3- 
oxidation seemed clearly established. However, 
in that year Kester and Foster (7) detected 
co-hydroxydecanoic acid in a culture of Coryne- 
bacterium on decane and they started a discus- 
sion on the question of whether a second path- 
way, initiated by diterminal attack on the 
paraffin, could contribute significantly to paraf- 
fin dissimilation. This, we learned later, does 
not seem to be the case. 

When looking at that problem now we un- 
derstand why the co-hydroxy acid could be de- 
tected with relative ease. Our experiments sug- 
gest that the hydroxy acid accumulated because 
of its lower affinity for the alcohol dehydro- 
genase, which prefers oxidation of  the primary 
alcohol, present during n-paraffin dissimilation; 
the primary alcohol is more hydrophobic than 
the co-hydroxy acid. In other words, the pre- 
sence of a hydrophobic alcohol dehydrogenase 
will result in a major degradation pathway 
through the more hydrophobic mono-func- 
tional intermediate. Thus a,co-oxidation pro- 
ducts are by-products which will often be easily 
degradable upon exhaustion of the primary al- 

SUBSTRATE PRODUCT RATE 

/CH3 
HO-~ ~-CH 

~CH 3 

#-'--s /CH3 
H3CO -(Q~,','~X CH 

"CH 3 

CH20H 
H3COJx~X CH 

~.H 3 
20 

/CH3 ~ /C H20H 
CH C H 
xCH 3 CH 3 

/CH3 
CH 2 CH 

CH 3 

55 

NX . ~  CH3 
C H 

-- CH 3 

FIG. 10. Enzymatic hydroxylation of substituted 
benzenes. 

CH~ -- CHzO" 
CH2-CH2- OH ~ CH2-CH2~CH 60 

~CH 3 CH 3 

FIG. 12. Enzymatic hydroxylation of alkyl-substi- 
tuted benzenes. 
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FIG. 13. Scale molecular models of isopropylben- 
zene (a), isobutylbenzene Co) and isopentylbenzene (c) 
(see text). 

SUBSTRATE PRODUCT RATE 

/CH 3 /CH20H 

CH 5 

CH 3 

60 

NOT DETD. 3 

NOT OETD. 5 

FIG. 14. Enzymatic hydroxylation of cis-and 
trans-cyclohexane derivatives. The site of the hydroxyl 
group is not established. 

cohol. 
a-Olefin Dissimilation. From investigations 

on the degradation of a-olefins by bacteria it 
was concluded that bacteria prefer attacking 
the olefin at the saturated end of the molecule 
(8,9), though the double bond was found to be 
involved in some minor side reactions (10). One 
of these side reactions was the formation of a 
1,2-diot. 

A Candida yeast, unlike the bacteria, seemed 
to degrade the a-olefin from the unsaturated 
end of the molecule, as was concluded by 
various authors (8,11,12) mainly from the accu- 
mulation of the 1,2-diol in the fermentation 
broth. 

Markovetz and his group (13) reinvestigated 
this yeast and demonstrated that, apart from 
attack on the double bond, the yeast also 
hydroxylates the a-olefin at its methyl group, 
like bacteria. 

As far as we know, the main pathway of 
a-olefin dissimilation in the yeast has not yet 
been definitely established but we are inclined 
to assume that the accumulation of the 1,2-diol 
is again caused by the presence of a more 
hydrophobic primary alcohol formed by attack 
at the saturated end of the molecule. In our 
opinion further experiments might well go to 
show that a-olefin degradation in yeast and in 
bacteria is essentially similar and that 1,2-diol 
formation, as well as other reactions involving 
the double bond, are more or less important 
side reactions in bacteria as well as in yeasts. 

Paraffin Hydroxylase System 
A hydrophobic character of the hydrocar- 

bon oxidizing system is to be expected. Its 
demonstration as for the alcohol dehydrogenase 
is far from easy; paraffin concentrations in 
water cannot easily be adjusted as required. 
Below we want to review some phenomena 
which seem to confirm our expectations. 

Uemura et al. (14) measured the relation be- 
tween specific growth rate of a bacterium as a 
function of n-pentane vapour pressure. This 
relation (Fig. 8) reminds one of the relation 
found between the activity of the alcohol de- 
hydrogenase and the concentration of n-pen- 
tanol (Fig. 4). Admittedly, the similarity be- 
tween the two curves might well be coinciden- 
tal, but  it might also reflect the inhibition of 
the paraffin hydroxylase by excess substrate. 

More convincing arguments can be found 
when we examine the paraffin hydroxylase for 
its specificity to hydroxylate various com- 
pounds. The examples which follow are a selec- 
tion from our studies which will be published 
elsewhere (J.C. Van Ravenswaay Claasen and 
A.C. Van der Linden, in preparation). 
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All the hydroxyla t ions  were carried out  wi th  
a crude enzyme extract  obta ined  f rom n-hep- 
tane-grown P s e u d o m o n a s  cells. The rate of  the 
react ion was arbitrarily set at 100 for the 
hydroxy la t ion  of  n-octane.  Figure 9 then shows 
that  me thy lcyc lobexane  is hydroxy la ted  in the 
ring at the 4-trans posit ion.  Cyclohexyl  meth- 
anol,  more soluble in water ,  is not  hydroxy-  
lated. Decreased solubil i ty of  the methyl  e ther  
enables the  hydroxyla t ing  enzyme  system to 
react  again. 

A selection of  subst i tuted benzene substrates 
is given in Figure 10. Hydroxy la t ion  of  the ben- 
zene ring was never observed. The isopropyl  
group,  however,  easily undergoes hydroxy la t ion  
at, what  is remarkable ,  one  of  its methyl  
groups. 

Increasing the solubil i ty by in t roduct ion  of  a 
phenolic  h y d r o x y  group suppresses the hy- 
droxyla t ion  comple te ly .  If the phenolic  com- 
pound  is methyla ted ,  the solubil i ty in water is 
decreased again. Accordingly,  some hydroxy-  
la t ion  of  p -me thoxy i sopropy lbenzene  was 
found.  Pyridine compounds  are more soluble in 
water  than the corresponding benzenes and the 
finding that  4- isopropylpyr id ine  is not  hydro-  
xy la ted  is no t  surprising. 

We do not  want  to suggest that  the solubil i ty 
in water  is the only decisive factor  for the pos- 
sibility of  hydroxyla t ion .  Substrate configura- 
t ion certainly is also impor tan t ,  as follows, e.g., 
f rom the hydroxy la t ion  of  the cymene  isomers 
(Fig. 11). The o-methyl  group prevents the iso- 
propyl  group f rom becoming coplanar  wi th  the 
benzene  ring. It seems possible indeed that  the 
substrate molecule ,  in order  to be hydroxy-  
lated, must be able to at tain a planar conforma-  
tion. This is fur ther  i l lustrated with the alkyl- 
benzenes  of  Figure 12. Molecular models show 
clearly that  i sopropyl  and isopentylbenzenes ,  
unl ike  i sobutylbenzene ,  can be forced into rela- 
t ively planar confo rmat ions  (Fig. 13). 

Two cis-trans specificit ies which can also be 
explained by the requ i rement  of  a flat substrate 
molecule  are given in Figure !4. In bo th  cases 
the isomers that  are capable of  at taining a 
planar conformat ion  are the bet ter  substrates 
for  hydroxyla t ion .  

In all cases of  cis-trans specificity encoun-  
tered in our s tudy,  ei ther  with respect to cis- 
trans isomers of  the substrates, or  with respect 
to those substrates where the  hydroxyl  group 
can be in t roduced  into a cis or  a trans posit ion,  
we found  that  the isomer favoured  is the planar 
one.  

No specif ici ty was no t ed  towards cis or 
trans-olefins,  which corresponds  with the fact 
that  bo th  isomers can a t ta in  a flat conforma-  
t ion.  Also the absence o f  specificity no ted  to- 
wards D- and L-methyl-subst i tu ted  alkanes (15) 
is in accordance with  t he  view that  the sub- 
strate is bound  to a hyd rophob ic  surface. 

Consequent ly ,  hyd rophob ic  a t t achment  of 
the (planar) hydrocarbon  to a hydrophob ic  en- 
zyme surface seems to govern the hydroxy-  
lat ion of  g rowth  and of  non-growth hydrocar-  
bons,  and this is a lead when contempla t ing  co- 
ox ida t ion  exper iments  aiming at the p roduc t ion  
of  typical  compounds .  

We realize that  our  hypothes is  based on ex- 
periments  with heptane-grown cells of  Pseudo-  
monas  473 and its crude extracts  applies to this 
strain and to this growth-substra te  only,  but  we 
hope  that  we have succeeded in demonst ra t ing  
the impor tance  o f  hyd rophob ic  interact ions for 
our  unders tanding of  dissimilative pathways of  
aliphatic hydrocarbons  as well as for predict ing 
the possibili ty of  hyd roxy la t i on  of  various 
hydrocarbons  and their  derivatives by extracts  
f rom paraffin-grown cells. 
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Metabolism of Alkane by Yeast1 
J.M. LEBI=AULT2 and E. AZOULAY, Laboratoire de Chimie Bacterienne CNRS, 
31 Chemin Joseph Aiguier, Marseille, France 

ABSTRACT 

We demonstrated two NAD+-linked al- 
cohol dehydrogenases in cell free extracts 
of Candida tropicalis grown on n-tetra- 
decane. Comparative studies of localiza- 
tion, properties and regulation indicate 
that these enzymes are involved in two 
different pathways of n-alkane metabol- 
ism, one cytoplasmic and the other mito- 
chondrial. Kinetic properties, such as the 
variation of the K m and Vma x as a 
function of substrate chain length of the 
soluble NAD+-linked alcohol dehydro- 
genase, might involve hydrophobic inter- 
actions between the substrate and the en- 
zyme. 

I N T R O D U C T I O N  

Aliphatic hydrocarbons are oxidized by way 
of a primary alcohol and aldehyde to yield the 
corresponding fatty acid; the exact intermedi- 
ates in the formation of the primary alcohol 
have not yet been clearly established. Pathways 
involving hydroperoxide, alkene and epoxide 
derivatives have been proposed (1,2). In bac- 
teria a cell free system which hydroxylates 
hydrocarbons has been shown to involve rubre- 
doxin (3) and two other protein components 
(4). A bacterial system involving hemoprotein 
P-450 has also been reported (5). Early studies 

1One of five papers being published from the 
Symposium "Biochemistry of Hydrocarbon Degrada- 
tion," presented at the AOCS Meeting, Chicago, 
September 1970. 

2permanent address: Microbiological Division, 
Societe Francaise des Petroles, B.P., 13 Lavera, 
France. 

with yeast have primarily involved a characteri- 
zation of the oxidation products obtained from 
cultures of Candida lypolitica growing at the 
expense of 1-alkene (6). Klug and Markovetz 
(7,8) proposed two pathways for the degrada- 
tion of 1-alkene involving oxidation at both 
ends of the molecule. The attack at the double 
bond was not of minor importance as described 
by Huybregste and Van der Linden (9) with 
Pseudomonas species. Recently, Iizuka et al. 
(10) and Wagner et al. (11) have been able to 
isolate 1-alkene as a product of enzymatic oxi- 
cation of alkane by a cell free extract of yeast 
grown on hydrocarbons. These studies are in 
accord with the mechanism of hydrocarbon de- 
hydrogenation as reported by Senez and Azou- 
lay (12). Although we have failed ( 1 3 ) t o  show 
directly the formation of 1-alkene by cell free 
extracts of Candida tropicalis grown on n-al- 
kanes, the formation of 1-alkene as an inter- 
mediate in alkane oxidation in these extracts is 
supported by three facts: (a) There is a decane 
dependent reduction of NAD + in the presence 
of ATP by cell free extract of tetradecane- 
grown cells. (b) Induction studies have shown 
that this NAD + reduction is catalyzed by ex- 
tracts of cells grown on n-tetradecane; lower 
activities are observed with extracts from cells 
grown on 1-tetradecene. No activity is observed 
with cells grown on glucose. However, we have 
observed very low activity with a different 
strain of yeast grown on glucose. Apparently 
this organism oxidizes alkane constitutively and 
has a low level of a constitutive dehydrogena- 
tion system (13). (c) Crude extracts of  tetrade- 
cane-grown cells are able to convert 1-decene to 
1-decanol. 

This system which catalyzes the decane de- 

TABLE I 

Purification of the Soluble NAD + Linked Alcohol Dehydrogenase 

Fractions 

Aslb 
Specific Total 
activity a activity Yield, % As2C 

Sephadex G10 82 108,000 100 1.69 
DEAE-cellulose (after 

precipitation with (NH4)2SO 4 80%) 1530 38,000 35 1.58 
Sephadex G200 2340 22,000 20 1.64 

aSpecific activity is expressed as nanomoles of NAD + reduced per minute per milligram 
of protein. 

bAsl specific activity with 1-decanol as substrate. 
CAs2 specific activity with 1-10-decanediol as substrate. 
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TABLE II TABLE III 

Spec i f i c i ty  o f  Substrate  
o f  the  Soluble Alcohol Dehydrogenase 

Subs tra te  Activity, % 

l-Decanol 100 
2-Decanol 80 
5-Decanol 0 
9-Decene- I-ol 42 
1-10-Decanediol 50 
Ethanol  0 
Pro panol 0 
Butanol  3 
Hexano l  25 
Cyclohexanol 0 
Heptanol 40 
Octanol 70 
Nonanol 75 
Undecanol 85 
D o d e c a n o l  120 
Tridecanol 90 
Tetradecanol 90 

p e n d e n t  NAD + r e d u c t i o n  in t he  p resence  of  
ATP as well as a lcohol  and  a ldehyde  dehydro -  
genases and  acy l -CoA syn the t a se  is loca ted  in 
m i t o c h o n d r i a  (13 ,14) .  The  m i t o c h o n d r i a  were 
p repa red  f rom p ro top la s t s  o b t a i n e d  f rom te t ra-  
decane-grown cells of  C. tropicalis (1 5). We also 
f o u n d  a so luble  e n z y m e  which  was able  to  carry 
ou t  the  d e h y d r o g e n a t i o n  of  p r imary  alcohols.  
In o rder  to  d e t e r m i n e  w h e t h e r  or  n o t  these  en- 
zymes  are involved  in d i f fe ren t  p a t h w a y s  of  de- 
g rada t ion  of  h y d r o c a r b o n s ,  we have c o m p a r e d  
the  p roper t i e s  of  t he  m i t o c h o n d r i a l  and  soluble  
a lcohol  dehydrogenases .  

RESULTS 

Study of the Soluble NAD+-Linked 
Alcohol Dehydrogenase 

The p repa ra t i on  of  cell free ex t r ac t s  and  the  i/v 9 
m e a s u r e m e n t  of  the  e n z y m a t i c  ac t iv i ty  of the  
m i t o c h o n d r i a l  a lcohol  dehyd rogenase  have been  s 
r epo r t ed  e lsewhere  (13 ,16) .  The  a l coho l  dehy-  
drogenase  ac t iv i ty  is expressed  in n a n o m o l e s  o f  
NAD + r educed  per  m i n u t e  per  mi l l igram pro- 6 -  
rein. 

A soluble  NAD+- l inked  a lcohol  dehyd ro -  5 -  
genase (a lcohol  NAD + o x i d o r e d u c t a s e  EC 4 -  
11 11) has been  f o u n d  in cell free ex t rac t s  of  C. 
tropicalis cu l t iva ted  on  n - t e t r adecane .  This en- 3 
zyme  cata lyzes  the  ox ida t i on  of  1-decanol  and  z 
1-10 decanid io l  in the  presence  of  N A D  +. The  
analysis  of  the  p roduc t s  of  the  r eac t i on  shows i 
t h a t  1-decanol  is t r a n s f o r m e d  to  decana l  and  
decanoic  acid;  however ,  1-10 decaned io l  is oxi- 0 
dized on ly  to  the  co r r e spond ing  6o-hydroxy-  
acid. 

Pur i f ica t ion  of  the  soluble  a l coho l  d e h y d r o -  
genase has  b e e n  carr ied ou t  on ly  in o rder  to  

D e t e r m i n a t i o n  o f  
K m and Vma x o f  the  Soluble Alcohol 

Dehydrogenase for Primary Alcohols and Diois 

Substrate  K m (raM) Vma x 

1-Decanol 0.24 1750 
1-Dodecanol O. 15 1850 
1-Tetradecanol 0.12 2125 
1-10 Decanediol 0.86 860 
1-I 1 Undecanediol 0.72 940 
1-12 Dodeeanediol 0.60 1120 

s tudy  the  ra t io  of  the  ac t iv i ty  measu red  w i th  
1-decanol  and  1-10 decaned io l  as subst ra tes .  
Table  I shows t h a t  th i s  ra t io  r e m a i n s  c o n s t a n t  
dur ing  the  pur i f i ca t ion .  

With  pur i f ied  ex t rac t s  the  e n z y m a t i c  ac t iv i ty  
is p r o p o r t i o n a l  to  p r o t e i n  c o n c e n t r a t i o n .  It is 
specific for  NAD + (Km = 0.4 mM) wh ich  can- 
no t  be  rep laced  by  NADP +. The  m a x i m a l  ra te  
o f  ac t iv i ty  is observed  at  pH 9 in 0 .05  M Tris- 
HC1 buffer .  The  subs t r a t e  speci f ic i ty  is s h o w n  
in Table  II; 2 -decanol  is a subs t ra te  bu t  o t h e r  
secondary  a lcohols  are no t .  1-10 Decaned io l  as 
well as 9-decene-1 ol are subst ra tes .  It is w o r t h  
n o t i n g  t ha t  a lcohols  w i th  a chain  l eng th  be low 
five a toms  of  c a r b o n  are no t  subs t r a t e s  of  the  
soluble  enzyme .  

The  Michaelis c o n s t a n t s  d e t e r m i n e d  wi th  dif- 
f e ren t  a lcohols  are s h o w n  in Table  III. As a 
f u n c t i o n  of  the  cha in  length ,  the  a f f in i ty  of  the  
subs t ra te  for  t he  soluble  e n z y m e  increases  w i th  
longer  chain  lengths .  For  var ious  a lcohols  of  the  
same chain  l e n g t h  the  a f f in i ty  is h igher  for  the  
p r imary  a l coho l  t h a n  for  the  c o r r e s p o n d i n g  
diol.  Maximal  veloci t ies  increase  also as a func-  
t i o n  of  chain  length .  For  the  m i t o c h o n d r i a l  al- 

0 
I/[Substrate]. (IO-4M) 

I I 

O | - 

) ) 
0.5 1.0 

FIG. 1. Variation of K m (curve 1) and Vroax 
(curve 2) as a function of chain length (semilogarlth- 
mic graph). 
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FIG. 2. Reciprocal plot of velocity vs. substrate 
concentration: 1) 1-decanol; 2) 1-dodecanol, 3) 1-tet- 
radecanol; NAD + , 7 �9 10 -3 M. The system is incubated 
in Tris-HC1 buffer 0.05 M (pH 9) with 1 mg of protein. 

coho l -dehydrogenase  it has been  d e m o n s t r a t e d  
tha t  the  aff ini ty  o f  the subst ra te  for  the  en- 
zyme decreases wi th  increasing chain length.  
The maximal  veloci ty also increases wi th  chain 
leng th  (Fig. 1). 

The soluble enzyme  activity as a func t ion  o f  
subst ra te  concen t r a t i on  is shown in Figure 2. 
Inhib i t ion  by subs t ra te  is observed at  high sub- 
s t ra te  levels. Inhibi t ion is no t  observed wi th  
diol  as subst ra te  (Fig. 3). The kinet ics  o f  ther-  
mal inact ivat ion,  as well as the e f fec t s  o f  vari- 
ous inhibi tors  on the  activity,  show that  de- 
canol  and 1-10 decanediol  are subs t ra tes  of  the  
same soluble enzyme.  Table IV shows tha t  the  
act ivi ty is no t  sensitive to  KCN or NaN 3. This 
observa t ion  is similar to  tha t  previously des- 

TABLE IV 

Effect of Inhibitors on the 
Alcohol Dehydrogenase Activity Measured 

With l-Decanol and 1-10 Decanediol as Substrate 

Inhibition, % 

Inhibitors l-Decanol 1-10 Decanediol 

10 -3 M 
Iodoacetate 21 20 
Hydrox ylamine 53 55 
KCN 15 13 
NaN 3 18 19 
HgCI 2 100 100 
PCMB 100 100 

6.10 -3 M 
n-Deeane 46 50 
Fluorodecane 59 59 
Chlorodecane 39 39 
Bromo decane 31 31 
Iododecane 23 23 
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FIG. 3. Reciprocal plot of velocity vs. substrate 
concentration: 1) 1-10 decandiol; 2) 1-11 undecane- 
diN; 3) 1-12 dodecanediol; NAD +, 7 �9 10 -3 M. The 
system is incubated in Tris-HC1 buffer 0.05 M (pH 9) 
with 1 mg of protein. 

cr ibed by Roche  and Azoulay (17) wi th  the  
a lcohol  dehydrogenase  f rom S. cerevisiae grown 
on n- te t radecane .  

Regulat ion studies show tha t  the soluble al- 
cohol  dehydrogenase  is specifically induced  by 
alkane and its metabol ic  in te rmedia te .  No en- 
z y m e  is de tec ted  wi th  glucose-grown cells. In 
cont ras t ,  a low but  significant cons t i tu t ive  level 
o f  the  mi tochondr ia l  a lcohol  dehydrogenase  is 
ob t a ined  wi th  glucose-grown cells as shown in 
Table V. 

DISCUSSION 

The results ob ta ined  demons t ra t e  tha t  b o t h  

TABLE V 

Influence of the Growth Substrate on the Specific 
Activities of the Two Alcohol Dehydrogenases 

Specific activity a 

Mitochondrial 
alcohol Soluble alcohol 

Growth substrate dehydrogenase dehydrogenase 

Glucose 39 0 
n-Tetradecane 600 450 
1-Tetradecanol 249 300 
Tetradecanal 130 200 

aSpecific activity is expressed in nanomoles of 
NAD + reduced per minute per milligram of protein. 
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decanol and 1-10 decandiol are dehydrogenated 
by the same inducible enzyme. However, it is 
not clear why the decandiol is converted only 
to the w-hydroxyacid and not the corres- 
ponding dicarboxylic acid. Kinetic studies have 
shown that the oxidation of the primary alco- 
hols is inhibited by an excess of substrate and 
that the affinity of the substrate for the en- 
zyme increases with chain length. Van der Lin- 
den and Huybregste (18) have previously re- 
ported the same properties for an inducible al- 
cohol dehydrogenase which is not dependent 
on NAD + or NADP +. They explained their re- 
sults by assuming that the enzyme has at least 
two essential binding sites for the alcohol sub- 
strate: one site will bind the  hydroxyl group 
while the other binds the aliphatic chain by 
hydrophobic bonds. Using such a model and 
assuming that the minimal distance between the 
two essential binding sites is at least five carbon 
atoms, we can easily explain the variation of 
affinity with different alcohols, the inhibition 
by excess of substrate, and also the substrate 
specificity. This model also explains why the 
diols are oxidized only to the corresponding 
6o-hydroxyacid, since the polarity of the 
w-hydroxyacid does not allow it to fit into the 
hydrophobic site of the dehydrogenase. A simi- 
lar model has been proposed by Bardley et al. 
(19) to explain the kinetic properties and the 
substrate specificity of the diamine oxidase. 

That the soluble alcohol dehydrogenase may 
result from solubilization of the mitochondrial 
enzyme is apparently ruled out by the differ- 
ences in kinetic properties between the two de- 
hydrogenases, although these differences may 
be due to an altering of the enzyme by solubili- 
zation. Induction studies clearly indicate that 
this soluble alcohol dehydrogenase, different 
from the mitochondrial enzyme, is involved in 
another pathway of degradation of hydrocar- 
bons. A second pathway is also shown by the 
presence in the cytoplasmic fraction of an alde- 
hyde dehydrogenase and a dicarboxylic acyl 
CoA synthetase (20). 
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Microbial Subterminal Oxidation of Alkanes and AIk-l-enes 1 
J.E. ALLEN, F.W. FORNEY 2 and A.J. MARKOVETZ, Department of 
Microbiology,. University of Iowa, Iowa City, Iowa 52240 

ABSTRACT 

O x i d a t i o n  of  n-a lkanes  and  a lk - l -enes  
b y  a Penicillium species and  Pseudomonas 
aeruginosa resul ted  in t he  f o r m a t i o n  of  
i n t e rmed ia t e s  arising f rom the  ox ida t i on  
of  m e t h y l e n e  groups.  A ca tabol ic  pa th-  
way involving ox ida t i on  of  the  hyd roca r -  
b o n  t o  a secondary  a l coho l  and  the  
co r r e spond ing  ke tone ,  fo l lowed  b y  the  
f o r m a t i o n  and  s u b s e q u e n t  cleavage of  an  
ester  i n t e r m e d i a t e  is p resen ted .  

Several repor t s ,  beg inn ing  as early as 1895 
(1-4),  a d e q u a t e l y  tes t i fy  to  the  fact  t ha t  var ious 
a l ipha t ic  h y d r o c a r b o n s  can  be assimilated b y  
diverse f i l amen tous  fungi.  However ,  t he  a t t en -  
dan t  r eac t ions  conce rned  w i t h  ca tabol i sm of  
these  c o m p o u n d s  by  fungi  have  received scant  
a t t e n t i o n .  Yamada  and  Tor igoe  (5)  p rov ided  
some evidence  o n  the  m o d e  of  ox ida t ion  of  
a l ipha t ic  h y d r o c a r b o n s .  E m p l o y i n g  a m i x t u r e  
of  n-a lkanes  (C9-C l o) as g r o w t h  subs t ra t e  these  
workers  d e t e r m i n e d  t h a t  the  ma in  acids pro-  
duced  by  a Botrytis species were  t he  C 9 and  
C10 m o n o -  and  d icarboxyl ic  acids der ived f rom 
the  o x i d a t i o n  of  n o n a n e  and  decane  in the  
subs t r a t e  mix tu re .  

In ou r  l a b o r a t o r y  some 53 s t ra ins  o f  f i lamen-  
tous  fungi  r epresen t ing  32 species were checked  
for  the i r  abi l i ty  to  ut i l ize five e v e n - n u m b e r e d  

1One of five papers being published from the 
Symposium "Biochemistry of Hydrocarbon Degrada- 
t ion," presented at the AOCS Meeting, Chicago, 
September 1970. 

2present address: Department of Microbiology, 
Louisiana State University, Baton Rouge, La. 

TABLE I 

GLC Analyses of Alcohols From Tetradecane a 

Retention time, Trimethylsilyl 
Alcohols min derivative 

Standard 
Tetradecan-4-ol 20.1 5.5 
Tetradecan-3-ol 21.2 6.2 
Tetradecan-2-ol 23.5 6.7 

Experimental 
Tetradecan-4-ol 20.5 5.6 
Tetradecan-3-ol 21.6 6.5 
Tetradecan-2-ol 24.1 7.1 

aAnalyses were performed at 190 C using a 10 ft 
column with 5% free fatty acid phase (Varian-Aero- 
graph, Walnut Creek, Calif.) as the liquid phase. 

a lkanes  and  a lk - l -enes  of  10-18 c a r b o n  a toms  as 
sole ca rbon  sources  for  g r o w t h  (6). Cunning- 
hamella blakesleeana, which  exh ib i t ed  profuse  
g rowth  on  all subs t ra tes  t e s t ed ,  and  a Penicilli- 
um species were  selected for  f u r t h e r  s t udy  using 
t e t r adecane  and  t e t r a d e c - l - e n e  as substrates .  
The  iden t i f i ca t ion  of  t e t r a d e c a n o i c  acid and  
te t radec-13-eno ic  acid as p r e d o m i n a n t  acids 
arising f rom the  o x i d a t i o n  of  t e t r adecane  and  
t e t r adec - l - ene ,  respect ively ,  by  C. blakesleeana, 
provided  evidence for  m e t h y l  g roup  ox ida t ion  
(7). However ,  these  resul ts  were  no t  seen when  
the  Penicillium species ox id i zed  the  two  C14 
substrates .  Th in  layer  c h r o m a t o g r a p h i c  (TLC) 
analyses of  h y d r o l y z e d  mycel ia l  ma t  ex t rac ts  
f r o m  cells g rown on  t e t r adecane  revealed classes 
of  c o m p o u n d s  co r r e spond ing  to  secondary  al- 
cohols  and  ke tones .  Gas l iquid ch roma tog raph ic  
(GLC)  analysis  of  the  a l coho l  class o n  a polar  
co lumn  is s h o w n  in Table  I. The  th ree  experi-  
m e n t a l  s econda ry  a lcohols  co r r e sponded  to the  
r e t e n t i o n  t imes  of  the  C 14 a l coho l  s tandards ,  
te t radecan-2- ,  -3- and  -4-ol. Tr imethy ls i ly l  e the r  
derivatives of  the  k n o w n  a n d  exper imenta l  
a lcohols  also c o m p a r e d  favorable .  

Add i t iona l  ana ly t ica l  da ta  on  the  a lcohols  
were fu rn i shed  by  c a r b o n  ske l e ton -hydrogeno-  
ly t ic  cleavage p rocedures  (8 ,9) .  Analyses of  the  
r educed  h y d r o c a r b o n  f r a g m e n t s  ob ta ined  af te r  
th is  t r e a t m e n t  showed  t h a t  each  a lcohol  y ie lded 
a major  c a r b o n  f ragment  o f  14, thus  indica t ing  
chain  length ,  and  in add i t i on ,  mino r  f ragments  
which  arose f rom reduc t ive  cleavage at the  
func t iona l  g roup  were de t ec t ed ,  i.e., 10, 1 1 and  
12 f r agments  (Table  II). This  was indicat ive of  
h y d r o x y l  f u n c t i o n s  in the  4,  3, and  2 pos i t ions ,  

TABLE II 

Carbon Skeleton Analyses 
of Alcohols From Tetradecane 

Alcohols Carbon fragments a 

Standard 
Tetradeean-4-ol 14 and 10 
Tetradecan-3-ol 14 and 11 
Tetradecan-2-ol 14 and 12 

Experimental 
Tetradecan-4-ol 14 and 10 
Tetradecan-3-ol 14 and 11 
Tetradecan-2-ol 14 and 12 

aHydrocarbon fragments resulting from hydro- 
genolytic cleavage were analyzed by GLC on an 8 ft, 
6% Apiezon L column at 145 C. 
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TABLE III 

GLC Analyses of Ketones from Tetradecane a 

449  

Retention time, 
Compounds min After reduction 

Standard ketones 
Tetradecan-4-one 13.9 
Tetradecan- 3-one 15.7 
Tetradecan-2-one 17.9 

Standard alcohols 
Tetradecan-4-o 1 21.2 
Tetradecan-3-o 1 22.2 
Tetradecan-2-o 1 24.2 

Experimental ketones 
Tetradecan-4-one 13.6 
Tetradecan-3-one 16.1 
Tetradeean-2-one 17.7 

21.1 
22.5 
24.1 

aAnalyses were performed at 185 C, see Table I. 

respect ive ly ,  in  the  th ree  e x p e r i m e n t a l  a lcohols .  
GLC analys is  of  the  TLC f r ac t i on  cor respon-  

ding to  k e t o n e s  is p re sen ted  in Table  III. 
R e t e n t i o n  t imes  of  a u t h e n t i c  t e t r adecan-4 - , -3 - ,  
and  -2-ones and  the  th ree  e x p e r i m e n t a l  ke t ones  
are given. R e d u c t i o n  of  the  e x p e r i m e n t a l  ke- 
t ones  w i t h  s o d i u m  b o r o h y d r i d e  l e n g t h e n e d  
r e t e n t i o n  t imes  to  c o r r e s p o n d  to those  of  
k n o w n  C14 seconda ry  a lcohols ,  i.e., t e t rade-  
can-4-, -3- and  -2-ols. Carbon  ske le ton-hydro-  
genoly t ic  cleavage ver i f ied t h a t  each  k e t o n e  
c o n t a i n e d  14 ca rbons  a n d  t h a t  the  ca rbony l  
f u n c t i o n  was in the  4, 3 and  2 pos i t ions ,  
respec t ive ly  (Table  IV). 

The  same type  of  analyses  were appl ied to  
i den t i f i ca t ion  o f  i n t e rmed ia t e s  f rom the  oxida-  
t ion  of  t e t r a d e c - l - e n e  (7).  Only  two  k e t o n e s  
were d e t e c t e d  and  GLC ana lyses  ind ica ted  t h a t  
these  c o m p o u n d s  were more  polar  t h a n  the  
sa tu ra ted  i somer ic  k e t o n e  s tandards .  Bromina-  
t i on  ver i f ied  t h a t  these  k e t o n e s  were unsa tu-  
r a t ed  and  an  IR  spect ra l  scan of  one  of the  
k e t o n e s  is s h o w n  in Figure 1. A scan of  a 
s a tu r a t ed  k e t o n e  is i nc luded  for  reference.  
Bands  at  1645 ,  990  and  910  em-1 ind ica ted  the  
presence  of  a t e rmina l  doub le  b o n d  and  Table  

TABLE IV 

Carbon Skeleton Analyses 
of Ketones from Tetradeeane 

Ketones Carbon fragments a 

Standard 
Tetradecan-4-one 14 and 10 
Tetradeean-3-one 14 and 11 
Tetradecan-2-one 14 and 12 

Experimental 
Tetradecan-4-one 14 and 10 
Tetradecan-3-one 14 and 11 
Tetradecan-2-one 14 and 12 

aSee Table II. 

V presen t s  c a r b o n  s k e l e t o n - h y d r o g e n o l y t i c  
cleavage da ta  w h i c h  again give c a r b o n  n u m b e r  
and  pos i t ion  of the  c a r b o n y l  groups.  The  two  
w-  u n s a t u r a t e d  k e t o n e s  were  t h e r e f o r e  ident i -  
f ied as t e t r adec-13-en-2-one  and  t e t radec-  
13-en-4-one.  

Alcohols  were iden t i f i ed  b y  similar  proce-  
dures  w i th  some of  the  data  s h o w n  in Table  VI. 
For  example ,  r e t e n t i o n  t imes  showed  these  
a lcohols  to  be  more  polar  t h a n  the  sa tu ra ted  
secondary  a lcohol  t e t r adecan -3 -o l  and,  ca rbon  
ske le ton  da ta  again gave cha in  l eng th  and  
pos i t ion  of  the  h y d r o x y l  group.  F u r t h e r ,  IR 
analyses  verif ied the  t e rmina l  doub le  b o n d ,  all 
o f  wh ich  led to  the  i d e n t i f i c a t i o n  of  these  
a lcohols  as te t radec-13-en-3-o l  and  -4-ol. 

O t h e r  mic roorgan i sms  possess ing t he  abi l i ty  
to  ox id ize  m e t h y l  g roups  o f  a lkanes  may  also 
be  capable  of  oxid iz ing  t h e  t e rmina l  double  
b o n d  of  a lk - l -enes  (10) .  Since it  appea red  t ha t  
t he  t e rmina l  doub le  b o n d  was lef t  i n t a c t  dur ing  
t he  s u b t e r m i n a l  o x i d a t i o n  of  t e t r a d e c - l - e n e  b y  
P e n i c i l l i u m ,  no  f u r t h e r  s tudies  were  c o n d u c t e d  
o n  the  o x i d a t i o n  o f  the  a lk - l - ene .  

To d e t e r m i n e  if  t he  s a t u r a t e d  isomeric  al- 
cohols  and  the i r  c o r r e s p o n d i n g  ke tones  s imply 
r ep re sen t ed  end  p r o d u c t s  of  an i n c o m p l e t e  
ox ida t ive  p a t h w a y ,  the  s a t u r a t e d  a lcohols  and  

TABLE V 

Carbon Skeleton Analyses 
of Unsaturated Ketones From Tetradec-l-ene 

Ketones Carbon fragments a 

Standard 
Tetradecan-2-one 14 and 12 

Experimental 
Tetradec- 13-en-2-one 14 and 12 
Tetradec-I 3-en-4-one 14 and 10 

aSee Table II. 
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FIG. I. IR absorption spectra of (A) standard tetradecan-2-one and (B) experimental unsaturated 
ketone from the oxidation of tetradec-l-ene by Penicillium. 

k e t o n e s  were suppl ied as sole c a r b o n  sources  
for  g r o w t h  of  the  organism.  All t h r ee  i somers  of  
the  two  c o m p o u n d s  s u p p o r t e d  g rowth .  

Hopk ins  and  Chibnal l  in 1932 (11)  sus- 
pec t ed  t ha t  ke tones  were involved  in paraf f in  
o x i d a t i o n  by  fungi  w h e n  t h e y  observed  t ha t  
Aspergi l lus  versicolor grew at the  expense  of  
long chain  paraff ins  as well  as k e t o n e s  of the  
c o r r e s p o n d i n g  chain  l eng th .  Ke tones  and  secon-  
dary  a lcohols  have b e e n  impl i ca t ed  as inter-  
med ia t e s  w i th  o the r  mic roo rgan i sms  capable  of  
ox id iz ing  a l iphat ic  h y d r o c a r b o n s .  Lukins  and  
Fos t e r  (12)  showed  t h a t  ace tone ,  bu tan -2 -one ,  
pen t an -2 -one  and  hexan-2-ol~e were p r o d u c e d  
f rom the  respect ive  n-a lkanes  by  M y c o b a c -  

ter ium smegmat i s ,  an d  Fredr i cks  ( 1 3 ) i d en t i f i ed  
decan-2-  3-, 4- and  5-one,  t oge the r  wi th  t h e  
co r r e spond ing  seconda ry  a lcohols ,  f rom the  
o x i d a t i o n  of  decane  by  Pseudo monas  aerugino- 
sa. An A r t h r o b a c t e r  species was shown  b y  Klein 
and  eoworker s  (14 ,15)  to  coo xidat ively  t rans-  
form several n-a lkanes  to  the  respect ive  2, 3 and  
4 k e t o n e s  and  c o r r e s p o n d i n g  secondary  alco- 
hols.  These  a lkanes  wou ld  n o t  serve as sole 
ca rbon  an d  energy sources ,  an d  the  ke tones  
fo rmed  were no t  f u r t h e r  me tabo l i zed .  Recen t -  
ly, Vestal  an d  Perry  (16) ,  us ing  a Brevibacteri-  
um species in i so tope  c o m p e t i t i o n  expe r imen t s ,  
recovered  ace tone  as an  i n t e r m e d i a t e  in pro-  
pane  ox ida t ion .  

TABLE VI 

Alcohols From Tetradec-l-ene 

Retention time, rain a Carbon skelton fragments b 

Standard 
Tetradecan-3-ol 14.0 14 and 11 

Ex perimental 
Tetradec-13-en-3-ol 16.9 14 and 1 1 
Tetradec-13-en-4-ol 16.2 14 and 10 

aGLC analyses were performed at 180 C using an 8 ft column with 5% FFAP as the 
liquid phase. 

bsee Table II. 
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At th is  po in t  i t  is p e r t i n e n t  to  m e n t i o n  some 
work  w h i c h  at  i ts  i n c e p t i o n  appea red  to  be a 
digression f rom h y d r o c a r b o n  ox ida t ion .  A 
s tudy  was in i t i a t ed  in ou r  l a b o r a t o r y  on  the  
o x i d a t i o n  of  the  C 13 m e t h y l  k e t o n e ,  t r idecan-  
2-one,  b y  Pseudomonas multivorans i sola ted 
f r o m  an  e n r i c h m e n t  cu l tu re  o n  the  m e t h y l  
ke tone .  Dur ing o x i d a t i o n  of  th is  k e t o n e  the  
C l l  p r imary  a lcohol ,  u n d e c a n - l - o l ,  a ccumu-  
la ted  un t i l  subs t r a t e  dep le t ion ,  w h e r e u p o n  the  
u n d e c a n - l - o l  was oxidized.  It was p roposed  
t h a t  the  C 13 m e t h y l  k e t o n e  was split  to  the  
C1 1 alcohol  plus  a C 2 f r a g m e n t  (17).  Subse- 
quen t ly ,  an  i n t e r m e d i a t e  was i so la ted  which  
would  a c c o u n t  fo r  these  resu l t s  ( undecy l  ace- 
t a te ,  wh ich  is c leaved b y  t h e  organism to  
u n d e c a n - l - o l  and  ace ta te ) .  T he  seconda ry  alco- 
hol ,  tr idecan-2-01, was also f o r m e d  f rom the  
k e t o n e  and  i f  t h i s  a lcohol  was suppl ied  as 
subs t ra te ,  the  k e t o n e ,  ace ta t e  es ter  and  p r imary  
a l coho l  were f o r m e d  (18) .  P. aeruginosa also 
carr ied ou t  these  r eac t ions  a n d  this  organism 
was used for  p r e l imina ry  cell-free enzymat i c  
s tudies  wi th  t r idecan-2 -one -3 -14C (19).  Un- 
f r a c t i o n a t e d  ex t rac t s ,  in  the  p resence  o f  oxygen  
a n d  NADH or  N A D P H  f o r m e d  rad ioac t ive  
u n d e c y l  ace ta te .  Hydro lys i s  o f  the  recovered  
rad ioac t ive  ester  y ie lded  labe led  u n d e c a n - l - o l  
(Tab le  VII).  When  t he  l abe led  ester ,  undecy l  
ace ta te -2-14C was e m p l o y e d  w i t h  un f r ac t i on -  
a t ed  ext rac ts ,  labeled  ace t a t e  was de tec ted .  
These  data  led us  to  p r o p o s e  t he  fo l lowing 
degradat ive  p a t h w a y  for  t r idecan-2-one :  

Tridecan-2-one Tridecan-2-O 1 

CH3-(CH2)9-CH2-C-CH 3. �9 .CH3-(CH2)9-CH2-CH.CH 3 

o o .  

CH3-(CH2)9-CH2-O-C-CH 3 ---x CH3-(CH2)9-CH2OH+CH3-COOH 

O 
Undecyl Acetate Undecanq-o 1 

Since some u n p u b l i s h e d  ev idence  had  b e e n  
o b t a i n e d  wh ich  i nd i ca t ed  t h a t  te t radecan-2-01 

TABLE VII 

TLC and Radioactivity D a t a  
on Ester Produced From Tridecan-2-one-314C 

by Cell-Free Extract of P aeruginosa 

Compounds Rf a DPM 

~a.uthentic undecyl acetate .70 
Experimental ester .70 47,555 
Experimental after hydrolysis .20 1 ,Sl 5 
Authentic undecan-l-ol .21 

aSolvent system for TLC was hexane-ether-acetic 
acid (85:15:2 v/v). 

was f o r m e d  f rom o x i d a t i o n  of  t he  C 14 a lkane  
b y  th i s  organism,  we grew P. aeruginosa on  the  
C13 a lkane  and  l o o k e d  for  o x i d a t i o n  p roduc t s  
b y  GLC analysis  (20) .  Two  a lcohols  were 
de t ec t ed :  t r idecan-2-o l  and  u n d e c a n - l - o l .  I t  is 
ev iden t  f r o m  ou r  prev ious  s t a t e m e n t s  tha t ,  if 
t h e  same s u b t e r m i n a l  ca tabo l i c  p a t h w a y  was 
opera t ive ,  it wou ld  genera te  a s econda ry  alco- 
ho l  or  k e t o n e  of  subs t ra t e  cha in  l eng th  and  a 
p r i ma ry  a l coho l  sho r t e r  by  t w o  carbons .  Al- 
t h o u g h  the  k e t o n e  and  ace t a t e  es ter  were not 
a p p a r e n t  in  t he  above  analysis ,  n o  fu r t he r  
a t t e m p t s  were m a d e  to  de tec t  t h e m  since the  
c a r b o n  n u m b e r s  and  s t ruc tu res  o f  t h e  a lcohols  
iden t i f i ed  fulfi l l  t he  p r e c u r s o r - p r o d u c t  require-  
m e n t s  of  the  p a t h w a y  wh ich  is p re sen ted  in a 
genera l ized f o r m  as fol lows:  

Secondary 
alcohol 

Alkane ~ ~ ~ Acetate Ester,...X Primary Alchol + Acetate 

Methyl Ketone 

Some p re l imina ry  e x p e r i m e n t s  have  b e e n  
c o m p l e t e d  w i th  cell-free ex t r ac t s  f r o m  Penicil- 
lium in  a t t e m p t s  to  d e t e r m i n e  if  t he  a lkane  was 
m e t a b o l i z e d  via the  p a t h w a y  visual ized for  sub- 
t e r m i n a l  a lkane  o x i d a t i o n  by  Pseudornonas. 
The  fungus  was g rown  o n  the  a lkane,  and  ace- 
t one  powde r s  were p repa red  and  ex t r ac t ed  w i t h  
p h o s p h a t e  buf fe r  plus Lubrol .  Cell ex t r ac t  f r o m  

TABLE VIII 

Identification of Ester Intermediate From 
Tridecan-2-one-314C Oxidation by a Cell-Free Preparation From Penicillium 

Retention time DPM 

Standard undecyl acetate 5.6 a --- 
Experimental ester 5.7 1875 

TLC alcohol spot after 
ester hydrolysis --- 1700 

Preparation GLC of alcohol spot 5.1 b 445 
Trimethylsilyl derivative 6.6 --- 

Standard undecan-l-ol 4.5 --- 
undecan-l-ol-TMS 6.6 --- 

aGLC analyses employed a 15 ft, 10% FFAP column at 175 C. 
bGLC analyses employed an 8 ft, 6% Apiezon L column at 160 C. 
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TABLE IX 

Alcohols From C 13 and C14 Acetate Esters a 

Retention time, min Trimethylsilyl derivative 

Standard undecan-l-ol 
Standard dodecan-l-ol 
From undecyl acetate substrate 

experimental undecan-l-ol 
From dodecyl acetate substrate 
experimental dodecan-l-ol 

5.0 6.0 
8.3 9.9 

5.3 6.2 

8.6 9.9 

aGLC analyses, see Table VIII. 

cells grown on tridecane were incubated with 
tridecan-2-one-3 -14C plus NADH to determine 
if the ester, undecyl acetate, was produced. Di- 
isopropylfluorophosphate was added to the re- 
action mixture in an at tempt to inhibit hy- 
drolysis of postulated ester. In Table VIII it can 
be seen that a radioactive intermediate was pro- 
duced with a retention time comparable to un- 
decyl acetate. Hydrolysis, after addition of cold 
carrier undecyl acetate, yielded a radioactive 
primary a lcohol  as de t e rmined  by  TLC. The 
f rac t ion  f rom the  TLC plate was eluted and re- 
covered by preparat ive GLC. Re ten t ion  t imes 
showed it to be radioact ive undecan- l -o l .  

Cell-free ext rac ts  were t hen  checked  for es- 
terase activity.  Ext rac ts  p repared  f rom cells 
g rown on t r idecane  and t e t r adecane  were incu- 
ba ted  wi th  the  respect ive ace ta te  ester,  i.e., un- 
decyl  ace ta te  and dodecy l  aceta te .  React ion 
mixtures  were analyzed for  the  pr imary alcohol 
result ing f rom ester hydro lys is  (Table IX). Ex- 
t racts  f rom cells grown on  t r idecane  exhibi ted 
exterase act ivi ty on undecy l  ace ta te  as seen by  
the fo rma t ion  o f  undecan - l -o l  and ,  correspon-  
dingly,  ex t rac ts  f rom t e t r adecane  grown cells 
hydro lyzed  dodecy l  ace ta te  fo rming  dodecan-  
1-ol. When these esters were suppl ied  to an ex- 
t ract  f rom cells grown on glucose no esterase 
activity was seen. 

With the  iden t i f i ca t ion  of  t h e  secondary  al- 
cohol ,  me thy l  ke tone  and ace ta te  ester in the  
Penicillium system,  it appears  tha t  a subter-  
minal pa thway  for  h y d r o c a r b o n  oxidat ion ,  
ini t ia ted at the  m e t h y l e n e  a to  the  methyl  
group,  is occurring.  

Since it has been  s h o w n  above  tha t  the 3- 
and 4 -me thy lene  groups  of  the  hyd roca rbon  are 
also oxidized and,  tha t  the  resul t ing oxida t ion  
p roduc t s  (3- and 4-alcohols and ketones)  sup- 
por t ed  g rowth ,  the  in te res t ing  ques t ion  re- 
mains,  i.e., are all the  ke tonic  i somers  oxidized 
via ester  in termedia tes?  
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Hydrocarbon Cooxidation in Microbial Systems1 
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Sun Oil Company, Marcus Hook, Pennsylvania 19061 

ABSTRACT 

This review summarizes the present 
status of hydrocarbon cooxidation in mi- 
croorganisms. Hydrocarbons, which can- 
not be used for growth by many soil mi- 
croorganisms, can be oxidized if present as 
co-substrates in systems in which another 
substrate is furnished for growth. Paraf- 
finic, cycloparaffinic and aromatic hydro- 
carbon cooxidations have been demon- 
strated. Most hydrocarbon cooxidation 
reactions seem to involve the incorpora- 
tion of molecular oxygen by mono- and 
dioxygenases. From paraffinic hydrocar- 
bons, products accumulating in fermenta- 
tion systems include acids, alcohols, alde- 
hydes and ketones. Usually, the initial 
attack is at the terminal methyl group in 
paraffin oxidations. The only products 
isolated in the cycloparaffins have been 
ketones. Extensive studies have been car- 
ried out on cooxidation of mono- and di- 
cyclic aromatic hydrocarbons. Oxidation 
of methyl substituents on aromatic rings 
usually results in the accumulation of the 
aromatic mono acid or alcohol. Dihy- 
droxylation of the aromatic ring has been 
observed. Products of aromatic ring rup- 
ture arise via both ortho and meta cleav- 
age pathways. 

INTRODUCTION 

It is the purpose of this paper to present the 
current status of microbial cooxidation of 
hydrocarbons which leads to the accumulation 
of products. I shall apply the term cooxidation 
to those systems containing essentially two 
components, one, a hydrocarbon that cannot, 
or only partially, be used for growth, and the 
second, a growth substrate, which may or may 
not be a hydrocarbon. This could just as well be 
termed a review of biotransformations of 
hydrocarbons which would perhaps be more 
familiar to those in the steroid field. In the field 
of fermentation chemistry, particularly ster- 
oids, the concept of one-step changes or trans- 
formations of substrate molecules is now com- 
monplace. 

lOne of five papers being published from the 
Symposium "Biochemistry of Hydrocarbon Degrada- 
tion," presented at the AOCS Meeting, Chicago, Sep- 
tember 1970. 

As originally defined by Foster (1), cooxida- 
tion was a system in which "nongrowth hydro- 
carbons are oxidized when present as cosub- 
strates in a medium in which one or more dif- 
ferent hydrocarbons are furnished for growth." 
I would like to expand on this concept because 
over the years we have found that several 
hydrocarbons can be transformed where the 
growth substrate is a nonhydrocarbon. Also it is 
not surprising that some microorganisms have 
been found to grow on a particular hydrocar- 
bon without significant product accumulation, 
other than cells. Upon introduction into a mul- 
tisubstrate system only partial oxidation of the 
hydrocarbon occurs with a resulting build up of 
product. Recently a term, cometabolism, has 
been introduced into the literature (2) to des- 
cribe systems in which compounds very similar 
in structure to the substrate to be oxidized are 
used as growth substrates. I regard these sys- 
tems as another form of cooxidation or trans- 
formation. There appears to be increasing evi- 
dence that cooxidation could be quite wide- 
spread in nature. 

Cooxidation of hydrocarbons can be divided 
into roughly two categories; incorporation of 
molecular oxygen via the monooxygenases into 
paraffinic structures, and oxidation of aromatic 
rings of hydrocarbons by the dioxygenases. 
However, this division and the participation of 
molecular oxygen has not been rigorously 
proven by enzyme isolation and 180 studies. 

PARAFFINIC HYDROCARBON COO• 

Leadbetter and Foster (3) reported that 
Pseudornonas rnethanica, growing on methane, 
oxidized ethane, a nongrowth substrate, to ace- 
tic acid, ethanol and acetaldehyde. 

P. METHANICA 
C2H s ~ CH~COOH, C2HsOH, CH3CHO 

CH4 

Similar products resulted from propane and bu- 
tane oxidation except that the respective ke- 
tone, acetone and 2-butanone were also de- 
tected. Molecular oxygen was implicated by 
180 studies. Yields of products were very low, 
usually less than 1 g/liter, but this is not unex- 
pected in a closed gas system. 

Davis and Raymond (4) observed that strains 
of Nocardia, Mycobacterium and P. aeruginosa 
carried out the following transformations while 
growing on n-alkanes or an alkyl moiety: 
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-CHt-CHt-CH=-CH 3 > O C H 2 - C O O H  

~-BUTYLCYCLOHEXANE CYCLOHEXANE ACETIC ACID 

~ CHz-CH3 ) ~ - C H t - C O O H  

ETHYLBENZENE PHENYLACETIC ACID 

(•CH2-CH2-CH 3 ) ~ -CH=CH-COOH 

n-PROPYLBENZENE PHENYLACRYLIC ACID 

Under the conditions tested (four liter stirred 
fermenters), yields of -1.0 g/liter were ob- 
tained. Douros and Frankenfeld (5) reported 
that under conditions of cooxidation P. ligustri, 
P. pseudomaleii, P. orvilla, Alcaligenes sp, Cellu- 
lomonas galba and Brevibacterium healii trans- 
formed n-amylbenzene to trans-cinnamic acid. 
Hexadecane was the growth substrate, and 
yields in skaken flasks were of the order of 
5g/liter. Slow utilization of the alkylbenzene 
for growth was noted in the absence of hexa- 
decane. These authors (6) also found that a 
strain of Micrococcus cerificans carried out 
oxidation of 3-m-tolyl paraffinics. 

[~r.lcxz)ncH~ ~CH=C.=COOH + 
n = 6 0 R S ~  

CH 3 CH3 
S-rn-TOLYLPARAFFINS 3 -m-TOLYLPROPRIONIC 

ACID 

~ CH-CHCOOH 

CH~ 

3-ra-TOLYLACRYLIC 
ACID 

A typical reaction for cycloparaffins as re- 
ported by Ooyama and Foster (7) is shown 
below: 

G - 0 "0 
CYCLOHEXANE CYCLOHEXANONE 

In this instance 2-methylbutane was the growth 
substrate for a gram negative rod. Concentra- 
tions of the ketones were of the order of 
0.1-0.3 g/liter. 

Further evidence of cooxidation of paraf- 
finic hydrocarbons conforming to Foster's 
definition is lacking. However, in a number of 
studies, paraffinic hydrocarbons have been 
transformed in good yields when nonhydrocar- 
bon growth substrates have been used. 

Tulloch et al. (8), working with Torulopsis 
apicola isolated from sow thistle petals, found 
that the yield of an extra-cellular glycolipid 
could be increased several-fold when even-num- 

bered hydrocarbons from C16 to C24 were 
used. In the presence of high concentrations of 
glucose the alkanes were oxidized to 60- and 
w-l-hydroxy acids and subsequently incor- 
porated into novel crystalline sophorsides. A 
greatly abbreviated example follows: 
CH3tCHt)~, CH~ TORULOPSIS O 
_n-HEXADECANE GLUCOSE CH2.0-~-(CHtht CHt 

DISACCHARIDE SOPHOROSE 

Yields were better than l0  g/liter. Subsequent- 
ly, Jones and Howe (9) and Jones (10), using 
Torulopsis gropengiesseri, reported similar 
transformations for alkanes, alk-l-enes and 
branched-chain alkanes. Transformation of 
n-hexadecane at concentrations of 20 g/liter in 
5-liter stainless steel fermenters was almost 
100% 

Klein et al. (11) found that when an Arthro- 
bacter strain, isolated from soil and selected for 
slow utilization of hexadecane as a sole-C- 
source, was grown in a hexadecane- or pentade- 
cane-salts medium supplemented with yeast ex- 
tract or corn steep liquor, mono hexadecanones 
or pentadecanones accumulated. 

0 
CH3(CHz) 14 CH 3 , ) CH3(CH2)I3- ~-CH 3 

n- HEXADECANE 2 - HEXADECANONE 

The three and four ketones were also present 
but in lesser amounts. Conversion of the alkanes 
to ketones was about 2 1/2%, with ketone con- 
centration reaching 2.0 g/liter after 120 hr of 
incubation in shaken flasks. 

AROMATIC HYDROCARBON COOXIDATION 

In our laboratory we have carried out exten- 
sive studies on the oxidation of aromatic hydro- 
carbons in cooxidation systems. In 1967, we 
reported the oxidation of mono- and dicyclic 
aromatic hydrocarbons by several soil isolates 
of the genus Nocardia (12). Strains of N. Coral- 
lina N. salmonicolor, and N. minima were 
shown to oxidize p-xylene to 2,3- dihydroxy-p- 
toluic acid and p-toluic acid. 

5 COOH COO H 

OH 
Cit3 CH3 CH3 

P-XYLENE P-TOLUIC ACID 2,3 DIHYDROXY-P- 
TOLUIC ACID -- 

Oxidation of a methyl group on the naphtha- 
lene ring was possible, but dihydroxylation of 
these dicyclic aromatics was not  observed. 
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~ CH 3 > ~ C O O H  

C H s ~  C H 3 ~  

2,6-DIMETHYLNAPHTHALENE 6- METHYL-2-NAPHTHOIC ACID 

In these studies, the growth substrate was 
n-hexadecane and product accumulation was 
found to be highly dependent upon pH and 
concentration of both the growth and non- 
growth substrates. It might be noted that con- 
trol of these factors was difficult at the shaken 
f/ask level, and that eventuMly we developed a 
system for studying cooxidation which em- 
ployed weakly basic anion exchange resins (13). 
Use of resins in agar plates has permitted 
screening of many more systems than was pos- 
sible by shaken flasks, and results are much 
more reproducible and reliable. 

The first evidence for ring-splitting of aroma- 
tics under cooxidaton conditions was reported 
by Jamison et al. (14). They found that a new 
strain of N. corallina V-49, accumulated a,a'-di- 
methyl-cis, cis-muconic acid as the cooxidation 
product of p-xylene. The dimethylcatechol was 
isolated and shown to be a possible inter- 
mediate in the following reaction: 

[ ~ 3  ~ O H  CH3 
> + ~"COOH 

-.~OH ~.r.COO. 
CH 3 CH5 CH3 

P-XYLENE 3,6-DIMETHYLPYRO- a,a'- DIMETHYL-CIS, CIS- 
CATECHOL MUCONIC ACID 

Hosler and Eltz (15) scaled up this system in a 
pilot-plant fermenter with an operating volume 
of 520 liters. By continuous feed of the growth 
substrate (n-paraffins, lard oil or Cerelose) and 
control of xylene at 3-20 mg/liter with a hydro- 
carbon analyzer on the exhaust gas, they were 
able to achieve a muconic acid concentration of 
20 g/liter in a 40 to 50 hr fermentation period. 
The optimal pH for this transformation was 6.5 
to 7.0. Using chloramphenicol to stop protein 
synthesis, they were able to demonstrate that 
the oxygenases were inducible. 

In addition to p-xylene cooxidation, N. 
corallina V-49 has also been shown to oxidize a 
fairly wide array of aromatics. Pseudocumene 
(1,2,4-trimethylbenzene) is oxidized to a num- 
ber of products. 

COOH CH~ CH 3 CH3 HO,]~CH3 
CH3 �9 [~)~I.C.20H ~..c.~ + 

+ HO...,.r~ 
CH3 CH3 COOH CH3 

PSEUDOCUMENE 2,5-OIMETHYLBENZL 3,4-DIMETHYL 2,3-OIHYDROXY- 
ALCOHOL BENZOIC 4,6- OIMETHYL 

ACID BENZOIC ACID 

Traces of what we think is trimethylmuconic 
acid have also been isolated in this reaction. 

In a study of all the other methyl substi- 

tuted monocyclic aromatic hydrocarbons (16), 
1,2,3-trimethylbenzene yielded products as 
shown: 

CH3 CH3 COOH 

CH3 ~ "CH3 ~ C H 3  

1,2,3 - TRI- 2,6-DIMETHYL 2,3- DIMETHYL 
METHYLBENZENE BENZYL ALCOHOL BENZOIC ACID 

The only other product was the mono acid 
(2,3,4-trimethylbenzoic acid) from 1,2,3,4-tet- 
ramethylbenzene. When the meta and para di- 
ethylbenzenes were tested they gave unex- 
pected results, as demonstrated for the para di- 
ethylbenzene below: 

CH3 CH3 CH3 
I I I 
CH2 C=O CHOH 

~ H2 C-O C=O 
I I 

CHs CH3 CH3 
P-DIETHYLBENZENE P-DIACETYLBENZENE 4-(I-HYDROXYETHYL)- 

--  -- ACETOPHENONE 

The effect of still larger substituents on the 
monocyclic aromatics have not been fully as- 
sessed, but we have identified 4-benzoylbutyric 
acid as a product of biphenyl cooxidation. 

BIPHENYL 4-BENZOYL-BUTYRIC ACID 

Another mechanism of oxidation was indicated 
when the unsubstituted naphthalenes were in- 
vestigated. Of the three tested, naphthalene, 
tetralin and indane, only tetralin was oxidized. 

TETRALIN 4-PHENYL- ( 2 ' -  HYDROXY ) -  
BUTYRIC ACID 

This was a surprising result since we had pre- 
viously investigated many cycloparaffinic struc- 
tures in cooxidation systems without finding 
any evidence of oxidation. 

After examining the ten possible dimethyl 
naphthalene isomers with this Nocardia it ap- 
pears that oxidation occurs at a methyl substi- 
tuent on the 2,7-, 2,6-, 1 ,2-and 1,7-dimethyl- 
naphthalenes. For this culture we have con- 
cluded that the area shown under the dotted 
line in the structure below must be unsubsti- 
tuted to get transformation: 
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TABLE I 

Preliminary Screen on Resin Plates 

Nocardia sp. N. coeliaca S t r e p t o m y c e s  sp. 
H y d r o c a r b o n  a 87-5 95-5 97-14 

B e n z e n e  --- 2 .0  b --- 
T o l u e n e  0 2 .0  0 
P - x y l e n e  2 .3  0 .4  4 . 0  
B i p h e n y l  5 .6  --- 6 .2  
D e c a l i n  1.0 1.5 0 
T e t r a l i n  2 .3  --- 0 .8  
N a p h t h a l e n e  91 .0  58 .0  7 2 . 3  

aGrovcth  subs t ra te ,  n -hexadecane .  
bmg/plate 

In addition to these compounds, several un- 
substituted and methyl-substituted three-ring 
aromatic hydrocarbons have been studied, but 
no indication of oxidation was noted. 

A group of soil isolates with quite different 
oxidation patterns from the N. corallina types 
is represented by N. coeliaca 95-5, N. species 
87-5 and Streptomyces sp. 97-14. Preliminary 
screening data obtained on resin agar plates 
with n-hexadecane as the growth substrate are 
shown in Table I. All three strains can grow 
slowly on naphthalene as the only source of 
carbon, but product accumulation is observed 
when n-hexadecane or Cerelose is the growth 
substrate. The naphthalene product was identi- 
fied as 4-(2-hydroxyphenyl)-2-ketobutyric acid, 
a new product. The complete work of Davies 
and Evans (17) on the oxidation of  naphthalene 
by a pseudomonad gave no indication of this 
product. We have confirmed, by isolation of 
a-naphthot which arises nonenzymatically from 

~ . 0 H  0 
~ ~ - C O O H  

NAPHTHALENE 4 - (2-HYDROXYPHENYL)- 
2-KETOBUTYRIC ACID 

naphthalenediol, that the initial oxidative steps 
are similar to the Pseudomonas pathway. 
Methyl substituted naphthalenes were not as 
easily oxidized, but ring-splitting occurred if 
one ring was unsubstituted. The oxidation of 

TABLE II 

Preliminary Screen on Resin 
Plates of Achromobacter cycloclastes 

Hydrocarbon a rag/plate 

Benzene 44.0 
Toluene 4.8 
P-xylene 1.5 
Naphthalene 37.7 

aGrowth substrate, n-hexadecane. 

biphenyl was found to yield 4-benzoylbutyric 
acid. It is interesting that the two Nocardia cul- 
tures also have a limited ability to oxidize 
p-xylene to dimethylmuconic acid, indicating 
that both the ortho and meta cleavage path- 
ways are operable. 

Other microorganisms which we have inves- 
tigated for transformations include Achromo- 
bacter cycloclastes and a Corynebacterium. The 
Achromobacter was found to accumulate pro- 
ducts from several hydrocarbons as shown in 
Table II. The benzene and naphthalene pro- 
ducts were identified as phenol and gentisic 
acid, respectively. In the case of  the Corynebac- 
terium, Hill (18) found that although naphtha- 
lene and anthracene were oxidized in the ab- 
sence of a cosubstrate to salicyclic and 2-hy- 
droxy-3-naphthoic acids, respectively, the use 
of Cerelose as a growth substrate increased the 
concentration of these acids manyfold. 

In conclusion, this review has shown that 
many soil microorganisms possess the capability 
of transforming a wide variety of hydrocarbon 
substrates. Under conditions of cooxidation 
oxygenated products are accumulated from 
hydrocarbons which cannot serve as growth 
substrates. In addition, there is growing evi- 
dence that product accumulation may result 
from several hydrocarbons, both  paraffinic and 
aromatic, which serve as growth substrates if a 
second substrate is present for growth. We also 
believe that in many of the soil microorganisms, 
more than one pathway of aromatic hydroxy- 
lation and ring-splitting may be present. Con- 
sequently, it is not possible to generalize about 
the most prevalent pathway for the breakdown 
of aromatic hydrocarbons in nature at this 
time. 
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The Effect of Undernutrition on the Development of 
Myelin in the Rat Central Nervous System 
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St. Louis, Missouri 63110 

ABSTRACT 

Newborn rats were segregated into lit- 
ters of 6 and 22 pups. Undernourished 
groups were maintained for 21 and 53 
days at which time a portion of each 
group was sacrificed and the remainder 
refed until  121 days. The amount of my- 
elin isolated from the central nervous 
system was decreased in nutritionally de- 
prived animals but there was little change 
in its chemical composition or interefer- 
ence in the normal chemical maturation 
of the membrane. The only consistent 
change was a reduction in phosphatidyl 
ethanolamine plasmalogen. This deficit 
tended to be corrected by nutri t ional re- 
hahilitation and was most complete in 
those animals refed ad lib. diets for the 
longest time periods prior to sacrifice. 
The relatively normal chemical composi- 
tion of myelin obtained from under- 
nourished animals differs from changes 
described in myelin membranes isolated 
from patients with destructive or de- 
generative diseases of the nervous system. 
This seems to be further evidence that the 
reduction in myelination in undernutri-  
tion is a result of decreased synthesis of 
the membrane. 

Undernutrit ion during early development ad- 
versely affects the growth of the brain in 
humans and in experimental animals (1-11). 
Suckling rats with restricted food intake exhibit 
a reduction in brain weight and in the content  
of DNA, RNA, protein (7) and lipids (1-5,9) in 
whole brain. Phospholipids and cholesterol are 
reduced to 75-80% of that found in normal lit- 
termates (3,5). However, glycolipids (3,9), pro- 
teolipid proteins (5) and plasmalogens (4), lipid 
classes considered to be closely associated with 
the myelin membrane, exhibit greater deficits 
in undernourished animals and are only 50% to 
70% of control values. Corroboration of de- 
creased myelin deposition in the brains of mal- 
nourished rats was provided by Benton et al. 
(5), who demonstrated myelin to be decreased 
on histologic sections stained by a modified 
Loyez method. Thus, the deleterious effects of 
undernutr i t ion on myelinogenesis have been 

demonstrated both biochemically and histolog- 
ically. 

The chemical composition of myelin, iso- 
lated by ultracentrifugation, from under- 
nourished animals has not been described, and 
it is not  known whether despite a large reduc- 
tion in the lipid content of the brains of nutri- 
tionally deprived animals the chemical composi- 
tion of the isolated membrane undergoes the 
same maturational changes seen in siblings 
(12-18). The present investigation demonstrates 
that the chemical composition of isolated my- 
elin during maturation is, with minor excep- 
tions, similar in severely undernourished ani- 
mals and their normally fed littermates, even 
though the undernourished animals exhibit a 
25% reduction in brain weight and a 30% reduc- 
tion in the amount of myelin isolated from 
their brains when compared to normally fed 
siblings. 

MATERIALS AND METHODS 

Preparation of Samples 

Sprague-Dawley rats obtained from Simon- 
sen Laboratories, White Bear, Minn., were segre- 
gated within 12 hr after birth into litters of 6 
and 22 pups. When weaned at 21 days, under- 
nourished animals were fed balanced diets to 
maintain their body weights at approximately 
25% of that of control siblings under 53 days of 
age. Groups of undernourished animals were 
placed on unrestricted balanced diets at 21 and 
53 days of age. At 21, 53 and 121 days after 
birth, animals were sacrificed by the intra- 
thoracic injection of sodium pentobarbital and 
their brains rapidly removed omitting the olfac- 
tory lobes. The brains were weighed and im- 
mediately homogenized in 0.32 M sucrose. 
Myelin was separated by the method of Suzuki 
et al. (19). The isolated membrane was evalu- 
ated by electron microscopy; it was more than 
95% pure. 

Estimation of Lipid and Protein 
Composition of Isolated Myelin 

The isolated membrane was lypholized, 
weighed and an aliquot used for the determina- 
tion of protein by the method of Lowry et al. 
(20). The remainder was extracted by the 
method of Folch et al. (21). The total lipid 
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FIG. 1. Effect of malnutrition and subsequent 
re-feeding on the body weights of rats. 

content was determined by weighing an aliquot 
of the lower phase. The phosphorous content 
of the lower phase was estimated by the 
method of Rouser et al. (22), the proteolipid 
protein content  by the method of Lowry et al. 
(20) as modified by Hess and Lewin (23), the 
cholesterol content  by the method of Zlatkis el 
al. (24), the glycolipid content by the method 
of Hess and Lewin (23). Individual phospho- 
lipid classes were estimated after separation by 
two dimensional thin layer chromatography 
(TLC) as described by Rouser et al. (25). To 
estimate the plasmalogen content of ethanola- 
mine, the lipids were separated by TLC by the 
method of Yanagihara and Cumings (26). 

Determination of Fatty Acids 
Individual phospholipids were isolated by 

TLC as described above, visualized with water, 
spots removed and, in the presence of the silica 
gel, hydrolyzed and methylated in 5% methano- 
lic-HC1 in a sealed tube at 65 C for 18 hr. In the 
case of phosphatidyl ethanolamine, the di- 
methylacetals were separated from the fatty 
acid methyl esters by the method of O'Brien et 
al. (27) prior to gas liquid chromatography 
(GLC). 

Glycolipids were isolated by silicic acid col- 
umn chromatography according to the method 
of Rouser et al. (28). Cerebrosides and sul- 
fatides were then separated by one dimensional 
TLC on 0.25 mm Silica Gel G plates with a 
developing solvent of chloroform-methanol- 
water (130:40:4 v/v). The compounds were 
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I.E 
(/1 
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.8 

21 DAYS 53 DAYS 
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~ 3 ; t  
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FIG. 2. Effect of malnutrition and subsequent 
re-feeding on the brain weights of rats. 

visualized with water, removed and hydrolyzed 
in 8% methanolic HC1 at 95C for 18hr .  The 
hydroxy and nonhydroxy fatty acids were then 
separated by one-dimensional TLC on 0.25 mm 
Silica Gel G plates, using hexane-ether (8:3 v/v) 
as the developing solvent. 

Fatty acids were estimated on a Barber- 
Coleman, Model 5000 Gas Chromatograph 
equipped with a flame detector. Peaks were 
identified by the use of reference standards and 
by logarithmic plots of retention time versus 
chain length and degree of saturation. Helium 
was used as the carrier gas. Fatty acids derived 
from phospholipids were separated on a 6 ft, 
7% DEGS columns at 170 C. Nonhydroxy fatty 
acids derived from cerebroside and sulfatide 
were analyzed on 6 ft, SE 30 columns, pro- 
grammed at 2C/min  from 170C to 205C;  
while hydroxy fatty acids were analyzed on SE 
30 columns programmed at 2 C / m i n  from 
185 C to 205 C after being converted to their 
trimethyl silyl derivatives. Fatty acid standards 
were obtained from Applied Science Labora- 
tories, State College, Pa. AU solvents were redis- 
tilled prior to use. 

RESULTS 
The average body weights of rats under- 

nourished from birth to 21 days and from birth 
to 53 days were 52% and 24% of the values of 
their respective controls (Fig. 1). The brains of 
21-day undernourished animals weighed 93% of 
those of normally fed siblings while at 53 days 
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the average brain weight of undernourished 
animals was 78% of controls (Fig. 2). In those 
animals who were refed after 21 days of mal- 
nutri t ion and then sacrificed at 53 days, the 
body weights had returned to 92% of control 
values while their brain weights did not  differ 
from controls. When similar animals were sacri- 
ficed at 121 days, neither the body nor the 
brain weights differed from controls; however, 
the brain weights of those animals that had 
been starved for 53 days and then sacrificed at 
121 days had returned to only 85% of control 
values. The weight of the myelin recovered 
from 21-day-old undernourished animals was 
86.5% of that amount  isolated from a similar 
number of controls while in animals underfed 
for 53 days it was reduced to 71% of control 
values. 

Lipids accounted for 80% to 85% of the dry 
weight of the myelin membrane in all groups of 
animals studied. However, the proportion of 
the various lipid classes found in the myelin 
membrane did vary with age (Table I). Glyco- 
lipids increased from 19.6% of the total lipid at 
21 days of age to 28.6% at 121 days of age, and 
a similar increase was noted in the proportion 
of total lipid accounted for by proteolipid pro- 
tein. Concurrently, the total phospholipid con- 
centration decreased from 41% at 21 days to 
34.7% at 121 days. Much of this decrease in the 
percentage of phospholipid could be accounted 
for by the drop in phosphatidyl choline which 
at 21 days was 35% and at 121 days was 26% of 
the total recoverable phospholipid. Sphingo- 
myelin increased from 6.4% to 10.1% of the 
recoverable phospholipid during this period. 

Maturational changes in the composition of 
fatty acids of various lipid subclasses are noted 
on Tables II, III and IV. Maturation was associ- 
ated with a decrease in the proportion of C18:0 
and increase in the proportion of C 18:1 fatty 
acids present in phosphatidyl ethan01amine and 
phosphatidyl choline. There were no consistent 
changes in the fatty acid composition of 
sphingomyelin (Table II). The main changes 
seen in the fatty acid composition of cerebro- 
sides and sulfatides during maturation consisted 
in a decrease in the relative amount  of inter- 
mediate chain length compounds (C 18 through 
C 22) and an increase in the relative amount of 
longer chain length fatty acids (C 23 and C 24). 
The greatest change noted in these glycolipids 
was the increase in the percentage of nervonic 
acid (C 24:1) (Tables III and IV). 

With few exceptions, the myelin membrane 
of the undernourished animals showed the same 
maturational changes as their control siblings 
(Table I). The major change in lipid class com- 
position was a decrease in the plasmalogen form 
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TABLE Ill 

The Effect of Undernutrition on the Composition of 
Glycolipid Nonhydroxy Fatty Acids in Rat Central Nervous System Myelin a 

Sulfatides Cerebrosides 

21 Day 53 Day 121 Day 21 Day 53 Day 
Individual 
fatty acid C b U C U C C U C U 

121 Day 

14:0 0.8 Trace 1.0 0.3 0.8 --  --  0.6 Trace 0.9 
16:0 9.3 4.7 14.6 7.6 4.6 2.9 2.5 3.8 1.8 1.8 
18:0 26.9 22.2 20.8 30.9 14.9 14.0 12.7 8.4 9.1 5.0 
18:1 Trace Trace Trace 11.6 1.1 --  --  Trace 0.6 Trace 
20:0 4.3 5.6 5.2 2.6 2.6 4.7 4.5 3.8 3.7 2.6 
20:1 0.1 Trace 0.5 1,1 0.8 Trace Trace 0.1 0.2 0.1 
22:0 13.5 15.8 11.5 6.5 8.5 18.0 18.4 12.7 10.4 8.5 
22:1 Trace Trace 0.7 0.8 1.7 1.3 2.5 0.9 1.4 1.8 
23:0 2.5 2.4 2.1 1.2 3.2 2.7 2.5 3.8 2.7 4.2 
24:0 42.0 48.5 37.8 22.2 38.2 48.0 42.0 39.0 31.4 30.4 
24:1 1.3 0.9 6.2 13.9 30.2 9.1 13.4 17.9 31.0 39.1 
25:0 . . . . . .  Trace Trace 4.5 2.3 2.5 
25:1 . . . . . . . . .  1.2 0.6 0.8 
26:0 . . . . . .  Trace 0.1 3.0 2.3 1.9 
26:1 . . . . .  Trace Trace Trace Trace Trace 

aEach fatty acid expressed as per cent of total fatty acids. 
bc,  control; U, undernourished. 

of  p h o s p h a t i d y l  e t h a n o l a m i n e ,  w h i c h  af te r  53 
days  of  u n d e r n u t r i t i o n  was on ly  70% of t h a t  
f o u n d  in con t ro l  an imals  t h o u g h  the  to ta l  phos-  
pha t idy l  e t h a n o l a m i n e  values were comparab le ,  
The  on ly  c o n s i s t e n t  change  f o u n d  in  the  f a t t y  
acid c o m p o s i t i o n  of  l ip id  classes was an increase 
in the  p r o p o r t i o n  o f  C 24h:1  and  C 24:1 in 
cerebros ides  (Table  III and  IV). 

Feed ing  u n d e r n o u r i s h e d  an imals  un l imi t ed  
a m o u n t s  o f  a ba l anced  diet  t e n d e d  t o  par t ia l ly  
co r rec t  the  decrease in p lasmalogens .  Those  
animals  re fed  af te r  21 days of  depr iva t ion  and  
sacr if iced at  121 days  had  p lasmalogen  values 
t h a t  were 93% of  con t r o l  values whi le  those  
refed  af te r  53 days of  u n d e r n u t r i t i o n  had  plas- 
malogen  values t h a t  were on ly  87% of con t r o l  
levels at  121 days (Table  I). The c o m p o s i t i o n  of  
ce rebros ide  f a t t y  acids in  121-day-o ld  animals  
u n d e r n o u r i s h e d  for  21 days closely r e sembled  
the i r  cont ro ls .  However  those  an imal s  u n d e r f e d  
for  53 days  c o n t i n u e d  to  d e m o n s t r a t e  an  in- 
crease in the  p r o p o r t i o n  o f  C 24h:  1 and  C 24:1 
in cerebros ides  when  sacr if iced at  121 days (Ta- 
bles III and  IV). 

Ol SC USSI ON 

Changes  in the  l ipid c o m p o s i t i o n  of  mye l in  
dur ing  m a t u r a t i o n  have been  descr ibed  pre- 
viously.  It is general ly  agreed t ha t  glycol ipids 
increase  as a p r o p o r t i o n  of  the  to ta l  l ipid while  
phospho l ip ids ,  par t icu la r ly  p h o s p h a t i d y l  cho-  
l ine,  decrease wi th  age (1 2-18). Eng and  Noble  
(14)  also n o t e d  an  increase  in e t h a n o l a m i n e  
g l y c e r o p h o s p h a t e  p lasmalogen.  There  is less cer- 

t a i n t y  a b o u t  the  c o n c e n t r a t i o n  of  cho le s t e ro l  in 
t he  developing  mye l in  m e m b r a n e .  In the  highly 
pur i f ied  p repa ra t i ons  of  Eng and  Noble ,  the re  
was a relat ively ins ign i f ican t  change  in choles- 
t e ro l  c o n c e n t r a t i o n  w i th  age. Dalal a n d  Eins te in  
(17)  f o u n d  a s ignif icant  increase  in  the  mole  
pe rcen tage  of  cho les te ro l  dur ing  deve lopmen t .  
However ,  as m u c h  as 40% of  the  l ipid in  mye l in  
p r e p a r e d  f rom the i r  younge r  an imals  was no t  
charac te r ized .  The changes  n o t e d  in  the  l ipid 
c o m p o s i t i o n  of  i so la ted  mye l in  o b t a i n e d  f rom 
ou r  con t ro l  rats  e x a m i n e d  a t  21, 53 and  121 
days  are in general  ag reemen t  w i th  those  re- 
p o r t e d  in the  l i t e ra tu re  (12-14,16) .  

Matu ra t iona l  changes  in the  f a t t y  acid com- 
pos i t ion  o f  the  ind iv idua l  l ipid classes in the  
mye l in  m e m b r a n e  have also b e e n  repor ted .  
O 'Br i en  and  Sampson  (29)  n o t e d  t h a t  dur ing 
h u m a n  m a t u r a t i o n  the  real t ive a m o u n t  of  C 
18:0  f a t ty  acids decreased  while C 18:1 in- 
c reased  in b o t h  p h o s p h a t i d y l  cho l ine  and  phos-  
p h a t i d y l  e t h a n o l a m i n e .  These  f indings  were no t  
c o r r o b o r a t e d  by  Skrbic  a n d  Cumings  (30)  
work ing  wi th  ra t  mye l in  f rom 21 clays to adul t  
l i fe;  t hey  f o u n d  n o  d i f fe rence  in the  f a t t y  acid 
c o m p o s i t i o n  of  p h o s p h a t i d y l  cho l ine  dur ing  
this  per iod.  Our  f indings  agree closely wi th  
those  of  O 'Br ien  and  Sampson ,  since we f o u n d  
t h a t  the  p r o p o r t i o n  o f  C 18:0  f a t t y  acid in 
p h o s p h a t i d y l  e t h a n o l a m i n e  decreased  50% and  
in p h o s p h a t i d y l  cho l ine  decreased 25% f rom 21 
to  121 days. The  relat ive increase  o f  C 18:1 
f a t t y  acid in p h o s p h a t i d y l  e t h a n o l a m i n e  was 
30% and  in p h o s p h a t i d y l  cho l ine  was 60% 
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TABLE IV 

Effect of Undernutrition on the Composition of 
Glycolipid Hydroxy Fatty Acids in Rat Central Nervous System Myelin a 

463 

Sulfatides Cerebrosides 

21 Day 53 Day 121 Day 21 Day 
Individual 
fatty acid C b U C U C C U 

53 Day 

C U 

121 Day 

C 

18h:0 7.3 6.2 3.3 3.6 1.5 1.2 0.8 0.7 0.8 0.4 
18h:l Trace 0.1 0.1 0.1 0.5 Trace -- -- 0.1 0.2 
20h:0 Trace 0.6 0.8 1.1 Trace 1.4 2.4 1.0 1.0 1.q 
22h:0 26.6 28.6 23.4 25.0 20.2 28.6 27.4 22.4 21.2 t6.2 
22h:1 . . . . . . . . . . .  0.4 Trace 
23h:0 4.2 3.2 6.6 6.2 10.0 4.9 4.5 9.4 7.6 10.9 
23h: 1 . . . . . .  Trace Trace Trace Trace Trace 
24h:0 61.4 61.2 66.0 59.5 64.0 60.5 57.5 59.0 50.5 51.0 
24h: 1 ~ -- Trace 4.5 4.2 3.4 7.3 7.4 15.4 16.7 
25h:0 . . . . . . . .  0.6 1.6 2.1 

aEach fatty acid expressed as per cent of total fatty acids. 
bc, control; U, undernourished. 

during this period. Prior reports  indicate  that  
there  is an increase in the  C 24:1 con ten t  of  
cerebroside and sulfatide during maturation 
(29,31);  our  studies supports  these findings. 

The meaning of  changes in the lipid class 
concen t ra t ion  of  isolated myelin during matura-  
t ion is uncertain.  As early as 1966, Davison et 
al. (12) suggested that  myel in  isolated early in 
life might  consist o f  two membranes, ,  one re- 
sembling more  mature  myel in  and the  o ther  re- 
sembling glial-plasma membrane .  Recent ly ,  
work  by Agrawal et al. (18) has conf i rmed  this 
hypothesis  demonst ra t ing  two componen t s  of  
myel in  isolated early in life. One membrane  
conta ined  only trace amounts  of  cerebrosides 
and large amount s  of  phospholipids and choles- 
terol ,  while the  second membrane  conta ined 
considerable cerebroside and m u c h  less phos- 
pholipid,  part icularly phosphat idyl  choline. 
They suggested that  when init ial ly formed,  
myel in  resembles the glial-plasma membrane  
and with  matura t ion  is conver ted  in to  compac t  
myel in  concomi tan t  with an increase in cere- 
brosides and a decrease in phosphat idyl  choline.  
Our studies of  myel in  isolated f rom severely 
malnour ished rats at 21 and 53 days o f  life sug- 
gest that  this membrane  is capable of  under-  
going the same matura t ional  changes as occur  in 
normal ly  fed siblings. The single excep t ion  is 
the reduct ion  of  the plasmalogen form of  phos- 
phat idyl  e thanolamine  in the membrane  iso- 
lated f rom poor ly  nourished animals.  This ex- 
cep t ion  may occur  because the b iosynthe t ic  
pa thway for plasmalogens differs to some 
degree f rom that  described for  o ther  phospho-  
lipids. The recent  work of  Schmid and Taka- 
haski (32)  suggests that  a lcohols  ra ther  than fat- 
ty acids are ut i l ized for plasmalogen biosyn- 

thesis. Culley (33)  no ted  that  the rat ios of  C 
16:0 to C 18:0 and C 18:0 to  C 18:1 ester- 
bound  fa t ty  acids were increased and the  rat io  
of  C 24:1 to C 24 :0  fa t ty  acids in glycolipids 
was decreased in the brains of  rats mal- 
nour ished for 24 and 50 days. We were unable 
to find similar changes in analyzing the fa t ty  
acid compos i t ion  o f  individual  l ipid class ob- 
ta ined f rom isolated myel in .  

This s tudy is the first to demons t ra te  direct- 
ly that  significantly less myel in  can be isolated 
f rom the  brains of  undernour i shed  animals than 
can be isolated f rom the brains of  normal ly  fed 
controls .  Earlier studies of  the  a m o u n t  o f  
myel in  present  in the  brains o f  undernour i shed  
animals have been inferent ia l  and based on 
analysis of  whole brain lipids. Dobbing (1) 
demons t ra ted  a 30% reduc t ion  in brain choles- 
terol  o f  nut r i t ional ly  deprived suckling rats; 
Culley and Mertz (3) showed that  in under-  
nourished animals the  concent ra t ions  of  choles- 
terol  and phosphol ip id  were reduced to  70-75% 
of  control  values while the concen t ra t ion  of  
cerebroside was more  severely effected,  only  
55% of cont ro l  values. Plasmalogens were found  
to  be reduced to a greater  degree than o the r  
phospholipids by Culley et al. (4). Similar re- 
sults were found  by Benton  et al. (5) who also 
demons t ra ted  a 30% reduc t ion  in pro teo l ip id  
proteins.  Chase e t  al. (8) found  that  the incor- 
pora t ion  of  35S sulfate in to  the l ipid f ract ion 
o f  brains f rom poor ly  nour ished animals was 
reduced approx imate ly  50% when compared  to 
controls .  

Myelin has n o w  been isolated in a n u m b e r  o f  
neurologic  disorders, including Niemann-Pick 's  
Disease (34), spongy degenera t ion  (35), sub- 
a c u t e  s c l e r o s i n g  leukoencephal i t i s  (36), 

LIPIDS, VOL. 6, NO. 7 



464 MARVIN A. FISHMAN, PREMA MADYASTHA AND ARTHUR L. PRENSKY 

Schilder 's  disease (37), and  general ized ganglio- 
sidosis (38). Changes in the  chemica l  composi-  
t ion  of  the  m e m b r a n e  in these disorders  have 
been  similar t hough  of  varying magni tude .  
Generally,  choles tero l  has been  elevated and 
e thano lamine  phospha t ides ,  glycolipids and 
pro teo l ip id  pro te ins  reduced.  Analyses  of  the  
fa t ty  acid c o n t e n t  o f  major  l ipid classes have 
been  p e r f o r m e d  on several occas ions  and indi- 
cate tha t  there  are r educ t ions  in the  concent ra-  
t ion  of  longer  chain c o m p o n e n t s .  These altera- 
t ions  in the  chemical  compos i t i on  of  the  mem- 
brane  have been  cons idered  nonspec i f ic  (34). 
O'Brien and Sampson  (39) f o u n d  t h a t  there was 
a specific defec t  in the  chemical  c o m p o s i t i o n  of  
myel in  ob ta ined  f r o m  pat ients  wi th  metachro-  
mat ic  l e u k o d y s t r o p h y .  The m e m b r a n e  con-  
ta ined excessive amoun t s  of  su l fa t ide  and was 
def ic ient  in cerebroside.  All o f  these  diseases 
can be classed as degenerat ive or  des t ruct ive  
diseases of  the  nervous  sys tem in which  myel in  
is e i ther  direct ly a t t acked  or is des t royed  secon-  
darily as a result  o f  des t ruc t ion  o f  nerve cells or  
their  axons.  None  o f  these changes are n o t e d  in 
myel in  isolated f rom unde rnou r i shed  animals; 
this appears  to  be fu r the r  evidence tha t  the  re- 
duc t ion  in mye l ina t ion  in u n d e r n u t r i t i o n  is the  
result  o f  a decrease in the synthesis  o f  the  mem- 
brane.  

The chemical  data  thus  far o b t a i n e d  do no t  
explain why  myel in  synthesis  is s ignif icantly re- 
duced  in unde rnour i shed  suckling animals. Con- 
s iderably less DNA is f o u n d  in the  brains o f  
severely unde rnou r i shed  animals and it is pos- 
sible tha t  unde rnu t r i t i on  has a d i rect  affect  on  
the  mul t ip l ica t ion  of  the ol iogodendrogl ia l  
cells. A n o t h e r  possibil i ty is tha t  there  is a signi- 
f icant  r educ t ion  of  the  neurona l  popu la t ion  of  
the  cerebral  hemispheres  prior  to  mye l ina t ion  
t hough  histological  evidence of  significant 
neurona l  toss at this po in t  is lacking (40,41).  A 
th i rd  possibi l i ty is that  in the cent ra l  as well as 
in the  per ipheral  nervous system, the  n u m b e r  of  
myel in  lamellae sur rounding  an axon  is di rect ly  
p ropor t iona l  to  its d iameter  (42)  and  tha t  in 
u n d e r n o u r i s h e d  animals axonal  g r o w t h  during 
ma tu ra t ion  is cur tai led though  the  a x o n  i tself  is 
no t  des t royed .  This could  result  in f ewer  lamel- 
lae abou t  each axon  and  less mye l in  in the  
brains  of  s tarved animals. Suppor t  o f  any of  
these hypo thes i s  will require fu r the r  corre la t ion  
of  b iochemica l  and quant i ta t ive  histological 
data. 
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Ether-Containing Lipids of the Slime Mold, Physarum 
polycephalum" I. Characterization and Quantification 
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ABSTRACT 

Rapidly growing plasmodia of the 
aceUular slime mold, Physarum poly- 
eephalum, contain large amounts of 
ether-linked lipids. The ether bonds occur 
principally in the phospholipids, where 
plasmalogens account for 21-24 mole per 
cent of the total and alkyl ether phospho- 
lipids comprise 12 mole per cent of the 
total. Plasmalogens account for over half 
of the ethanolamine phosphatides, while 
the alkyl ether derivatives are more uni- 
formly distributed among the various 
phospholipid fractions. The 16 carbon 
side chain is by far the major component 
of both the saturated and the a,/3-unsatu- 
rated ether derivatives. The nature and 
amounts of ether lipids present in 
Physarum add to the growing evidence 
that Myxomycetes are more closely 
related to protozoa than to fungi. 

INTRODUCTION 

Within recent years, representative species of 
almost every phylum have been examined to 
determine the types of structural lipids present. 
It is therefore surprising that so little study has 
been devoted to the Phylum Myxophyta, the 
slime molds. We have had occasion to examine 
p l a s m o d i a  of the acellular slime mold, 
Physarurn polycephalum, for ether-linked 
lipids. The abundance and variety of ether lipids 
found may be of considerable taxonomic 
importance in relating myxomycetes to other 
phyla. 

MATERIALS AND METHODS 

Culture Conditions 

The isolate of Physarum polycephalum used 
in this study was obtained from C.J. Alexo- 
poulos, Department of Botany, University of 
Texas. The plasmodium developed i n labora- 

1 Present address: Department of Veterinary 
Physiology, The University of Sydney, Sydney 2006, 
NSW, Australia. 

2present address: McArdle Laboratory for Cancer 
Research, University of Wisconsin, Madison, Wisconsin 
53562. 

tory culture from spores obtained from a cross 
of isolates from Costa Rica and Jamaica. 

Stock cultures of micro-plasmodia were 
maintained as follows: initially, sterile, cotton- 
plugged narrow-mouthed 500 ml Erlenmeyer 
flasks containing 100 ml of liquid growth 
medium (1) were inoculated with axenic 
plasmodia migrating on nutrient  agar (1). For 
innoculation, 1 in. squares of plasmodia on agar 
were used. The culture flasks were rotated in 
the dark at 25 C on a New Brunswick model 
S-3 gyratory shaker at 120 rpm. After liquid 
shake cultures were established, subsequent 
stock cultures were maintained by transferring 
2 ml of densely settled micro-plasmodia to 
fresh media. Uniform inoculation of flasks to 
be used for sampling could be achieved using 
this procedure. The rapid growth rate of micro- 
plasmodia necessitates reinoculation every 72 
hr. The micro-plasmodia to be used for analysis 
were collected daily and stored at -34 C. Before 
freezing, the culture medium was decanted 
from the plasmodia, which rapidly settle to the 
bot tom of the flasks. 

Harvesting and Extraction of Lipids 

When required for extraction, the plasmodia 
were thawed, care being taken not to allow the 
temperature to exceed 4 C. Traces of the 
medium were removed by resuspending twice in 
cold distilled water and centrifuging at 1090 x g 
for 10 min below 4 C in a Sorvall RC-2B 
centrifuge. The plasmodia (generally from 3-30 
g fresh weight) were homogenized for 2 rain in 
a Waring blendor in 3 vol. of chloroform- 
methanol 1:2 according to the Bligh and Dyer 
method (2). The plasmodia were assumed to 
contain greater than 95% water, and the volume 
of solvent mixture used for extraction was 
adjusted accordingly. The residue after filtra- 
tion through sintered glass was reextracted with 
chloroform-methanol 1:1, and chloroform was 
added to make a final chloroform-methanol 
ratio of 2: 1. This extract was then washed with 
0.1 M KC1 according to the procedure of Folch 
et al. (3). The completeness of extraction was 
determined by refluxing a sample of the re- 
extracted residue with 6 N HC1 for 16 hr and 
then measuring the fatty acids liberated by 
gravimetric analysis after extraction into 
diethyl ether. 
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TABLE I 

Analysis of Pooled Chromatographic Fractions of Physarum 

Glyceryl Principal components 
Chloroform-methanol Phosphorus, Aldehyde, a alkyl ethers, detected after 

Fraction ratio of eluting solvent ~zg atoms /xmoles /zmoles acid hydrolysis 

9:1 
1 (fractions 1-9) 7.9 2.3 1.5 Unidentified sugar 

6:1 
2 (fractions 18-29) 22.3 11.7 2.9 Ethanolamine 

1:1 
3 (fractions 36-42) 10.5 0.63 2.1 Serine, inositol, 

1 : 1 lysine or/3-alanine 
4 (fractions 43-57) 2"7.1 0.13 1.9 Choline 

1:9 
5 (fractions 58-72) 2.6 (0.1 Not examined Choline 

aThe aldehyde values shown above were measured by the fuchsin reaction. These results were confirmed by a 
second column chromatography. 

Analytical Procedures 

Phosphorus was measured by the method of 
Bartlett (4) modified by digestion with per- 
chloric acid (5). Phosphorus present on thin 
layer plates was determined by the method of 
Rouser et al. (6) modified by using Silica Gel H 
(Merck) plates instead of a silica get plain-mag- 
nesium silicate mixture, and by an increase in 
digestion time from 20 to 50 min. Aldehydo- 
genic lipids were assayed either by condensa- 
tion of released aldehyde with the fuchsin 
reagent (7) or by reaction of the a-/3 unsatu- 
rated ether linkage with iodine (8) using 
palmitaldehyde dimethylacetal and cetyl vinyl 
ether, respectively, as standards. 1-0-Glyceryl 
ethers were isolated by the method of Hanahan 
and Watts (9) as modified by Thompson and 
Lee (10), and were assayed as described by 
Thompson and Kapoulas (11). Isopropylidene 
derivatives of the glyceryl ethers were prepared 
by the method of Hanahan et al. (12). 
Dimethylacetals were obtained by hydrolysis of 
intact Iipids with methanolic-HC1 (i 3). 

Column chromatography was carried out 
using silicic acid (MaUinckrodt) previously 
washed with methanol and ether, and activated 
at 140 C for 16 hr. 

Column Chromatography 

Samples of the total lipid extract were chro- 
matographed on columns (approximately 1 g 
silicic acid per 5 mg lipid) packed in chloroform 
and maintained at 4 C to reduce the possibility 
of plasmalogen degradation. Fractions of 
approximately 10 ml were collected and 
monitored by thin layer chromatography 
(TLC). Neutral lipid was eluted with chloro- 
form (150 ml). The following solvent mixtures 
were then passed through the column: chloro- 
form-methanol, 9:1 (150 ml); chloroform- 
methanol, 6:1 (140 ml); chloroform-methanol, 

1:1 (200 ml); and chloroform-methanol, 1:9 
(200 ml). The recovery of phosphorus and alde- 
hyde from the column was approximately 90%. 

Based on TLC analysis in solvents 1 and 2, 
various eluates were divided into five major 
fractions. Aliquots of the fractions were 
examined for phosphorus and plasmalogen con- 
tent, and, after a 3 hr hydrolysis with 2 N 
aqueous HC1 at 100 C, for base content by 
paper chromatography and electrophoresis. 

TLC was carried out on either Silica Gel G 
or H plates (Merck). The following solvent 
systems were used for resolving the various 
phospholipids 1. chloroform-methanol-acetic 
acid-water, 65:43:3:1 (14; 2. chloroform- 
methanol-concentrated ammonia, 70:30:5; and 
3. c hi oroform-methanol-acetic acid-water, 
50:25:8:4 (15). Ascending paper chromato- 
graphy was carried out on Whatman No. 1 
paper in butanol-acetic acid-water, 4:2:1 or 
propanol-water, 80:20. Amino groups were 
detected with ninhydrin,  choline with Dragen- 
dorff or phosphomolybdic acid reagents, and 
inositol as described by Battaglia et al. (16). 

Gas liquid chromatography of fatty alde- 
hyde dimethylacetals and isopropylidene deri- 
vatives of 1-0-glyceryl ethers was carried out on 
a Barber-Colman Series 5000 chromatograph 
equipped with a flame ionization detector. A 6 
ft glass column of 15% polyethylene glycol 
succinate on Anakrom AB, 60-70 mesh, was 
used for the analysis of both derivatives. A 
column temperature of 140 C and a nitrogen 
pressure of 12 lb/sq in. was employed for the 
separation of dimethylacetals, while a column 
temperature of 173 C and a pressure of 18 lb/sq 
in. was used for isopropylidene derivatives. 

RESULTS 

Rate of Plasmodial Growth 

The plasmodial growth rate during the loga- 
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rithmic phase was determined by following the 
increase of dry weight over a period of 24 hr as 
follows: 24 hours after inoculating a fresh cul- 
ture flask with micro-plasmodia, 2 ml aliquots 
were taken in duplicate with sterile Pasteur 
pipettes approximately every 6 hr over 
a 24 hr period. The plasmodia were collected 
on weighed 19 mm millipore discs, flushed 
twice with distilled water, dried overnight in a 
vacuum oven at 40 C and weighed. The data 
showed that there was a doubling of dry weight 
approximately every 6 hr during the sampling 
period. 

Lipid Content 

At least 95% of the lipid present in the tissue 
was recovered under the extraction conditions 
described. The lipid content of the growing 
plasmodium is 3.83 mg/g fresh weight or 68.6 
mg/g dry weight. Lipid analysis revealed the 
presence of 63 gmoles lipid phosphorus, 14.8 
/~moles aldehydogenic lipid, and 9.2 mg neutral 
lipid per gram dry weight. 

The figure for neutral lipid present rep- 
resents the amount of lipid eluted from a silicic 
acid column with chloroform. This fraction, 
which contained approximately 5% of the total 
aldehydogenic material, was found by TLC to 
consist mainly of free fatty acids, sterols and 
lesser amounts of triglycerides. 

A sample of total lipid corresponding to 81 
/~moles phosphorus and 18 /amoles aldehyde 
was chromatographed on a silicic acid column. 
From the data shown in Table I, it is clear that 
most of the aldehydogenic activity was asso- 
ciated with the second of the five fractions 
collected. This fraction appeared to be at leas t  
90% ethanolamine phosphoglycerides by TLC 
analysis and by analysis of water soluble 
hydrolysis products. The aldehyde-phosphorus 
ratio of this fraction of 0.52:1 compared very 
well with the a,/3-unsaturated ether-phosphorus 
ratio of 0.55:1. The other main aldehyde-con- 
taining component occurred in much smaller 
amounts than ethanolamine plasmalogen and 
was present in Fraction 1 along with two other 
compounds as judged by TLC. This substance 
moved a little beyond the origin in the ammo- 
niacal TLC solvent system but towards the 
solvent front when chromatographed in acidic 
solvents. Fifty per cent of the phosphorus 
present in Fraction 1 was recovered in the same 
area of thin layer chromatograms as the alde- 
hyde-containing substance. This principal com- 
ponent had the same Rf as authentic phospha- 
tidic acid in the solvent system chloroform- 
m e t h a n o l - a c e t o n e - a c e t i c  a c i d - w a t e r ,  
50:10:20:10:5 (17). 

Fractions 1, 2, 3 and 4 all contained sub- 
stantial amounts of saturated ether linkages. 
Approximately 65% of the ethanolamine phos- 
phoglyceride fraction is present as one or the 
other form of ether. Although the choline phos- 
phoglyceride fraction (Fraction 4) contained 
appreciable amounts of saturated ethers, it was 
virtually devoid of aldehydogenic linkages. 

All fractions contained traces of pigments, 
but the bulk of these substances were eluted 
with Fractions 1 and 3. The compounds have 
not been characterized. 

Analysis of the Ether Side Chain Distribution 

By far the most prevalent side chain 
occurring in both the saturated and unsaturated 
ether linkages examined is 16 carbon atoms 
long. Ninety and 85% by weight of the satu- 
rated ether groups in the ethanolamine and 
c h o l i n e  p h o s p h o g l y c e r i d e  f r a c t i o n s ,  
respectively, are present as chimyl alcohol. 
Both fractions contain small amounts of 16:1 
side chains (7.5% and 5%, respectively) but 
only trace amounts of other components, 
including 18:1 and 18:0 were observed. More 
than 97% by weight of the e~,/3-unsaturated 
ether side chain in the ethanolamine phospho- 
lipid fraction is recovered as palmitaldehyde 
after hydrolysis. 

DISCUSSION 

The plasmodia of Physarum polycephalum 
have a remarkably high content of ether-con- 
taining lipids. Plasmalogens account for more 
than 20 mole per cent of the total phospho- 
lipids, and one of the two major fractions, the 
ethanolamine phosphatides, contains over 50 
mole per cent of the plasmalogen analog. 
Physarum therefore must go on record as 
having one of the highest concentrations of 
plasmalogens yet reported. By comparison, 
some mammalian brain and skeletal muscle 
phospholipids, among the richest sources 
known, contain as much as 27 mole per cent 
and 22 mole per cent of plasmalogens, 
respectively (18). 

The level of alkyl ether phospholipids is 
approximately 12 mole per cent of the total 
lipid phosphorus-again, unusually high. 
Altogether, the two types of ether lipids 
account for 35% of all phospholipid molecules. 

The large amounts of ethers and the over- 
whelming predominance of the C 16 side chain 
are reminiscent of the patterns found in certain 
protozoa. Tetrahyrnena pyriformis, while con- 
taining no plasmalogens, has an abundance of 
alkyl ether lipidsl which consist almost ex- 
clusively of the C16:o analog (19). Other pro- 
tozoa have been reported to contain plasma- 
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logens,  part icularly in the i r  e thano lamine  lipids 
(20,21).  

The similarities be tween  lipids of  Physarum 
and those  of  the p r o t o z o a  may be i m p o r t a n t  
f rom a t axonomic  point  of  view. There is dis- 
agreement  as to  w h e t h e r  Physarum and the 
o the r  t rue slime molds  should  be classified 
among  the  p ro tozoa  or fungi (22). Al though  the  
somat ic  phase is animal-like, part icularly in the 
case of  the swarm cells, the reproduct ive  struc- 
tures are more  plant-like in s t ructure .  The fact  
tha t  e ther  lipids have no t  been found  in fungi 
might  imply  tha t  these  organisms are less 
closely related to  the  slime molds  than  are the 
p ro tozoa .  This conclus ion  is in agreement  wi th  
that  reached  by Korn  et al. (23),  who  found  
tha t  the  unsa tura ted  fa t ty  acid pa t t e rn  of  
Physarum strongly resembles  tha t  o f  Aeanth- 
amoeba... 

Two proper t ies  o f  Physarum, its rapid 
g rowth  rate and its high con t en t  o f  e ther  lipids, 
r e c o m m e n d  it as a potent ia l ly  useful sys tem for  
s tudy ing  e ther  lipid metabol ism.  Part II o f  this 
work  describes our  initial e f for ts  in this 
d i rec t ion.  
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Ether-Containing Lipids of the Slime Mold, 
polycephalum" II. Rates of Biosynthesis 
ALFRED POULOS, 1 and GUY A. THOMPSON, JR., Department 
of Botany, University of Texas, Austin, Texas 78712 

Physarum 

A BST R ACT 

The in vivo incorporation of 1-14C - 
palmitic acid and 1-0-[ 8,9 -3 HI hexadecyl 
glycerol (chimyl alcohol) by plasmodia of 
the slime mold, Physarum polycephalum 
has been studied. 14C-palmitate rapidly 
enters ester and alkyl ether side chains of 
phospholipids, but alk-l-enyl side chains 
are labeled more slowly. 3H-chimyl alco- 
hol is incorporated into the alkyl ether 
phospholipids, which appear to undergo 
e n z y m a t i c  d e s a t u r a t i o n ,  producing 
plasmalogens. The feasibility of Physarum 
as the source of a cell-free enzyme system 
for plasmalogen synthesis is discussed. 

INTRODUCTION 

Lipids of the myxomycete Physarum poly- 
cephalum are exceptionally rich in plasma- 
logens and alkyl ether phosphatides (1). We 
have followed the incorporation of radioactive 
palmitic acid and chimyl alcohol into Physarum 
plasmodia.  The appearance in Physarum 
plasmalogens of significant amounts of radio- 
activity after relatively short time intervals 
establishes its value for studying plasmalogen 
biogenesis. 

MATERIALS AND METHODS 

Physarum polycephalum plasmodia were 
grown and extracted as described in tlae 
accompanying paper (1). All labeling experi- 
ments were carried out in the logarithmic phase 
of growth. 1-14C-palmitic acid (54 mc/mmole) 
was supplied by the New England Nuclear Cor- 
poration. The preparation of 1-0-[8,9-3H] 
hexadecyl glycerol (1 x 103 mc/mmole) has 
been described previously (2). 

Incubation Conditions 

The labeled precursors, dissolved in 0.2 ml 
of absolute ethanol, were transferred with 
sterile Pasteur pipettes to culture flasks con- 
taining 2 to 3 g wet weight of plasmodia in 100 
ml of medium. The flasks were then incubated 
in the dark as discussed in the companion paper 
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(1). Incubations containing the labeled fatty 
acid were removed from the shaker after 3 hr, 
and the plasmodia were allowed to settle. The 
medium was then decanted, and the shaking 
was continued after the addition of 100 ml of 
fresh medium. This procedure was carried out 
to eliminate the continued uptake of fatty acid 
during the incubation period. Owing to the 
much slower uptake of chimyl alcohol, incu- 
bations containing this substance were not 
treated in a similar fashion, but were shaken 
continuously without the removal of nonin- 
corporated label. At the end of the incubation 
period, each flask was frozen quickly in ace- 
tone-dry ice after decanting most of the 
medium, and then stored at -20 C until analysis 
could be made by procedures described in the 
accompanying paper (1). 

Lipid Analyses 

1-0-Alkyl glyceryl ethers and l-0-alk-l-enyl 
glyceryl ethers were prepared by hydrolysis 
with lithium aluminum hydride as described by 
Albro and Dittmer (4), but with one modifica- 
tion. The ether-soluble residue remaining after 
hydrolysis was dissolved in diethyl ether and 
then washed with water. This' washing was 
found to be necessary to remove small amounts 
of salts which affected the resolution of the 
alkyl and alk-l-enyl glyceryl ethers on Silica 
Gel G plates in petroleum ether-diethyl ether- 
glacial acetic acid 30:70:1 (by volume). 

The variability of the yield of radioactivity 
recovered from lithium aluminum hydride 
reaction mixtures (80-92%) prompted the use 
of an alternative method for the assay of the 
alk-l-enyl ether group. This method was based 
on the conversion of the aldehydogenic lipids 
to the corresponding dimethylacetal derivatives 
by reaction with a methanol/HC1 mixture, and 
subsequent separation of these compounds 
from fatty acid methyl esters and from com- 
pounds containing the saturated ether group by 
thin layer chromatography (TLC) on Silica Gel 
G plates in xylene. The methanolysis was 
carried out as described by Farquhar (5) but 
w i th ou t  saponification of the hydrolysis 
products. 

In some instances the aldehydogenic group 
was determined by the two-dimensional chro- 
matographic technique of Horrocks (6). The 
sample was chromatographed on the left-hand 
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TABLE I 

Incorporation of 14C-Palmitic Acid Into Alkyl and Alk-l-enyl Glyceryl Ethers a 
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Fatty acids 
Incubation Alkyl Alk- 1-enyl remaining free 
period, hrs glyceryl ethers glyceryl ethers after incubation 

3 6.75 0.87 56.5 
6 7.9 1.95 64.8 

12 15.8 3.3 26.4 
24 14.0 10.5 22.6 
30 13.25 9.1 16.3 
48 8.45 11.45 5.9 

aper cent of radioactivity associated with plasmodia after harvest. 

edge of a 10 x 20 cm Silica Gel G plate in 
chloroform-methanol-concentrated NH40 H 
(70:30:5), and after fuming with HC1, the plate 
was developed in the second dimension with 
petroleum ether-diethyl ether-glacial acetic acid 
(70:30:1). Aldehyde zones could be detected 
by spraying the plate with 2,4-dinitrophenyl- 
hydrazine reagent. 

Phospholipid separations by TLC were con- 
ducted as described (1). The solvent system 
chloroform-methanol-concentrated NH4OH 
(70:30:5) tended to be the more useful, 
although at times any free fatty acid moved 
only slightly above the phosphatidyl ethanol- 
amine area. To eliminate the possibility of con- 
tamination of one zone with the other, the 
plate was generally redeveloped in petroleum 
ether-diethyl ether-glacial acetic acid (30:70:1). 
Neutral lipids were generally resolved by chro- 
matography on Silica Gel G plates in petroleum 
ether-diethyl ether-glacial acetic acid (70:30:1). 

Preparative TLC was carried out as follows: 
Pooled samples (1/10) representative of each 
incubation period were chromatographed on 20 
x 20 cm Silica Gel G plates, previously washed 
w i t h  chloroform-methanol-water (60:35:8), 
using the chloroform-methanol-concentrated 
NH4OH solvent system. After redevelopment in 
petroleum ether-diethyl ether-glacial acetic acid 
(30:70:1), the three major zones were eluted 
with 30 ml of either chloroform-methanol 1:4 
or, in the case of the unknown zone which 
moved near the origin, absolute methanol. The 
yield of radioactivity recovered from ethanol- 
amine and choline phosphoglycerides, and from 
the neutral lipid area was in excess of 90%. 

Radioactivity Measurements 

Radioactive samples were assayed in a 
Packard Tri-Carb liquid scintillation spectro- 
meter with efficiencies of 49% for 3H and 89% 
for 14C. The method of counting 3H and 14C 
bound to silica gel plates has been described 
previously (8). Quenching was determined by 
means of an external standard. 

Lipids were viewed by exposure of plates to 
iodine vapor. Aldehydogenic substances were 
located by spraying the plates with 2,4-dinitro- 
phenylhydrazine reagent. 

RESULTS 

Uptake of 14C.Palmiti c Acid Into Phospbolipids 

In experiments where 1-14C-palmitic acid 
(11 x 106 dpm) was added to logarithmic phase 
cultures of Physarum, approximately 30% of 
the radioactivity was associated with the 
plasmodia when they were harvested after a 3 
hr incubation. Following replacement of the 
14C-palmitate-containing medium by fresh, un- 
labeled medium, incorporation of the plasmo- 
alia-associated radioactivity into phospholipids 
proceeded fairly rapidly, ranging up to 67% 
after 24 hr. There was no further increase in 
incorporation into phospholipids during an 
additional 24 hr, although incorporation did 
continue into compounds which appeared to be 
triglycerides on the basis of TLC mobility. 

As expected, a sizable proportion of the 
radioactivity incorporated into phospholipids 
by the plasmodia was recovered in ether-linked 
side chains, Analysis of the ether derivatives 
after LiA1H 4 reduction revealed that the alkyl 
ethers accumulated a maximum of radioactivity 
by 12 hr and then declined, while the alk-l-enyl 
ethers gained radioactivity more slowly but 
continuously through the entire 48 hr period 
surveyed (Table I). The radioactivity not 
accounted for in the Table existed in the form 
of esterified fatty acids. 

The identity of the alkyl glyceryl ether was 
confirmed by isolating the labeled material by 
preparative TLC, converting it to the isopropy- 
lidene derivative, and examining the product by 
preparative gas liquid chromatography (GLC). 
Eighty-nine per cent of the radioactivity had 
the same retention time as an authentic iso- 
propylidene of chimyl alcohol. Greater than 
95% of the radioactivity of the gas-chromato- 
graphic eluate had the same mobility on TLC 
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TABLE II 

Incorporation of 3H-Chimyl Alcohol Into Ether and Ester Derivatives 

Per cent of total plasmodia- 
associated radioactivity recovered 

Incubation time, hr 

1 3 6 9 

As unreacted 3H-chimvl alcohol 
Covalently bound in tissue lipids 

Per cent of covalently bound 
lipids recovered nresent as 

68 a 70 48 22 
32 30 52 78 

1-0-Alkyl Ethers 59 48 50 43 
l-0-Alk-1-enyl Et hers 16 16 23 32 
Est erified fatty acids 10 8 6 12 

aAll figures represent the mean values from duplicate incubations. The duplicate values 
varied by less than 12%. 

(petroleum ether-diethyl ether-glacial acetic 
acid 70:30:1) as authentic isopropylidene 
derivatives. 

The identity of  the alk-l-enyl group was 
confirmed by preparing dimethylacetal deriva- 
tives of the incubation mixtures and, after 
saponification of fatty acid methyl esters, iso- 
lating the dimethylacetals by GLC. More than 
95% of the radioactivity recovered from the 
column had the same retention time as the 
dimenthylacetal of palmitaldehyde. 

It is not clear why plasmodia isolated in the 
in vivo incubation experiments retain such a 
large percentage of free fatty acid. That portion 
not yet incorporated into complex lipids by the 
end of 3 hr requires much additional time to be 
utilized. This fraction of  the fatty acid may be 
unavailable to the metabolic system of the 
plasmodia by virtue of being either adsorbed to 
the plasmodial cell wall or sequestered into 
some type of  intracellular vacuole. 

Evidence favoring this interpretation was 
obtained by the following experiment. 
Plasmodia (5.3 g wet weight), incubated with 
labeled palmitic acid for 24 hr, were homo- 
genized as described by Brewer et al. (9). Ali- 
quots of the 600 x g (15 min) supernatant were 
incubated at 37 C with a series of reagents, 
including 2 mM ATP, 5 mM magnesium chlo- 

ride, 2 mM cytidine triphosphate (CTP), 1 mM 
NAD, 1 mM NADP and 5/~g Triton X-100/ml. 
The free fatty acids associated with the 
plasmodia (58% of total labet at zero time) 
were quickly incorporated into phospholipids. 
After 30, 60 and 120 rain, the respective free 
fatty acid levels were 18%, 8% and 6%. The 
explanation for the fatty acids' unavailability in 
the intact organism will require further study. 

Uptake of 3H-Chimyl Alcohol 

3 H-Chimyl alcohol (4.13 x 106 counts/min) 
was incubated with plasmodia for four different 
time intervals (1, 3, 6 and 9 hr), each experi- 
ment being carried out in duplicate. The chimyl 
alcohol was absorbed more slowly than 
palmitate, and less then 25% of the radioactive 
substrate was taken up at any of  the time 
intervals studied. 

TLC in the neutral lipid solvent mixture 
showed that, apart from unincorporated chimyl 
alcohol, the major radioactive lipid components 
remained at the origin, suggesting that they 
were of  phospholipid nature. The percentage of  
the total plasmodia-associated radioactivity 
incorporated into this area increased from 2 1 %  
after 1 hr to 53% after 9 hr. Aliquots of the 
incubation extracts were reacted with 
methanolic HC1. The data shown in Table II 

TABLE III 

Per Cent Incorporation of 3H-Chimyl Alcohol Into Phospholipids a 

Phospholipid area 1 hr 3 hr 6 hr 9 hr 

Phosphatidyl choline 2.7 2.7 4.7 6.6 
Phosphatidyl ethanolamine 5.4 4.3 12.7 17.6 
Unknown 14.3 8.9 12.9 24.9 

aThe figures shown above represent the mean values of per cent 
of the plasmodia-associated radioactivity that was incorporated in 
duplicate incubations. The per cent incorporation into the various 
fractions of duplicate incubations varied by less than 10%. 

LIPIDS, VOL. 6, NO. 7 



BIOSYNTHESIS OF ETHER LIPIDS IN PHYSARUM 

TABLE IV 

Incorporation of 3H-Chimyl Alcohol Into Alkyl and Alk-l-enyl 
Ether and Ester Linkages of Ethanolamine Phosphoglycerides a 

Incubation 
period, hr Alkyl ether Ester Alk-1-enyl ether 

1 46.1 17.9 30.7 
3 35.5 19.7 38.5 
6 26.9 14.3 53.8 
9 17.9 18.5 59.1 

aper cent o f  total  radioactivity. 

demonstrate that most of the radioactivity was 
present in ether linkage, confirming that there 
had been little degradation of the saturated 
ether bond. These results also support the 
hypothesis that the alk-l-enyl ether is formed 
from the saturated ether by some form of 
dehydrogenation process. This is especially indi- 
cated by the 3 and 6 hr figures since, although 
there is little change in the per cent incorpora- 
tion into ester linkages, the decrease in per cent 
incorporation into the saturated ether linkage 
quite closely parallels the increased incorpora- 
t ion into the unsaturated ether moieties. 

The distribution of radioactivity among indi- 
vidual lipid fractions was examined by TLC of 
the total lipid extracts in the ammoniacal phos- 
pholipid solvent. Apart from neutral lipid, three 
major radioactive zones were detected. Two of 
the radioactive compounds were found in the 
phosphatidyl choline and phosphatidyl ethanol- 
amine areas, respectively, of thin layer chro- 
matograms while the other substance remained 
near the origin in this solvent system, but 
moved near the solvent front in most acidic 
solvents. The per cent incorporation into each 
fraction was found to increase with time (Table 
III). 

Localization of Radioactive Unsaturated Ethers 

Most of the aft-unsaturated ether groups 
present in lipid extracts of the organism are 
found in the ethanolamine phosphoglyceride 
fraction (1). It therefore seemed likely that the 
bulk of the labeled dimethylacetals liberated 
after reaction with methanotic HC1 was being 
derived from this fraction. To confirm this the 
three major phospholipid zones were each iso- 
lated by preparative TLC and treated with 
methanolic HC1. The results of the analyses of 
ethanolamine phosphoglycerides are shown in 
Table IV. In this fraction the decrease in radio- 
activity present as saturated ethers closely 
matches the increase in the per cent incorpora- 
tion into the unsaturated ethers. 

No clear-cut trend was discernible in the 
choline phosphoglyceride fraction. In this case, 
acyl esters accounted for 45-65% of the total 
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�9 radioactivity while alkyl ethers and dimethyl- 
acetals contained 24-41% and 4-8% of the 3H. 
respectively. No more than 2% of the radio- 
activity in the neutral lipid fraction was asso- 
ciated with acyl esters or alk-l-enyl ethers. 

The recovery of radioactivity from the un- 
known phospholipid area was below 50% in all 
cases where lipid was eluted from chromato- 
graphic plates. Therefore, the per cent incorpo- 
ration into aldehydogenic linkages of this lipid 
was determined by the two-dimensional TLC 
technique of Horrocks (6), in which plasma- 
logens chromatographed in one dimension are 
cleaved with HC1 to free aldehydes, which are 
then developed in the second dimension. 

The percentages of the total plasmodia-asso- 
ciated radioactivity present in the unknown 
lipid fraction as alk-1-enyl ether side chains was 
1.6%, 1.9%, 5.1% and 14.4% at 1, 3, 6 and 9 hr, 
respectively. A comparison of these results with 
the percentages reported in Table III for the 
unknown lipid indicates that at 9 hr over half 
the radioactivity in this fraction is in the form 
of plasmalogens. 

In Vitro Incorporation Studies. In addition 
to the incorporation of 14C-palmitate by cell 
free preparations described above a few prelimi- 
nary studies have been made with other sub- 
strates. Incubation of a 275 Xg supernatant 
with 14C-cetyl alcohol in the presence of 5 ktg 
Triton X-100 per milliliter and ATP, CoA, Mg 
C12 NADPH and glyceraldehyde-3-phosphate, 
essentially as described by Kapoulas and 
Thompson (10), failed to produce significant 
incorporation into lipids. However, 3H-chimyl 
alcohol incubated with a 120 Xg (15 min) 
supernatant under similar conditions for 2 hr at 
35 C showed a conversion of approximately 
20% of the radioactivity into a polar lipid. 
Unlike the polar lipid found in vivo, this 
product remains at the origin of thin layer 
plates chromatographed in acidic or basic sol- 
vent systems. Characterization of this material 
has not  yet been attempted. 

DI SC USSI ON 

The origin of the ether-linked side chain of 
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plasmalogens has been the subject of much 
speculation and frustrated experimental effort 
(1 I). Conflicting findings still prevent general 
agreement on the pathway of plasmalogen 
formation. 

Working with the terrestrial slug Arion ater, 
Thompson obtained evidence suggesting that 
plasmalogens arise through the enzymatic de- 
saturation of alkyl ether phospholipids (12). 
Later studies showed that slugs fed alkyl ethers 
labeled in the side chain with 14C and in the 
glyceryl moiety with 3H synthesized plasma- 
logens having a 3H/14C ratio similar to that of 
the administered substrate (13). The same pre- 
cursor-product relationship seems to exist in 
tissues as diverse as rat brain (14), dogfish liver 
(15), and ascites tumor cells (16,17). 

On the other hand, Ellingboe and Kamovsky 
(18), using the digestive gland of the starfish, 
Asterias forbesi, found fatty aldehydes to be 
more efficient than fatty alcohols as precursors 
of alk-l-enyl ethers while the reverse was true 
in the formation of alkyl ethers. The authors 
concluded that no direct precursor-product 
relationship exists between the two ether types. 

A serious handicap in studies of plasmalogen 
biosynthesis is the sluggish rates at which 
administered substrates enter these lipids. Most 
in vivo experimental systems require many 
hours before there is sufficient incorporation 
for analysis. The development of useful cell-free 
preparations from such tissues would seem 
most unlikely. We feel that our experience with 
Physarum demonstrates it to be not only an 
excellent organism for in vivo studies but, more 
importantly, a promising source of  active cell- 
free enzymes. 

The uptake of 14C-palmitate into alkyl 
ethers is rapid, reaching a maximum after 12 hr. 
As with all other tissues studied, the alk-l-enyl 
ethers show a much slower incorporation of 
label, but the incorporation continues long 
after the bulk of added palmitate is esterifled 
into lipids. By 48 hr, the alk-l-enyl ethers con- 
tinue to increase while alkyl-ether radioactivity 
has declined to half its peak level. 

The most suggestive evidence o f  alkyl ethers 
as direct precursors of plasmalogens comes 
from the 3H-chimyl alcohol incubations. Here 
25% of the added radioactivity appears in alk- 
1-enyl ethers by 9 hr. Comparing these results 
with those from the 14C-palmitate study, it 
seems clear that this high labeling cannot be 
accounted for by the relatively small amount of 
alkyl ether cleavage yielding fatty acids. 

Most of the radioactive alkyl and alk-l-enyl 
ethers are located in the ethanolamine phospho, 
g l y c e r i d e s  and the unknown compound 

GUY A. THOMPSON, JR. 

described in the accompanying paper (1). If, as 
we suspect, the unknown lipid is the ether 
analog of phosphatidic acid, this may be the 
intermediate involved in the desaturation step. 
Unfortunately,  the instability of the unknown 
under these conditions has not allowed a de- 
tailed analysis to be made. However, con- 
sidering the relatively small amount of alk-1- 
enyl ether found in this lipid as compared with 
the ethanolamine phosphoglycerides, the spe- 
cific radioactivity of the unknown plasmalogen 
must be much higher than that of  its ethanol- 
amine analog. 

The preliminary in vitro incubations 
attempted so far have been unsuccessful in 
effecting plasmalogen synthesis. The fact that 
14C-palmitate is rapidly incorporated suggests 
that further experimentation may produce a 
cell-free system capable of measurable plasma- 
logen biosynthesis. 
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Effects of Su-13437, A New Hypolipidemic Drug, Upon 
Synthesis In Vivo of Hepatic and Carcass Total 
Fatty Acids and Total Cholesterol 
R I C H A R D  J. CENEDELLA, Department of Pharmacology, 
West Virginia University, Morgantown, West Virginia 26506 

ABSTRACT 

The present study is directed toward 
obtaining information on the metabolic 
effects and on the mode of action of 
CIBA-Su-13437, a new hypolipidemic 
phenolic ether structurally related to 
clofibrate. The ability of Su-13437 to 
affect the net formation of lipids in vivo 
was studied by measuring the total in- 
corporation of intraperitoneally injected 
1,2-14C-sodium acetate and uniformly 
labeled 14C-glucose into total fatty acids 
and total cholesterol by the liver and car- 
cass of control and Su-13437-treated 
mice. Treated mice received Su-13437 
orally at 25, 100 or 250 mg/kg/day for 
14 or 15 consecutive days. Treatment 
with Su-13437 resulted in pronounced 
enlargement of the liver and significant 
reductions in the plasma levels of trigly- 
cerides and total cholesterol. Essentially 
all of the observed metabolic effects of 
Su-13437 were confined to the liver. At all 
doses studied, in addition to liver en- 
largement, there were large increases in 
incorporation of both 14C-acetate and 
14C-glucose carbon into hepatic total 
fatty acids; marked increases in hepatic 
total fatty acid content;  and decreases in 
the liver's relative cholesterol content of 
up to 30% with little or no effect upon 
the net synthesis of cholesterol per gram 
of liver. These observations are inter- 
preted as indicating that Su-13437 lowers 
plasma triglyceride and cholesterol levels 
by means other than net inhibition of 
fatty acid and cholesterol formation by 
either hepatic or extrahepatic tissues. 

I N T R O D U C T I O N  

CIBA-Su-13437 [ 2-methyl-2-(p-l,2,3,4-tetra- 
hydro-l-naphthyl)-phenoxy)propionate] is a 
recently introduced phenolic ether, structurally 
related to clofibrate (ethyl-p-chlorophenoxyiso- 
butyrate), which is reported to possess pro- 
nounced hypolipidemic properties in experi- 
mental animals (1,2) and man (3,4). Su-13437 
is active at lower doses than clofibrate and 

decreases both the circulating levels of choles- 
terol and triglycerides, although the effects on 
glyceride levels seem to predominate. In con- 
trast to clofibrate, which has been extensively 
investigated for almost 10 years, there is little 
information available on the biochemical 
effects of Su-13437 and on the possible mecha- 
nisms by which it lowers plasma lipid levels. 
The present study is directed toward obtaining 
information on the mode of action of 
Su-13437. Specifically, the objective is to 
measure the effects of  this drug upon the 
synthesis of total fatty acids and total choles- 
terol by the liver and carcass of the intact 
animal. The immediate interest in these meta- 
bolic processes as possible sites of action for 
Su-13437 stems from the recent observations of 
Maragoudakis (5,6) that Su-13437 and clo- 
fibrate inhibit the activity of purified hepatic 
acetyl CoA carboxylase (an early enzyme in 
fatty acid synthesis) and the earlier reports 
(7,8) that clofibrate inhibits hepatic cholesterol 
synthesis. 

M A T E R I A L  A N D  METHODS 

Treatment of Mice 

Male mice (30 g, Swiss Webster, from Hilltop 
Lab Animals, Inc., Scottdale, Pa.) maintained 
on a standard Purina rat and mouse lab chow 
d ie t  (6 .3% fat)  received intragastrically 
Su-13437 suspended in 1% aqueous gelatin at 
25, 100 or 250 mg/kg once daily for 14 or 15 
consecutive days. The highest dose studied, 250 
mg/kg, corresponds to a dosage level at which 
clofibrate has frequently been investigated in 
animals (7,8). Age- and weight-matched, un- 
treated male mice also maintained on the 
mouse chow diet served as controls. 

Two hours after receiving the last dose of 
the drug on day 15, treated mice or control 
mice received by intraperitoneal injection 
1,2-14C-sodium acetate at 0.1 #Ci/g body 
weight (sp. act. = 140 /2Ci/mM) or uniformly 
labeled 14C-glucose at 0.2 /~Ci/g body weight 
(sp. act. = 137/~Ci/mM). The mice thus receive 
either about 1.8 mg of labeled acetate 
or about 8 mg of labeled glucose. Food and 
water were removed from both control and 
treated mice for the 2 hr immediately prior to 
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TABLE I 

Effects of Su-13437 Upon Plasma Cholesterol and Plasma Triglyceride Levels a,b. 

T o t a l  c h o l e s t e r o l  Triglycerides 

Number Number 
of Per cent of Per cent 

Group mice Mg/lO0 ml change P mice Mg/lO0 ml change P 

C o n t r o l  31  1 2 8  4- 1 8  - -  -- 18 6 6 . 2  4- 2 2 . 0  . . . . . .  

Su-13437 
25 mg/kg 18 115 4-26 -10 ~0.07 18 36.9 + 8.1 -44 (0.001 

I00 mg/kg 23 107+20 -16 <0.001 15 39.9 4- 9.9 -40 <0.001 

aMice were treated with Su-13437 orally at 25 or 100 mg/kg once daily for 14 consecutive days. 
bValues are means + one standard deviation. 

administration of the labeled substrates. After 
injection of the radioisotopes, the mice were 
then placed into metabolism chambers for a 3 
hr incubation in vivo. Subsequently, the mice 
were killed by cervical dislocation and the liver 
and carcass (all extrahepatic tissues) were sepa- 
rated. The liver and carcass were separately 
saponified in ethanolic KOH and the total fatty 
acids and total cholesterol were then separately 
extracted into petroleum ether as indicated pre- 
viously (9). The total cholesterol, isolated as 
the digitonide (10), and the isolated total fatty 
acids were assayed for 14C content by liquid 
scintillation counting. The cholesterol digi- 
tonide precipitates were prepared for scintilla- 
tion counting by the method of Avoy et al. (7). 
Total fatty acids and digltonide precipitates 
were measured gravimetrically. The measure of 
lipid synthesis is the per cent of the injected 
14C_acetate or 14C_glucose radioactivity incor- 
porated into the total fatty acids and total 
cholesterol of the liver and carcass. 

Measurement of Plasma Lipids 

Immediately after cervical dislocation of 
control or treated mice, blood was drawn by 
cardiac puncture into 1 ml syringes containing 
0.I 9 ml of a citrate anticoagulant. Total blood 
volume was recorded and a microhematocrit  
was done on each sample. The plasma, sepa- 
rated by centrifugation, was extracted in iso- 
propanol (0.25 ml of plasma + 4.75 ml of 
isopropanol). After removal of  phospholipids 
and glucose from these extracts with Zeolite 
(11), aliquots of the extracts were directly 
assayed for total cholesterol content  by an 
automated method (12). Glyceride glycerol was 
released by saponification and then measured 
essentially as described by Lofland (13). In al l  

cases the proper corrections were made for the 
dilution of the plasma by the citrate anti- 
coagulant. 

RESULTS 

Both 25 and 100 mg/kg of Su-13437 given 
orally to mice once daily for two weeks 
resulted in about 40% reductions in the plasma 
triglyceride levels (Table I). The effects on 
plasma total cholesterol concentrations were 
much less pronounced. Su-13437 given at 100 
mg/kg for two weeks decreased the plasma cho- 
lesterol levels by only an average 16%, 
P(t)<0.001; 25 mg/kg produced a decrease 
(10%) which was only of borderline statistical 
significance (Table I). 

The effects of Su-13437 upon liver weight 
and upon liver and carcass lipid content  were 
also measured (Table II). At all drug doses 
studied, both the absolute liver weight and the 
weight relative to the whole mouse greatly 
increased, ranging from a 60% increase at 25 
mg/kg to about a 200% increase at 250 mg/kg. 
By way of comparison, Hess and Bencze (1) 
observed a 100% increase in the relative liver 
weight of rats treated orally with 100 mg/kg of 
Su-13437 for 14 days. 

With regard to lipid content,  Su-13437 had 
no statistically significant effects upon the total 
fatty acid or cholesterol content of the carcass. 
However, drug treatment resulted in a pro- 
nounced increase in the total fatty acid content 
of the whole liver. The increase is explained on 
the basis of liver enlargement since the total 
fatty acid content per gram of liver did not 
change. Of particular significance, treatment 
with Su-13437 caused a significant decrease in 
the hepatic relative cholesterol content,  i.e., 
milligram cholesterol per gram liver wet weight. 
At 100 and 250 mg/kg there was a decrease of 
about 30%. At 25 mg/kg the decrease, although 
statistically significant, amounted to only 12%. 
The total cholesterol content of the whole liver 
increased with drug treatment since the increase 
in liver size more than compensated for the 
decrease in the cholesterol content per gram of 

LIPIDS, VOL. 6, NO. 7 



EFFECTS OF SU-13437 ON LIPOGENESIS 477  

TABLE II 

Effects of Su-13437 Upon Liver Weight and Upon Liver and Carcass Lipid Content a 

Total fatty acid content, Total cholesterol 
Liver mg content, mg 

Dose of Number Per cent 
drug, of Total body Whole Per g Whole Per g 

mg/kg b mice weight g weight Carcass d liver liver Carcass liver liver 

0 c 11 1.77+ 5.69+ 1838+_ 61.4+_ 35.3+_ 69 .7+_  4 . 5 5 + _  2.50+_ 
0.34 0.85 553 16.6 11.5 5.3 0.68 0.40 

25 13 2.85+ e 9.214- e 1940+ 105.6+ e 37.4+ 69.0+_. 6.08__ -e 2.19!-g 
0.74 1.48 1028 27.8 5.1 8.8 1.03 0.31 

100 4 4.01+- e 12.64+ e 1605+ 160.1+ e 39.4-t- 62.8+_. 7.134- f 1.76+.._ e 
0.62 1.94 659 45.9 6.1 4.9 1.75 0.19 

250 9 5.80+ e 16.33+ e 1916+ 239.2+ e 41.4+- 62.8+ 9.98_ e 1.72-1 -e 
0.67 0.85 855 36.0 4.6 7.6 1.70 0.20 

aValues are means + one standard deviation. 
bSu-13437 was given orally at 25, 100 or 250 mg/kg]day for 15 days. 
CUntreated control mice. 
dRefers to the whole mouse minus the liver. 
ep(t) of difference from control <0.005.  
fP(t) <0.02.  
gP(t) < 0.05. 

liver. These resul ts  par t ia l ly  agree wi th  those  
pub l i shed  by  Hess and  Bencze  (1)  for  the  rat .  
They  repor t  t h a t  100 m g / k g  of  Su-13437 given 
orally for 14 days caused  a 25% to  40% 
decrease in the  free and  es ter i f ied cho les te ro l  
c o n t e n t  per  gram of  liver while  the  free choles-  
t e ro l  c o n t e n t  of  the  whole  liver increased  by  
a b o u t  80%. 

Table  III p resen t s  da ta  on  the  effects  of  25, 
100 and 250  m g / k g  of Su-13437 u p o n  the  
f o r m a t i o n  of  t o t a l  f a t t y  acids and  to ta l  choles- 
t e ro l  f r om 14C-acetate .  The  da ta  is expressed  as 
the  per  cent  of  the  in jec ted  14C-aceta te  in- 
c o r p o r a t e d  in to  the  t o t a l  f a t ty  acids and  to ta l  
choe ls te ro l  of  the  carcass and  liver. Drug t rea t -  
m e n t  had  l i t t le  or  no  ef fec t  u p o n  the  incorpora -  
t ion  of  14C-aceta te  i n to  carcass f a t ty  acids and  
choles tero l .  In  all cases a b o u t  3% of  the  in- 
j ec t ed  14C-aceta te  was i n c o r p o r a t e d  in to  the  
t o t a l  fa t ty  acids of  the  carcass. In con t ras t ,  
t he re  was a very large increase  in i n c o r p o r a t i o n  
of  14C_acetat e i n t o  the  t o t a l  f a t ty  acids of  b o t h  
the  whole  liver and  per  gram of  liver at  all d r u g  
doses s tudied.  For  example ,  the  whole  liver of  
u n t r e a t e d  mice i n c o r p o r a t e d  a b o u t  0.4% of  the  
in jec ted  14C-aceta te  i n to  hepa t i c  t o t a l  f a t ty  
acids. This r ep r e sen t ed  a b o u t  12% of  the  to ta l  
f a t ty  acid synthes i s  observed  for  the  whole  
mouse .  However ,  w h e n  mice received,  for  
example ,  100 m g / k g  o f  Su-13437 the  t o t a l  liver 
i n c o r p o r a t e d  a lmos t  n ine  t imes  as m u c h  of  the  
labeled  subs t ra t e  i n t o  to ta l  f a t ty  acids, a b o u t  
3.4% of  the  in jec ted  14C-aceta te  and  this  n o w  
rep resen ted  more  t h a n  50% of the  to ta l  f a t t y  

acid synthes i s  m e a s u r e d  for  the  en t i r e  mouse .  
The  m a g n i t u d e  of  the  increased i n c o r p o r a t i o n  
i n to  f a t ty  acids per  gram of  l iver was seen to  be 
i n d e p e n d e n t  of  drug dose. In all cases i t  
increased  by more  t han  a fac to r  of  four .  In 
c o m p a r i s o n  to  fa t ty  acid synthes is ,  the  effects  
of  Su-13437  u p o n  the  f o r m a t i o n  of  to ta l  cho-  
les terol  by  the  liver were less p r o n o u n c e d .  The 
drug caused no  s ignif icant  change  in cho les t e ro l  
f o r m a t i o n  f rom 14C-aceta te  pe r  gram of  l iver 
excep t  at the  h ighes t  dose. Here the re  was a 
sl ight increase.  I n c o r p o r a t i o n  in to  cho les te ro l  
of  t he  whole  liver was s ignif icant ly  increased  at 
100 and  250  mg/kg.  There  was also l i t t le  e f fec t  
u p o n  the  f o r m a t i o n  of  carcass choles te ro l .  The  
i n d i c a t i o n  of  a small  bu t  s igni f icant ly  depressed 
i n c o r p o r a t i o n  i n to  carcass cho les t e ro l  at 25 
m g / k g  was n o t  s u p p o r t e d  by  s u b s e q u e n t  exper i -  
men t s .  

A l t h o u g h  14C-aceta te  is a c o n v e n i e n t  too l  
for  inves t iga t ing  f a t t y  acid and  cho les te ro l  
syn thes i s  it is n o t  a na tu ra l  e x o g e n o u s  subs t r a t e  
for  l ipid f o r m a t i o n  in man  or  mouse .  Glucose  is 
u n d o u b t e d l y  the  ma in  c a r b o n  source  for  l ipo- 
genesis u n d e r  usual  cond i t i ons  (14) .  Fo r  this  
r e a s o n  e x p e r i m e n t s  were c o n d u c t e d  wi th  
14C-glucose to see w h e t h e r  they  cou ld  con f i rm  
the  obse rva t ions  on  lipid synthes i s  f rom 14C- 
ace ta te .  As was seen wi th  14C-aceta te ,  t reat-  
m e n t  w i th  Su-13437  increased the  ne t  fo rma-  
t i o n  of  to t a l  f a t t y  acids by the  whole  liver and  
per  gram of  l iver f rom u n i f o r m l y  labeled  
14C-glucose (Table  IV). As before ,  the  drug had  
no  ef fec t  u p o n  fa t ty  acid f o r m a t i o n  by  the  
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TABLE III 

Effects of Su-13437 Upon Fatty Acid and Cholesterol Synthesis 

in vivo from 1,2,- 14C.Acetate, Given i p at 0.1//Ci/g Body Weight. 

Per cent of injected 14C-acetate incorporated into total  fatty 
acids and total cholesterol  at 3 hr after injection a 

Total fatty acids, % Total cholesterol, % 

Dose of 
drug, Number Whole Per g Whole Per g 

mg/kg b of mice Carcass liver liver Carcass liver liver 

0 6 2.8 t 4-_ 0.383--+ 0.196-+ 0.519-+ 0.050-+ 0.025-+ 
0.41 0.130 0.062 0.082 0.018 0.008 

25 7 3.22_+ 2.200+ c 0.916-+ c 0.400-+ e 0.064-+ 0.026-+ 
0.65 0.537 0.242 0.103 0.037 0.015 

100 4 3.01--+ 3.365-+ c 0.861-+ c 0.540-+ 0.138_+ d 0.035-+ 
0.78 1.106 0.345 0.098 0.056 0.014 

250 4 3.38-+ 5.417_+ c 0.901__. d 0.637-+ 0.253+ c 0.042_+ e 
0.98 1.907 0.340 0.023 0.061 0.011 

aValues are means -+ one standard deviation. 
bSu-13437 was given at 25,100, or 250 mg/kg/day for 15 days. 0 drug dose refers to untreated controls. 
cp(t) <[0.005. 
dp(t) <[0.02. 
ev(t) <[0.05. 

carcass at 25 mg/kg,  a l though 250 mg/kg  
seemed to produce a slight but  statistically sig- 
nificant inhibit ion.  With regard to cholesterol  
format ion ,  25 mg/kg did no t  effect  cholesterol  
synthesis f rom 14C.glucose by the liver or car- 
cass. As observed with 14C-acetate,  250 mg/kg 
s t imulated cholesterol  fo rmat ion  by the liver 
but  no t  by the carcass. Thus with slight 
except ion ,  the overall effects  of  Su-13437 upon 
lipid synthesis f rom 14C-acetate and 14C-glu- 
cose are the same. With bo th  isotopes at low 
and high drug doses there was s t imulat ion of  
fa t ty  acid format ion  by bo th  the whole liver 
and per  gram of  liver; cholesterol  format ion  by 
the liver from both  isotopes was unaf fec ted  at 
25 mg/kg  but s t imulated at 250 mg/kg;  and 
lastly drug t rea tment  resulted in only small i f  
any effects upon  the synthesis of  total  fa t ty  
acids and cholesterol  by the carcass. In part,  
these findings are in close agreement  with the 
observat ions presented by Duncan and Best 
(15) in a 1969 abstract.  They repor ted  that  
Su-13437 and to a lesser ex ten t  clofibrate sig- 
nif icant ly increased incorpora t ion  of  orally 
adminis tered 1-14C-sodium acetate  in to  hepatic  
total  fa t ty  acids of  the rat. As observed in the 
present  study,  the s t imulat ion of  hepat ic  fat ty 
acid synthesis may also go along with the 
finding of  Hess et al. (2) that  Su-13437, orally 
given to rats at 100 mg/kg  for 14 days, st imu- 
l a t e d  the incorpora t ion  of  intravenously 
injected 1-14C-palmitate in to  liver triglycerides. 

Since there was some concern that  the pat- 
terns of  incorpora t ion  of  radioact ivi ty into 
body lipids as observed at 3 hr  could have 
appreciably changed with greater t ime after 
substrate adminis t ra t ion,  exper iments  were con- 
ducted  measuring the incorpora t ion  of  14C.ac e. 
ta te  into hepat ic  and carcass lipids at 9 hr after 
isotope adminis t ra t ion to cont ro l  and 25 mg/kg  
treated mice (Table V). As seen at 3 hr (Table 
IID, there is an increase in the incorpora t ion  of  
14C into total  fa t ty  acids of  bo th  the whole 
liver and per gram of  liver with no effects upon  
the extrahepat ic  fa t ty  acid synthesis. Also in 
a g r e e m e n t ,  25 mg/kg  of  Su-13437 still 
p roduced  no changes in the format ion  of  
hepat ic  choles terol  f rom 14C.acetate.  Al though 
there was less 14C-acetate incorpora ted  into 
carcass cholesterol  by the t reated mice at 9 hr, 
the difference was no t  statistically significant as 
it was at 3 hr. These results indicate that  the 
exper iments  conduc ted  at 3 hr  are essentially 
representa t ive  o f  the patterns o f  incorpora t ion  
for  many hours  after  isotope administrat ion.  
Throughout  the t ime intervals studied, the 
principal observed drug effect  was s t imulat ion 
o f  hepatic  fa t ty  acid format ion  f rom both  
14 C-acetate and 14 C-glucose. 

Theoret ical ly ,  one of  several mechanisms 
could have accounted  for the drug related 
increases in incorpora t ion  o f  1,2-14C-acetate 
and U-14-glucose carbon into  hepat ic  total  
fa t ty  acids. These possibilities include,  for 
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TABLE IV 

Effects of  Su-13437 Upon Fat ty Acid and Cholesterol 
Synthesis in Vivo From U-14C-Glucose, Given i pat 0.2/.tCi/g Body Weight. 

479 

Per cent of  injected U-14C-glucose incorporated into total fa t ty  
acids and total cholesterol 3 hrs after injection a 

Total fat ty acids, % Total cholesterol,  % 

Dose of 
Drug Number  Whole Per g Whole 

mg/kg b of  mice Carcass liver liver Carcass liver 
Per g 
liver 

0 5 1.49_+ 0.016_+ 0.0088_+ 0.1114- 0.0018-+ 0 .0010+ 
O. 16 0.015 0.0055 0.022 0.0013 0.0006 

25 6 1.32+ 0.072_+ c 0.0202_+ d 0 .128+ 0.0028_+ 0.0008+ 
0.31 0.045 0.0085 0.045 0 .0018 0.0006 

250 5 1.15-+d 0.5624- e 0.0996_+ e 0.100_. 0.0755_+ c 0-0135--c 
0.20 0.264 0.0454 0.010 0.0324 0.0050 

aValues are means _+ one s tandard deviation. 
bOral dose per day for 15 days. 0 dose refers to control  mice. 
eP(t) ~ 0 . 0 2 5 .  
dp(t) ~ 0 . 0 5 .  
ep(t) ~ 0 . 0 0 5 .  

example, decreased pool sizes of hepatic acetate 
and glucose in treated mice, inhibition of fatty 
acid catabolism or an overall stimulation of the 
liver's fatty acid synthesizing enzymes. This last 
possibility may deserve special consideration 
since both Su-13437 and clofibrate cause a 
cytoplasmic hypertrophy of the liver (2) and 
this hypertrophy, at least for clofibrate, 
includes a marked increase in the liver's cell sap 
protein concentration (16). 

DISCUSSION 

The use of the mouse as a model for studies 
of hypolipidemic drugs rgquires certain special 
considerations since the lipid metabolism of the 

mouse is apparently highly dependent upon its 
genetic background. Inbred strains vary greatly 
in  t h e i r  s u s c e p t i b i l i t y  t o  d e v e l o p  o b e s i t y ,  
r a n g i n g  f r o m  e x t r e m e l y  r e s i s t a n t  to  h i g h l y  
s u s c e p t i b l e  a n d  also in  t h e  levels  o f  t h e i r  p l a s m a  
c h o l e s t e r o l  ( 17 ) .  In  g e n e r a l ,  s t r a i n s  h i g h l y  
s u s c e p t i b l e  t o  o b e s i t y  p o s s e s s  e l e v a t e d  p l a s m a  
c h o l e s t e r o l  levels .  Brue l l  e t  al. ( 1 8 )  o b s e r v e d  
t h a t  in f ive i n b r e d  s t r a i n s  o f  m i c e  t h e  p l a s m a  
c h o l e s t e r o l  r a n g e d  f r o m  128  m g / 1 0 0 m e  to  2 0 8  
r a g / 1 0 0  m e .  C o n s i d e r i n g  t h i s  i n f o r m a t i o n ,  t h e  
m i c e  u s e d  in  t h e  p r e s e n t  s t u d y  are  o r o b a b l y  o f  
t h e  r e s i s t a n t  to  m o d e r a t e l y  r e s i s t a n t  g e n e t i c  
t y p e  s ince  t h e y  p o s s e s s e d  r e l a t i v e l y  l o w  p l a s m a  
t o t a l  c h o l e s t e r o l  levels  ( 1 2 8  + 18 m g / 1 0 0  m l ) .  
T h e  e f f e c t i v e n e s s  o f  S u - 1 3 4 3 7  as a h y p o -  

TABLE V 

Influence of Time Upon the Effects of  Su-13437 on Fat ty Acid and 
Cholesterol Synthesis  in Vivo From 1,2-14C-Acetate 

Per cent  o f  injected 1,2-14C-acetate incorporated into total  fa t ty  
acids and total  cholesterol at 9 hr after injection a 

Total fat ty acids, % Total cholesterol,  % 

Dose of 
drug,,  Number  Whole Per g Whole Per g 

mg/kg o of mice Carcass liver liver Carcass liver liver 

0 3 2.76_+ 0.258_+ 0.164_+ 0.523_+ 0.031_+ 0.017_+ 
1.06 O. 195 O. 144 0.073 0.020 0.009 

25 3 2.84_+ 1.466_+ c 0.605____ d 0.476_+ 0.041 0.018_+ 
0.21 0.451 0.183 0.070 0.015 0.010 

aValues are means _+ one s tandard deviation. 
bOral dose per day for 15 days. 0 dose refers to control mice. 
cp(t)  ( 0 . 0 2 .  
dp(t)  ( 0 . 0 5 .  
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l ipidemic drug for the strain of  mice used in 
these studies was established by significant 
reduct ions  in serum cholesterol  and tr iglyceride 
levels fol lowing two weeks oral dosage wi th  25 
and 100 mg/kg/day  of  this drug. Conf i rming  
o ther  reports  (2-4) reduct ions  of  plasma trigly- 
ceride levels were seen to exceed those of  
plasma cholesterol .  

Essentially all of  the observed metabol ic  
effects  of  Su-13437 in the mouse  were conf ined  
to the liver. These involved enlargement  of  the 
liver, s t imulat ion o f  hepat ic  fa t ty  acid forma- 
t ion f rom bo th  14C-acetate and 14C-glucose 
and reduct ions  o f  the liver 's relative cholesterol  
content .  There was generally li t t le ef fec t  upon 
the synthesis of  total  cholesterol  per gram of 
liver. These observat ions permi t  some general 
c o m m e n t s  on the possible mode  of  hypo-  
choles terolemic  and hypot r ig lycer idemic  act ion 
of  Su-13437.  First, Su-13437 in contras t  to 
clof ibrate  would no t  appear  to lower  plasma 
cholesterol  levels secondary to an overall inhi- 
bi t ion o f  ei ther hepat ic  or  ext rahepat ic  cho- 
lesterol  synthesis. Other  possibilities, such as 
accelerat ion of  cholesterol  catabol ism and 
excre t ion  or  tissue redis t r ibut ion,  or  both,  
could account  for the observed reduct ions  in 
hepat ic  and plasma choles terol  levels. 

With regard to triglycerides,  the depression 
of  plasma triglycerides by Su-13437 in the 
mouse  certainly does no t  seem to involve a ne t  
inhibi t ion  of  hepatic  or  ext rahepat ic  fa t ty  acid 
de novo  synthesis. The lack of  inhibi t ion  of  
total  ext rahepat ic  fa t ty  acid synthesis may  be 
the more  significant observat ion since most  of  
the total  fa t ty  acid synthesis by the whole 
animal occurs outside of  the liver (14). This 
idea is conf i rmed by the present  s tudy where in 
cont ro l  mice about  88% of  the animal 's  total  
fa t ty  acid synthesis f rom 14C-acetate and over 
98% of  the synthesis f rom 14C_glucose 
occurred  outside the liver. The observed 
absence of  inhibi t ion in vivo o f  fa t ty  acid 
synthesis by Su-13437 repor ted  here and earlier 
by Duncan  and Best (15) is no t  consis tent  with 
the suggestion by Maragoudakis (6) that  
Su-13437 lowers total  body lipids by inhibi t ing 
overall fa t ty  acid fo rmat ion  secondary  to 
inhibi t ion of  acetyl-CoA carboxylase.  Likewise, 
Maragoudakis '  suggestion that  c lof ibra te  also 
e x e r t s  i t s  hypol ip idemic  act ion th rough  
inhibi t ion of  fat ty acid synthesis seems to  dis- 
agree wi th  the repor t  o f  Gould et al. (19) 
showing that  c lof ibrate  given to rats greatly 
s t imulates  hepat ic  tr iglyceride synthesis f rom 
injected 14C-acetate and increases hepat ic  tri- 
glyceride content .  Lastly, Boberg et al. (4) 
recent ly  repor ted  measurements  of  t r iglyceride 
tu rnover  in the Su-13437-treated human  which 

were in terpre ted  to indicate  that  this drug does 
n o t  s i g n i f i c a n t l y  d e c r e a s e  t r ig lycer ide  
produc t ion .  Boberg and coworkers  (4) suggest 
that Su-13437 lowers plasma triglyceride levels 
by increasing plasma clearance of  tr iglycerides 
by the peripheral  tissues. In conclusion,  the 
l ikel ihood that  Su-13437 exerts its hypo-  
l ipidemic actions by means  other  than ne t  
inhibi t ion of  fa t ty  acid and cholesterol  syn- 
thesis is indicated by the findings of  the present  
study. 
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The Lipids of Krill (Euphausia Species) and Red Crab 
(Pleuroncodes Planipes) 
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ABSTRACT 

The composition of the lipids of two 
samples of krill and one of "red crab" 
was determined by thin layer, column 
and gas chromatographic procedures. A 
large number  of unusual fatty acids were 
present. 

I N T R O D U C T I O N  

In a previous communication we reported 
the proximate analyses of two samples of kriU 
(Euphausia species) and one of "red crab", a 
galatheid decapod (Pleuroncodes planipes) (1). 
These animals are important links in the food 
chain of whales and tuna fish and may have 
promise as new food resources for man. Details 
of the nature of their lipids are reported in this 
paper. Column and thin layer chromatography 
(TLC) were used for fractionation and identifi- 
cation of the individual components. Fatty 
acids were determined, after hydrolysis and 
methylation, by gas chromatography. The fats 
contained a large number of unusual fatty 
acids. 

EXPERIMENTAL PROCEDURES 

The samples of krill (E. pacifica (from Eure- 
ka, California) and E. superba) and of red crab 
(P. planipes) were obtained and the lipids ex- 
tracted as previously described (1). After puri- 
fication by Sephadex chromatography (2), the 
components were fractionated by silicic acid 
column chromatography as follows: silicic acid 
(Mallinckrodt, AR-CC7 200-325 mesh, acti- 
vated 24 hr at 100 C) was packed into a 1 in. all 
glass Teflon column (Model LC-I Chroma- 
tronix, Berkeley, California) equipped with 10 
/a Teflon cloth bed supports, slurried in 2:1 
(v/v) chloroform-methanol. Samples were intro- 
duced with a sample injector (Chromatronix 
Model SU-8031) and pumped (Chromatronix 
Model CMP-1) at a constant flow rate (120 
ml/min). The chromatography system is con- 
structed so that the solvent comes into contact 
only with glass and Teflon, thus reducing the 

Ipresent address: Institute of  Marine Resources,  
University of California, Davis, California 95616. 

risk of contamination by metals and plastici- 
zers. Oxidation is minimized by deoxygenating 
the solvents prior to pumping and collecting all 
samples under N 2. The columns were eluted by 
a stepwise gradient of chloroform-methanol (3). 
Fractions were collected in bulk (300-400 ml), 
and reduced under vacuum on a flash evapora- 
tor. The lipids were redissolved in chloroform 
and stored in solution under N 2 at -10 C prior 
to analysis. 

Fractions were identified by IR spectra and 
TLC (4). For TLC runs samples were spotted in 
a stream of N 2 in an application box (Model 
DB Brinkman Instruments, Westbury, N.Y.), 
and compared with standards (Applied Science, 
State College, Pa.) after charring. 

Fatty acid composition of the major frac- 
tions was determined as follows. Duplicate ali- 
quots were saponified and methylated as des- 
cribed previously (5). The resulting esters were 
analyzed on a Hewlett Packard Model 810 gas 
liquid chromatograph. A 6 ft column, 4 mm 
i.d., packed with 10% diethylene glycol adipate 
on Chromsorb Q, 80 to 100 mesh (Applied 
Science) was employed at 190 C with a N 2 flow 
rate of 75 ml/min. The column was standar- 
dized with purified methyl esters (Applied 
Science) as described by Horning et al. (6), and 
the amount  represented by each peak was esti- 
mated by the method of Carroll (7). Samples 
were hydrogenated (8) and rerun to help; 
identify the fatty acids. 

Solvents were fractionally distilled over a 15 
plate Oldershaw column and deoxygenated 
prior to usage. All extractions were carried out 
in an inert atmosphere of either CO 2 or N2, 
and samples were stored under  N 2. 

RESULTS 

Whole E. pacifica, E. superba and P. planipes 
contained 23.8%, 18.7% and 7.6% total lipid 
respectively on a dry basis (1). The amount of 
lipids in the red crab meat plus viscera (shell- 
free) was about 30% as estimated indirectly 
from the chitin values ( 1 ). 

Silicic acid chromatography data are shown 
in Table I. E. superba had roughly 10% more 
phospholipid than E. pacifica and was also 
richer in phosphatidyl choline (PC). All samples 
contained 3-5% lysophospholipids which may 
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TABLE I 

Lipid Composi t ion 

Yield, per cent of applied sample 

Red crab Euphausia sp. 

Fraction No. Const i tuents  a P. planipes E. superba E. paeifica 

1 NL b, FFA, sterols 55.3 59.8 66.5 
2 PE 6.6 6.1 4.5 
3 PS, Lyso PE 6.7 1.6 1.4 
4 PC, some Sph 26.4 30.9 21.0 
5 Sph, Lyso PC 1.9 1.6 3.0 

Total recovered 96.9 100.0 96.4 

aBy TLC, see text.  
bAbbreviations:  NL, neutral  lipids; FFA, free fa t ty  acids; PE, phosphat idyl  ethanola- 

mine; PS, phosphat idyl  serine; Lyso PE, lysophosphat idyl  ethanolamine;  PC, phosphatidyl  
choline; Sph, sphingolipids; Lyso PC, lysophosphat idyl  choline. 

TABLE II 

Fat ty  Acid Composi t ion of E. superba Fractions a 

Fatty acid Fraction 1 Fraction 4 Fraction 2 
carbon chain, (NL), b (PC), (PE), 
double bonds % % % 

14:0 6.3 1.6 0.2 
16:0 27.5 26.8 11.8 
17:0 1.1 0.3 0.2 
16:1 + anteiso 17:0 12.0 4.3 1.4 
18:0 2.0 1.8 1.4 
18:1 + anteiso 19:0 16.7 12.2 10.1 
anteiso 21:0 + 20:1 1.5 0.6 0.1 
20:3 0.8 1.2 1.8 
20:5 19.9 33.6 25.0 
22:6 9.3 13.6 41.1 

aSee Table I and text  for ident i f icat ion of fractions. Addi t ional  peaks which individual- 
ly accounted for 1% or less of the total  fa t ty  acids were tentat ively identif ied as: iso 14:0, 
15:0, anteiso 15:0, iso 16:0, iso 18:0, 18:2 and/or 19:0, 18:3, 18:4 and/or  20:0,  iso 20:0, 
20:2, iso 20:5, iso 20:3 and]or 22:0, 22:2 and/or  23:0,  22:5.  

bAbbreviations:  see Table I. 

TABLE III 

Fat ty  Acid Composi t ion of E. Pacifica Fractions a 

Fatty acid Fraction 1 Fraction 4 Fraction 2 
carbon chain, (NL), b (PC), (PE), 
double bonds % % % 

14:0 4.9 1.3 0.3 
16:0 22.5 25.7 15.1 
iso 16:0 0.7 0.1 2.4 
16:1 + anteiso 17:0 10.2 3.8 1.6 
18:0 1.9 1.8 2.2 
18:1 + anteiso 19:0 15.3 12.0 10.4 
18:2 + 19:0 1.0 0.9 t .3 
20:0 + 18:4 1.3 0.7 1.1 
20:3 1.2 1.2 2.9 
20:5 22.8 32.5 22.0 
22:6 10.9 15.5 34.6 

aSee Table I and text  for ident i f icat ion of  fractions. Addit ional  peaks which individual- 
ly accounted for 1% or less of the total  fat ty acids were tentat ively identif ied as: iso 14:0, 
15:0, anteiso 15:0, 17:0, iso 18:0, 18:3, iso 20:0, 20:1 and/or  anteiso 21:0,  20:2,  iso 20:5,  
21:0 and/or  iso 20:2, 22:0 and/or  iso 20:3,  23:0 and/or  22:2,  22:3, 22:5. 

bAbbreviations:  See Table I. 
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TABLE IV 

Fatty Acid Composi t ion of  Red Crab Fractions a 
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Fatty acid Fraction 1 Fraction 4 Fraction 2 
carbon chain, (NL), b (PC), (PE), 
double bonds  % % % 

14:0 5.0 1.4 0.3 
15:0 1.2 0.3 0.2 
16:0 16.6 25.3 7.2 
iso 16:0 1.0 0.2 5.7 
16:1 + anteiso 17:0 5.7 3.8 2.1 
17:0 1.3 0.1 1.6 
18:0 2.8 1.8 5.7 
iso 18:0 0.9 0.2 5.7 
18:1 + anteiso 19:1 14.1 11.7 6.4 
19:0 + 18:2 2.0 1.1 1.9 
18:4 + 20:0 1.8 0.8 0.2 
20:1 + anteiso 21:0 1.1 0.7 0.5 
20:3 2.6 1.3 4.5 
20:5 12.1 33.5 25.5 
iso 20:3 + iso 22:0 0.9 0.2 1.4 
22:3 --- 0.4 1.2 
24:0 + 22:4 3.1 0.7 tr 
22:6 22.4 14.8 26.7 

aSee Table I. Additional peaks which accounted individually for 1% or less of  the total 
fa t ty  acids were tentatively identified as: iso 14:0, anteiso 15:0, 18:3, iso 20:0,  20:2, iso 
20:5, iso 20:2 and/or  21:0,  22:2 and/or  23:0,  22:5.  

bAbbreviations: See Table I. 

be in part due to delays in handling. TLC 
showed about 1-2% phosphatidyl inositide (PI) 
and trace amounts of phosphatidyl serine (PS) 
a n d  s p h i n g o l i p i d s  ( S p h ) .  T h u s  t h e  p h o s p h o l i p i d  
f r a c t i o n  o f  t h e  kri l l  s a m p l e s  c o n s i s t e d  m a i n l y  o f  
PC ( a b o u t  75%)  w i t h  s o m e  p h o s p h a t i d y l  
e t h a n o l a m i n e  (PE) .  

T h e  p h o s p h o l i p i d s  o f  w h o l e  r e d  c r ab  w e r e  
m o r e  c o m p l i c a t e d .  T h e  r a t i o  o f  PC t o  PE was  
t h e  s a m e  as t h a t  f o u n d  in  t h e  kril l ,  b u t  t h e  c r ab  
c o n t a i n e d  PS in  an  a m o u n t  e q u a l  t o  PE. T h e r e  
were  a l so  m o d e r a t e  a m o u n t s  o f  d i p h o s p h a t i d y l -  
g l y c e r o l  ( D P G ) ,  a s m a l l  a m o u n t  o f  S ph ,  a n d  
t r a ce  a m o u n t s  o f  l y s o p h o s p h o l i p i d s .  N o  PI was  
d e t e c t e d .  

By T L C  kril l  F r a c t i o n  1 ( T a b l e  I) c o n s i s t e d  
m a i n l y  o f  f ree  f a t t y  a c i d s  a n d  t r i g l y c e r i d e s  w i t h  
lesser  a m o u n t s  o f  s t e ro l  a n d  s t e ro l  e s t e r s ;  m o n o -  
a n d  d i g l y c e r i d e s  were  a b s e n t .  R e d  c r ab  F r a c t i o n  
1 h a d  l a rge  a m o u n t s  o f  f r ee  f a t t y  a c i d  a n d  
m o d e r a t e  a m o u n t s  o f  s t e r o l s  as t h e  m a j o r  
c o m p o n e n t s .  A sma l l  a m o u n t  o f  t r i g l y c e r i d e s  
b u t  n o  m o n o -  o r  d i g l y c e r i d e s  we re  p r e s e n t .  
Q u a n t i t a t i v e  d a t a  o n  t h e s e  f r a c t i o n s  were  n o t  
o b t a i n e d .  

T h e  f a t t y  ac id  c o m p o s i t i o n  o f  t h e  m a j o r  
c o m p o n e n t s  a re  s u m m a r i z e d  in T a b l e s  I I - IV.  
T a b l e  V p r e s e n t s  t h e  r e s u l t s  o f  h y d r o g e n a t i o n  
o f  t h e  f a t t y  ac ids  o f  r ed  c r a b  PE.  T h e r e  w e r e  
m o r e  c o m p o n e n t s  in  t h e  h y d r o g e n a t e d  m e t h y l  
e s t e r s  t h a n  were  a p p a r e n t  in  t h e  s a m e  e s t e r s  
b e f o r e  h y d r o g e n a t i o n  ( T a b l e  IV) .  

T h e  kri l l  c o m p o n e n t s  d i f f e r e d  c o n s i d e r a b l y  

in fatty acid composition (Tables II and III). 
Fractions 1 and 4 had about twice the amount 
of 20:5 over 22:6, but fraction 2 had 1 1/2 
times as much 22:6 as 20:5. Fractions 1 and 4 
both contained about 25% 16:0; the PE Frac- 
tion 2, about 12-15%. On the other hand, 
Fraction 1 had more 16:1 than did the two 
o t h e r s .  

C rab  F r a c t i o n s  1 a n d  4 we re  s i m i l a r  t o  t h o s e  

TABLE V 

Fat ty Acid Composi t ion of  Red Crab 
Hydrogenated Phosphatidyl  Ethanolamine 

Fat ty acid Hydrogenated Calculated f rom 
carbon chain, fraction 2, a Table IV, 
double bonds % % 

16:0 7.5 9.3 
iso 16:0 5.5 5.7 
17:0 1.8 1.6 
anteiso 17:0 1.7 b - -  
18:0 14.7 15.3 
iso 18:0 8.9 5.7 
20:0 29.2 30.7 
iso 20:0 1.2 0.5 
22:0 26.3 28.4 

aSee Table IV for identification. Addit ional  peaks 
which individually accounted  for 1.0% or less of  the 
total  fat ty acids were: 14:0, iso 14:0, 15:0, anteiso 
15:0, 19:0, anteiso 19:0, 21:0, anteiso 21:0,  iso 22:0, 
23:0, 24:0. 

bThis fa t ty  acid or its unsa tura ted  precursor would 
have been masked  by other peaks in runs  with unhy-  
drogenated fractions as would also 19:0, anteiso 19:0, 
anteiso 21:0, iso 22:0, 23:0, 24:0.  
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found in krill except that the 20:5/22:6 ratio 
for neutral lipids (NL) was reversed (i.e., twice 
as much 22:6 as 20:5). Fraction 2 was entirely 
different. Along with the normal straight chain 
fatty acids there was a branch chain series 
which was abundant in C16 and C18 fatty 
acids. Identification of the unsaturated acids of 
this series was rendered difficult by a lack of 
standards and by the fact that they were 
masked by the other fatty acids. Hydrogenation 
was useful in sorting out their relative abun- 
dance (Table V). The data indicated that the iso 
16 is apparently saturated while a third of the 
iso 18 is probably unsaturated. The unsaturated 
iso 18 acid may be masked by 18:0 under 
normal gas liquid chromatography (GLC) con- 
ditions. Also the 16:1 peak may have been 
masking anteiso 17:0 which was not detected in 
the normal chromatogram. Hence, the assign- 
ments shown in Tables II-V are tentative for the 
minor components listed in the footnotes. The 
PE fractions of the kriU also contained small 
amounts of these branched chained isomers. 
The number of unsaturated fatty acids together 
with odd numbered and branched chain fatty 
acids present make these lipids difficult to 
analyze by conventional GLC. 

DISCUSSION 

Euphausids 

The amount of lysophospholipids present 
and the high amount of free fatty acids 
(20-30% by TLC) indicates that hydrolysis had 
occurred during storage and handling. However 
there were no detectable mono- or diglycerides 
and the relatively low amounts of lysophospho- 
lipids could not alone account for the high 
fatty acid content. Maksimov (9) also found a 
high fatty acid content by titration of the lipids 
of freshly caught krill. However Ackman and 
Eaton (10) found little free fatty acids in 
freshly caught shrimp. Hydrolysis could occur 
by bacterial or intestinal enzymes or both. 
Since there is little evidence as to which of the 
natural components might be selectively at- 
tacked, the compositions as recorded may well 
reflect unusual sets of circumstances. Further 
studies on freshly caught samples are needed to 
elucidate the composition as captured. Seasonal 
variations in crustacea lipid also need further 
study. 

The unusually high contents of 20:1 and 
22:1 found by Ackman and Eaton (9) in the 
North Atlantic euphausid Meganyctiphanes nor- 
vegica were not observed in the euphausids 
studied herein. The amount  of unsaturated 
lipids observed by Nonaka and Koizumi (10) 
was low (3-6%) in 22:6. However these authors 

obtained krill from whale stomachs and hydro- 
lysis and oxidation of their lipids could have 
occurred. 

Red Crab 

Fraction 1 was similar in composition to 
those reported for krill except that it contained 
about 10% sterols. The approximately 30% free 
fatty acid content again indicates hydrolysis. 

The phospholipid pattern showed that the 
amounts of PE and PC were similar but there 
was relatively a high content of PS (16% of the 
phospholipids). PS concentration seems to be 
species dependent (12) and seasonal variations 
might occur depending on such variables as 
eating habits. 

The fatty acids included branched chain and 
odd number fatty acids and these were especial- 
ly rich in the PE fraction. There appears to be a 
homologous series of branched chained fatty 
acids including the unsaturated 18 series. The 
nature of this series of isomers in particular 
tissue needs to be more thoroughly investi- 
gated. Since the PE fraction of the euphausids 
also contained some branch chain isomers, 
there is the possibility of a general occurrence 
of these isomers in many crustacea. The gas 
chromatographic procedure used in this study 
did not  differentiate the unsaturated branched 
chain fatty acids from straight chain fatty acids; 
hence the branched chain unsaturated fatty 
acids were inferred from hydrogenation data 
(Table V). Probably the open tubular gas 
chromatographic technique would help to dif- 
ferentiate the various compounds. 

Since this work was completed, two addi- 
tional studies of the lipids of E. superba have 
appeared (13,14). The compositions of the 
major fatty acids are not  too different from 
those reported here except that Sidhu et al. 
(14) found 13.2% of 22:5 and no 20:5. We 
report 20% 20:5 in Fraction 1 and more in the 
phospholipids and amounts of 22:5 less than 
1%. Hansen and Meiklen (13) similarly find 
16% 20:5 and 0.4% 22:5. An analytical or 
typographical error may be involved in the 
Sidhu et al. data. 

In a recent paper containing compositional 
data on two species of North Atlantic krill, 
Ackman et al. (15) have provided an excellent 
summary of past investigations in this field. 
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Cellularity of Adipose Tissue in Cold-Exposed Rats and the 
Calorigenic Effect of Norepinephrine 
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ABSTRACT 

Adipose tissue in rats maintained at 
normal ambient temperature grows by a 
mixture of hyperplasia and hypertrophy 
in the early growth stage of the rat. In the 
mature rat, the tissue grows primarily by 
hypertrophy. When the rat is acclimated 
to 5 C, growth of adipose tissue occurs 
primarily by hyperplasia throughout the 
body weight ranged studied. As a conse- 
quence adipose tissue from rats main- 
tained in the cold has a much larger 
number of fat cells which are much 
smaller in size. In order to achieve the 
adaptation which permits hyperplasia to 
continue throughout the adult stage the 
animal must be exposed to cold at an 
early age, and it requires that the animal 
remain in the cold to continue. These 
changes in adipose tissue fat cell size and 
number are discussed in relation to the 
increased calorigenic and lipolytic effect 
of norepinephrine in cold-acclimated rats. 

INTRODUCTION 

At the International Symposium on Tem- 
perature Acclimation held in Buenos Aires in 
1959, Masaro (1) suggested that the greatly 
increased level of plasma free fatty acids (FFA), 
induced by norepinephrine administration, 
might explain the marked calorigenic action of 
this neurohumor in the cold-acclimated rat. 
Since then, there has appeared considerable 
evidence to indicate that the increased calori- 
genic effect of norepinephrine in cold-accli- 
mated rats might be due to their increased 
sensitivity to the lipolytic effect of norepine- 
phrine (2-5). Previous work reported from this 
laboratory (6) indicated that in rats exposed to 
cold there is a definite increase in fat cell 
proliferation, resulting in adipose tissue con- 
taining a much larger number  of cells. The 
amount of lipid deposited per cell, however, 
was significantly less in cold acclimated rats, 
resulting in adipose tissue which contained 
more fat cells, but much smaller in mass, than 
that from the control animals. It was also noted 
that the smaller fat cells.from cold-acclimated 

rats are more sensitive to the lipolytic effect of 
norepinephrine then are the larger fat cells from 
rats maintained at normal ambient temperature. 

If the calorigenic effect of norepinephrine is 
dependent on an increased mobilization of FFA 
from adipose tissue, which makes more FFA 
available for the skeletal muscle to oxidize, 
animals with smaller fat cells should respond to 
norepinephrine with a larger calorigenic effect. 
In the hope of shedding more light on the 
thermogenic response to cold, we measured the 
calorigenic effect of norepinephrine in growing 
rats maintained either at normal ambient tem- 
perature or in the cold. We also extended our 
previous observations (6), to consider under 
what conditions fat cell size and number can be 
affected by cold exposure. 

MATERIALS AND METHODS 

Male Sprague-Dawley rats weighing 50-75 g 
were individually caged in one of two environ- 
mental chambers and maintained at either 25 + 
2 C or 5 + 1 C. All rats were fed Purina Lab 
Chow and water ad lib. The study consisted of 
three parts in which oxygen consumption of 
the intact rat and epididymal fat cell number 
and size were measured. In the first part, 
control rats housed at 25 C were killed by 
decapitation at intervals from one week to 14 
weeks after being placed in the environmental 
chamber. Rats maintained at 5 C were kept in 
the cold chamber at least 6 weeks, and then 
killed at intervals over the next 10 weeks. In 
the second part, rats that were maintained at 
5 C were removed when they reached a weight 
of 300 g, and transferred to the 25 C chamber. 
They were maintained at 25 C until they 
reached a weight of 450 g, at which time they 
were killed. In the third part, rats were main- 
tained at 25 C until  they reached a weight of 
300 g. They were then transferred to the 5 C 
chamber and kept in the cold until  they 
reached a weight of 475 g. Immediately after 
the rats were killed, both epididymal fat pads 
were excised, blotted and weighed. One pad 
was used for tissue lipid analysis while the 
contralateral pad served for the preparation of 
isolated fat cells, as previously described (6). 

Oxygen consumption of the intact rat was 
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FIG. 1. The effect of age and cold acclimation on the calorigenic effect of norepinephrine. The per 
cent increase in oxygen uptake caused by the intraperitoneal injection of norepinephrine (0.2 mg/kg 
body weight) is plotted against the weight of the rats. Each point is the mean + S.E.M. of six rats. 

measu red  at 1 m in  intervals  for  a pe r iod  of  1 hr  
in an  open  circui t  sys tem,  cons is t ing  of a glass 
cyl indr ica l  chamber ,  c o n n e c t e d  to  a Beckm an  
E-2 oxygen  analyzer ,  a wet  t es t  gas m e t e r  a n d  
appropr ia t e  con t ro l s  for  air f l o w  rate .  All 
m e a s u r e m e n t s  were c o n d u c t e d  at  an  a m b i e n t  
t e m p e r a t u r e  of  25 C, and  values of  o x y g e n  
c o n s u m p t i o n  were co r rec t ed  to  s t anda rd  tem- 
pe ra tu re  and  pressure.  Af te r  th is  con t ro l  pe r iod  
of  1 h r  the  an imal  was in jec ted  in t r ape r i t onea l -  
ly w i t h  n o r e p i n e p h r i n e  (0 .2  mg /kg  b o d y  
weight ) ;  oxygen  c o n s u m p t i o n  m e a s u r e m e n t s  
were t hen  o b t a i n e d  for  an add i t iona l  hour .  The  
d i f fe rence  b e t w e e n  the  areas u n d e r  the  curves  
wi th  and w i t h o u t  n o r e p i n e p h r i n e  was used  to  
calcula te  the  pe rcen t  increase  in oxygen  con-  
s u m p t i o n .  

RESULTS 

The calorigenic e f fec t  of  n o r e p i n e p h r i n e  in 
in t ac t  ra ts  m a i n t a i n e d  at 5 and  25 C is dep ic ted  
in Figure 1. The  magn i tude  of  t he  calor igenic  
ef fec t  depends  on  the  age of  the  ra t  as well as 
the  t e m p e r a t u r e  at  wh ich  the  ra t  has been  
living. Whereas n o r e p i n e p h r i n e  can  t r e m e n d o u s -  
ly increase the  me tabo l i c  ra te  of  y o u n g  rats ,  i ts  
e f fec t  decreases progressively un t i l  by  the  t ime  
the  ra t  weights  4 0 0  g l i t t le  calor igenic  r e sponse  

is ob ta ined .  Ra ts  t h a t  have  been  cold-accli-  
m a t e d  develop an a c c e n t u a t e d  calor igenic  res- 
ponse  to n o r e p i n e p h r i n e .  The  m a g n i t u d e  of  this  
a c c e n t u a t e d  re sponse  ,in a co ld-acc l imated  ra t  
does no t  change  apprec iab ly  w i th  age. Thus  the  
response  of  all co ld -acc l imated  rats  is as great  as 
y o u n g e r  rats t h a t  have  no t  been  kep t  in the  
cold. If  on the  o t h e r  h a n d  rats  are a l lowed to  
r each  m a t u r i t y  before  be ing  exposed  to  cold,  
t hey  do no t  develop this  increased  sens i t iv i ty  to  
the  calor igenic  e f fec t  of  n o r e p i n e p h r i n e  (Tab le  
I). 

En la rgemen t  of  ad ipose  t issue mass may  
resul t  f rom e i the r  cel lular  p ro l i f e ra t ion  (hyper-  

TABLE I 

Calorigenic Effect of 
Norepinephrine in Normal and Cold-Exposed Rats 

Per cent increase 
Rats in 02  uptake 

Normal controls 15 -I- 2 c 
Old cold-exposed a 21 -t- 4 
Young cold-exposed b 121 __. 7 

aRats maintained at 25 C till 300 g then placed at 
5 C till 400 g. 

b r a t s  maintained at 5 C from 100 g to 400 g. 
CMean __. S.E., six rats in each group. 
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FIG. 2. The effect of  age and cold acclimation on fat cell size and number  in the  epididymal fat 
pads of  rats. The points  on the  solid line ( ) are f rom animals kept  at an ambient  temperature  of  
25 C. Points on the  broken line ( . . . .  ) are f rom cold-acclimated rats mainta ined at 5 C. 

p las i a )  o r  t h e  d e p o s i t i o n  o f  i n c r e a s i n g  a m o u n t s  
o f  l ip id  w i t h i n  p r e e x i s t i n g  cells  ( h y p e r t r o p h y ) .  
F i g u r e  2 i l l u s t r a t e s  t h e  r e su l t s  o b t a i n e d  f r o m  
m e a s u r e m e n t s  o f  f a t  cel l  n u m b e r  a n d  s ize  as a 
f u n c t i o n  o f  t h e  r a t ' s  g r o w t h  a t  t w o  e n v i r o n m e n -  
ta l  t e m p e r a t u r e s .  T h e s e  r e s u l t s  a re  in  e x c e l l e n t  
a g r e e m e n t  w i t h  t h o s e  f r o m  a n  ear l i e r  r e p o r t  (6) .  
W h e r e a s  g r o w t h  o f  a d i p o s e  t i s s u e  in  r a t s  k e p t  a t  
n o r m a l  a m b i e n t  t e m p e r a t u r e  is r e g u l a t e d  a l m o s t  
so le ly  b y  h y p e r t r o p h y ,  r a t s  k e p t  in  t h e  co l d  
f r o m  a v e r y  ea r ly  age r e g u l a t e  a d i p o s e  t i s sue  

g r o w t h  p r i m a r i l y  b y  h y p e r p l a s i a .  As  a c o n s e -  
q u e n c e  a d i p o s e  t i s sue  f r o m  ra t s  m a i n t a i n e d  in  
t h e  co ld  ha s  a m u c h  la rger  n u m b e r  o f  cells 
w h i c h  are  m u c h  s m a l l e r  in  m a s s .  

I f  o n  t h e  o t h e r  h a n d  r a t s  a re  m a i n t a i n e d  a t  
n o r m a l  a m b i e n t  t e m p e r a t u r e  d u r i n g  t h e i r  ea r ly  
g r o w t h  s tage ,  u p  to  a b o d y  w e i g h t  o f  3 0 0  g, a n d  
t h e n  p l a c e d  in  a c o l d  e n v i r o n m e n t ,  t h e  e p i d i d y -  
real  f a t  p a d s  g r o w  at  a r a t e  e q u i v a l e n t  t o  t h a t  o f  
r a t s  k e p t  in t h e  c o l d  f r o m  a v e r y  ea r ly  age 
( T a b l e  II). H o w e v e r ,  g r o w t h  in th i s  case  is d u e  

TABLE II 

Increase in Epididymal Fat Pad Mass and Its 
Lipid Content  in Rats Whose Weight Increased From 300 to 475 g 

Pad weight Lipid weight 
Body weight,  increase, increase, 

Rats No. g g g 

Exposed to 25 C 12 477 _+_ 5 a 4.89 4- .48 4.51 4- .44 
Adult  cold-exposed b 16 472 4- 6 2.71 4- .28 2.42 4- .44 
Young cold-exposed c 10 475 + 8 2.83 4- .41 2.62 4- .41 

aMean + S.E. 
bRats  were maintained at 25 C until they reached a weight of  300 g. They were then 

placed in a 5 C chamber.  
CRats were placed in a 5 C chamber  at a weight o f  100 g and remained there throughout  

the experiment .  
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TABLE III 

Increase in Epididymal Fat Pad Mass and Its Lipid 
Content in Rats Whose Weight Increased From 300 to 450 g 

Pad weight Lipid weight 
Body weight, increase, increase, 

Temperature g g g 

25C 454 7 a 3.35 .30 3.05 .29 
5 C 450 6 1.85 .26 1.70 .26 
5 C---~25 C b 449 7 3.92 .45 3.66 .43 

aMean + S.E. There were 12 rats in each group. 
brats v~ere maintained at 5 C from 100 to 300 g. They were then transferred to 25 C. 

to hype r t rophy  rather than hyperplasia (Fig. 3). 
If in the reverse exper iment  rats are mainta ined 
in the cold during early growth  and transferred 
to a normal  ambient  tempera ture  after  they  
reach a weight of  300 g, hyperplasia ceases (Fig. 
4). The epididymal  fat pads grow at a rate 
equivalent  to those f rom rats mainta ined f rom 
an early age at 25 C (Table III). Just as with 
rats kept  at 25 C from early age, g rowth  o f  
adipose tissue is primari ly due to hype r t rophy  
rather than hyperplasia. 

DISCUSSION 

Adipose tissue triglycerides const i tu te  the 
major  storage form of oxidizable  substrate in 
mammals .  The body 's  reserve of  carbohydrate ,  
in the form of glucose and glycogen,  are very 
l imited and, except  during the interval immedi -  
ately fol lowing meals, it utilizes primarily calo- 
ries supplied by stored fat. Mobil ization of  this 
energy store involves hydrolysis of  the trigly- 
eerides to F F A  and g lyce ro l ,  which are then 
released to the extracellular  fluid for  subse- 
quen t  t ransport  to the sites of  ut i l izat ion.  Since 
mobi l iza t ion  of  fat appears to be regulated by 
the energy requiremerits of  the animal,  it is 
no t ewor thy  that  norepinephrine increases the 
absolute rate of tr iglyceride hydrolysis  in adi- 
pose tissue (7). When the effect  of  different  
concent ra t ions  of  norepinephr ine  on the release 
of  F F A  or glycerol  by adipose tissue is meas- 
ured,  a typical dose response curve is obta ined  
(8). 

There is considerable evidence that  norepine-  
phrine is involved in the process of  cold 
acclimation.  Circulatory levels of  norepine-  
phrine, as deduced f rom urine output ,  are 
increased in the rat exposed to cold (9-10). 
Comparison of  the in vi tro effects of  norepine-  
phrine on isolated fat cells, reveals that  at all 
concent ra t ions  of  norepinephr ine ,  l ipolysis is 
greater in cells f rom cold accl imated rats (8) 
than in cont ro l  animals. Fur thermore ,  bo th  
norepinephr ine  (4-11) and cold exposure  
(1 2-13) cause an immedia te  and marked rise in 

the metabol ic  rate with l i t t le or no detectable  
muscle activity. It has also been demonst ra ted  
by Hsieh (14) that adrenolyt ic  and ganglionic 
blocking agents prevent  the rise in oxygen 
consumpt ion  that usually accompanies cold 
exposure of  the curarized, cold-accl imated rat 
and that  norepinephrine reverses this effect.  

It has been repor ted  by several authors that  
aging decreases the l ipolyt ic  effect  of  norepine-  
phrine (15-16). In man and in rats, the nore- 
pinephrine- induced rise in serum F F A  decreases 
with age (17). It is interest ing that  the calori- 
genic effect  of norepinephrine also decreases 
with age. Recent  studies by Salans et al. (18) 
indicate that  the cellularity of  adipose tissue is 
of prime impor tance  in evaluating its metabol ic  
activity. Indeed the l ipolyt ic  response to nore-  
pinephrine in isolated fat cells was found to be 
closely related to the size of  the fat cells (6). 
The larger the cell size, the less responsive it 
was to norepinephrine.  Since the growth of  
adipose tissue in the rat occurs primarily by 
hyper t rophy,  it is not  surprising that  the 
l ipolytic effect  of  norepinephr ine  decreases 
with age. 

If the calorigenic effect  of  norepinephrine is 
dependent  on an increased mobi l iza t ion  of  F F A  
from adipose tissue, which makes more F F A  
available for skeletal muscle to oxidize,  animals 
with smaller fat cells should respond to nore- 
pinephrine with a larger calorigenic effect.  This 
in fact is so. The calorigenic effect  is greatest in 
young rats wi th  small fat cells and decreases 
progressively with age as the fat cells become 
larger. The accentuated  calorigenic effect  of  
norepinephrine in cold-accl imated rats is consis- 
tent  with this in terpreta t ion,  since adipose 
tissue from rats kept in the cold has a much  
larger number  of cells which are much  smaller 
in mass. This conclusion is fur ther  supported by 
the observat ion that rats exposed to cold, only 
after they have reached the adult stage, do no t  
develop this accentuated  calorigenic response to 
norepinephrine,  Since cell prol iferat ion does 
no t  cont inue  in these rats, as it did in rats 
exposed to cold at an early age, there are fewer  
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and  larger fat  cells. 
The  i m p o r t a n c e  of the  l ipolyt ic  ac t ion  of  

n o r e p i n e p h r i n e  for  its calor igenic  e f fec t  is n o t  
clear. Since i t  is u n c e r t a i n  w h e t h e r  an  increase  
in p lasma F F A  causes increased  oxygen  con-  
s u m p t i o n ,  i t  is deba tab le  w h e t h e r  the  l ipolyt ic  
e f fec t  of  n o r e p i n e p h r i n e  can  p rovoke  an  in- 
crease of  oxygen  c o n s u m p t i o n .  If, however ,  t he  
oxygen  c o n s u m p t i o n  is s t imu la t ed  by  no rep ine -  
phr ine  via some o the r  mechan i sm t h a n  its 
l i po t rop ic  ac t ion ,  i t  is c lear  t h a t  the  o x i d a t i o n  
of  F F A  mus t  increase.  A s t imu la t ion  of  F F A  
m o b i l i z a t i o n  may  t h e r e f o r e  be necessary  to  
fu rn i sh  subs t ra t e  if a large increase in o x y g e n  
c o n s u m p t i o n  is to  be sus ta ined.  

It  s h o u l d  be p o i n t e d  ou t  t h a t  t he re  is 
ev idence  which  is n o t  en t i re ly  cons i s t en t  wi th  
the  h y p o t h e s i s  t h a t  the  a c c e n t u a t e d  norep ine -  
phr ine  response  in co ld-acc l imated  rats  is solely 
due  to  adipose  t issue cel lular i ty .  I so la ted  fa t  
cells f rom cold-accJimated animals  exh i b i t  an 
increased  sensi t ivi ty  to  n o r e p i n e p h r i n e  wh ich  is 
i n d e p e n d e n t  of  fat  cell size (6). I t  was n o t e d  
t h a t  n o r e p i n e p h r i n e - s t i m u l a t e d  l ipolysis in 
y o u n g  rats  kep t  at  n o r m a l  a m b i e n t  t e m p e r a t u r e  
was cons ide rab ly  less t han  t h a t  f r o m  ra ts  
exposed  to cold,  even t h o u g h  the  fat  cell size in 
adipose  t issue f rom these  an imals  was no t  
apprec iab ly  di f ferent .  It would  seem t h e n  t h a t  
the  a c c e n t u a t e d  n o r e p i n e p h r i n e  response  in 
co ld -exposed  rats  is on ly  par t ia l ly  exp la ined  by  
the  increased  cel lu lar i ty  of  adipose  tissue. Cold 
acc l ima t ion  m u s t  involve a n o t h e r  a d a p t a t i o n  
which  makes  adipose  t issue more  sensi t ive to  
the  effects  of no rep ineph r i ne .  It  is n o w  weU 
es tab l i shed  t ha t  the  l ipo ly t ic  response  of  adi- 
pose t issue to  n o r e p i n e p h r i n e  is m e d i a t e d  
t h r o u g h  cyclic 3 ' -5 '  AMP, syn thes ized  f r o m  
A T P  b y  n o r e p i n e p h r i n e - s t i m u l a t e d  a d e n y l  
cyclase (19-20) .  A recen t  r epo r t  ( 2 1 ) s h o w i n g  
an a c c e n t u a t e d  ef fec t  of  n o r e p i n e p h r i n e  o n  the  
a c c u m u l a t i o n  of  cyclic 3 ' -5 '  AMP in i so la ted  fa t  

cells f rom cold acc l ima ted  rats  migh t  ind ica te  a 
second  a d a p t a t i o n  wh ich  resul ts  in an  increased  
sensi t iv i ty  to  the  ef fec ts  of  n o r e p i n e p h r i n e  in 
these  animals.  

REFERENCES 

1. Masoro, E.J., Fed. Proc. 19 (Suppl 5): 25 (1960). 
2. Mallov, S., Amer. J. Physiol. 204:157-164 (1963). 
3. Gilgen, A., R.P. Maickel, O. Nikadizevic and B.B. 

Brodie, Life Sci. 1:709-715 (1962). 
4. Hannon, J.P., and A.M. Larson, Amer. J. Physiol. 

203:1055-1061 (1962). 
5. Mitchell, C.E., and B.B. Longwell, Proc. Soc. Exp. 

Biol. Med. 117:593-597 (1964). 
6. Therriault, D.G., R.W. Hubbard and D.B. Mellin, 

Lipids 4:413-420 (1969). 
7. Rudman, D.J., Lipid Res. 4:119-129 (1963). 
8. Hubbard, R.W., W. Matthew and D.G. Therriault, 

"Symposium on Influence of Cold on Metabolic 
Regulation, Edited by M. Zipf, Bulletin of the 
New Jersey Academy of Science, 1969, p. 52-58. 

9. Hemingway, A., and W.M. Price, J. Neuropharma- 
col. 3:495-503 (1964). 

I0. LeBlane, J.A., and G. Nadeau, Can. J. Biochem. 
Physiol. 39:215-217 (1961). 

11. Johnson, G.E., and E.A. Sellers, Canad. J. Bio- 
chem. 39:279-284 (1961). 

12. Sellers, E.A., J.W. Scott and N. Thomas, Amer. J. 
Physiol. 177:372-376 (1954). 

13. Cottle, W.H., and L.D. Carlson, Proc. Soc. Exp. 
Biol. Med. 92:845-848 (1956). 

14. Hsieh, A.C.L., L.D. Carlson and G. Gray, Amer. J. 
Physiol. 190:247-251 (1957). 

15. Benjamin, W., A. Gellhorn, M. Wagner and H. 
Kundel, Ibid. 201:540-546 (1961). 

16. Atlshuler, H., M. Lelerson and J.J. Spitzer, Ex- 
perientia 18:91-96 (1962). 

17. Felinkova, M., and E. Stuchlikova, Exp. Geront. 
3:193-198 (1968). 

18. Salans, L.B., J.L. Knittle and J. Hitch, J. Clin. 
Invest. 47:153-165 (1968). 

19. Hynie, S., G. Krishna and B.B. Brodie, J. Pharma- 
col. Exp. Ther. 153:90-96 (1966). 

20. Weiss, B.J., J.i. Davies and B.B. Brodie, Biochem. 
Pharmacol. 15:1553-1561 (1966). 

21. Therriault, D.G., J.F. Morningstar and V.G. Win- 
ters, Life Sci. 8:1353-1358 (1969). 

[ Received D e c e m b e r  11, 1970]  

LIPIDS, VOL. 6, NO. 7 



Mass Spectrometric Analysis of Long Chain AIk-l-enyl 
Ether Esters and Alkyl Ether Esters of Diols 1 
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ABSTRACT 

The mass spectra of  homologous series 
of long chain alk-l-enyl  ether esters and 
alkyl ether esters of short chain diols 
were determined, and general patterns of  
fragmentation were established. Both 
types of diol lipids yielded ions character- 
istic of the alkoxy or a lk- l -enyloxy 
moiety and the acyl moiety,  as well as 
ions indicative of the consti tuent short 
chain diol. Prominent ions were formed 
from both types of ether esters due to the 
loss of the alkoxy or a lk- l -enyloxy 
moieties giving rise to ions for which 
cyclic structures are proposed. High reso- 
lution mass spectrometry and deuterium 
labeling techniques were used to verify 
the composition of ions and to sub- 
stantiate fragmentation mechanisms. 

INTRODUCTION 

Esters (2-4), diethers (5), and alk- l -enyl  
ether esters (4) of short chain dihydric alcohols 
occur as minor lipid constituents in animals, 
plants and microorganisms. Alkyl ether esters 
of diols have not  been detected in nature (6). 
Studies of  the chromatographic behavior and 
other physical characteristics of these lipids 
(7-11) revealed the great similarity of diol lipids 
to the more abundant esters, ethers and ether 
esters derived from glycerol. Mass spectrometry 
is a promising tool for detection and analysis of 
naturally occurring diol lipids (12). 

Mass spectral fragmentation patterns of long 
chain esters (13-15), such as methyl esters 
(16-21), wax esters (18,22,23), dim esters (12) 
and triglycerides (13,24-27) have been studied 
thoroughly. Less is known about the electron 
impact induced formation of ions from long 
chain alk-l-enyl  ethers (11,28,29) and alkyl 
ethers (13,30-34). 

We describe here the mass spectra of  alk-1- 
enyl ether esters and alkyl ether esters of  short 
chain diols. Mass spectrometric data of homo- 
logous series of these compounds are reported 
and general fragmentation patterns are estab- 

1This is part VII in the series "Naturally Occurring 
Diol Lipids" (part VI is Reference 1) and part VIII in 
the series "Mass Spectrometry of Lipids" (part VII is 
Reference 23). 

lished. To ascertain the composit ion and struc- 
ture of fragments, high resolution mass spectro- 
metry and deuterium labeling in specific 
positions were used. Mass spectrometry is 
shown to be a means of identifying diol ether 
esters, their consti tuent short chain diols, and 
their long chain moieties. 

MATERIALS AND METHODS 

Alk-l -enyl  ether esters of  ethanediol (2-alk- 
l ' -enyloxy-l-O-acyl-ethanols)  (11) and alkyl 
ether esters of ethanediol (2-alkoxy-l-O-acyl- 
ethanols) and of 1,3-propanediol (3-alkoxy-1- 
O - a c y l - p r o p a n o l s )  (7) were prepared as 
described previously. The alk-l-enyl ether ester 
of 1,1,2,2-tetradeuteroethanediol was synthe- 
sized in 96% isotopic puri ty using deuterated 
glycol International Chemical and Nuclear 
Corp.) in the transacetalation step of the 
synthesis (10). The alkyl ether ester of 
1,1,2,2-tetradeuteroethanediol (95% isotopic 
purity) was obtained through hydrogenation of  
the corresponding alk-l-enyl  ether esters using 
platinum dioxide as catalyst and hexane as 
s o l v e n t .  1,2-Di-O-hexadecanoyl-l , l ,2,2-tetra- 
deuteroethanediol  (97% isotopic puri ty)  was 
prepared by heating deuterated glycol with 
hexadecanoic acid under reduced pressure (15 
mm) with p-toluenesulfonic acid (27), and the 
product was purified by adsorption thin layer 
chromatography. All compounds were pure as 
judged by adsorption chromatography, reversed- 
phase part i t ion chromatography and gas chrom- 
atography. 

Low resolution mass spectra were recorded 
on a Hitachi Perkin-Elmer RMU-6D single 
focusing, magnetic scanning instrument at 70 
and 15 eV. The samples were introduced 
through the direct insertion system at a temper- 
ature (110-300 C) at which a constant total  ion 
concent ra t ion  was achieved. Simultaneous 
scanning of perfluorokerosene, which was intro- 
duced through the liquid inlet system, per- 
mitted accurate counting of peaks. Abundances 
of ions are given relative to the most prominent  
peak. Ranges of abundances refer to saturated 
compounds only. High resolution mass spectra 
were recorded on an AEI MS-9 instrument at 
the Molecular Structure Laboratory,  Depart- 
m e n t  o f  C h e m i s t r y ,  Purdue University, 
Lafayette,  Indiana. 
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FIG. 1. Mass spectra of 2-octadec-l'-enyloxy-l-O-hexadecanoyl-ethanol (top), 2-octadecyloxy-t- 
O-hexadecanoyl-ethanol (center), and 3-octadecyloxy-l-O-octadecanoyl-propanol (bottom)recorded 
at 70 eV. 

RESULTS AND DISCUSSION 

Mass spectra of  alk-l-enyl ether esters and 
alkyl ether esters of short chain diols recorded 
at low ionization potentials indicated the major 
modes of fragmentation. They were helpful in 
interpreting the more reproducible and more 
complex spectra measured at 70 eV. Only the 

latter spectra are being discussed. In the spectra 
of alt alk-t-enyl ether esters and alkyl ether 
esters of diols several series of  peaks are present 
which are correlated with hydrocarbon ions. 
These series are m / e 4 3 + 1 4 x  (CyH2y+l) ,  m/e 
42+14x(CvH2y) , m/e 41+14x (CyH2y_l) , m/e 
4 0 + 1 4 x  (CyH2y.2) , m/e 39+14x (CyH2y. 3) 
and m/e 38+14x(CyH2y_4) .  High resolution 
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mass spectrometry showed that in the series 
43+14x ions CyH2y_lO and CzH2z_302 con- 
tribute significantly to the peak intensities. 
Series 42+14x contains CyH2y.20. The hydro- 
carbon fragments are usually of low molecular 
weight and of little diagnostic value, even 
though one of the ions, m/e 57, is the base peak 
in the spectra of alkyl ether esters. 

AIk-l-eny! Ether Esters of Ethanediol 

All cis and trans isomers of alk-l-enyl ether 
esters of ethanediol (2-alk-l '-enyloxy-l-O-acyl- 
ethanols) exhibited identical mass spectra, simi- 
lar to what is known of unsaturated fatty acid 

H2C-O:-CH=CH-R 
H2C-O-C-CH2-CH2-R' 

methyl esters (19). The spectra showed small 
but recognizable molecular ion peaks (Fig. 1). 
An ion [M-18] + which is a significant fragment 
formed from triglycerides (24,27) and diol 
esters (12,27) is also produced from 1,2-di-O- 
h e x a d e c a n o y 1-1,1,2,2-tetradeuteroethane diol, 
but not from alk-l-enyl ether.esters, indicating 
the hydrogens lost do not originate from the 
ethanediol moiety, but rather from methylene 
groups of a pair of acyl moieties. 

Ether Cleavages. The major mode of frag- 
mentation is cleavage a to the ether oxygen. 
Loss of the neutral alkenyloxy moiety 
RCH=CHO, forms ion I which is a distinct 
characteristic of these spectra (Table I). Ion I 
contains the intact diol fragment because it is 
shifted four mass units for the perdeuterated 
glycol analog. A cyclic structure was suggested 
for this ion (11). The ion 

H 2 C ~  0 . .~ 
J . ~  C-CH2-CH2-R' 

H 2 C ~ O ~  ' '  
+ 

I 

[M-RCOO] + formed in high abundance from 
diol diesters (12) is identical to the cyclic ion I. 

Cleavage in the a position also produced ions 
with charge retention on the alk-l-enyloxy 
group as was observed for alkyl vinyl ethers 
(35). Ion II, [RCH=CHO] + (1.3-1.6%)is less 
abundant when the acyl group is unsaturated. 
With 2 -oc t adec -1  ' - eny loxy- l -O-oc tadeca -  
noyl-ethanol (Table I) fragment IX coincides 
with ion II, contributing to the higher intensity 
of m/e 267. Alternatively, ether cleavage at 
position a '  yields [ RCH=CH] +(II I )  (i.1-1.3%), 
whereas complementary ions [R'CH2CH 2 
COOCH2CH20] + are not observed. 

Alcohol fragments are produced from alk-1- 
enyl ether esters of ethanediol only to a small 

extent. Ion [RCH=CHOH] + (IV)occurs up to 
1.2%, whereas [R'CH2CH2COOCH2CH2OH] + 
is absent. Such alcohol fragments are formed in 
much higher abundance from simple aliphatic 
ethers of the type R-O-R (30-33) where com- 
petitive modes of fragmentation, such as that 
leading to ion I, cannot take place. 

An ion [R'CH2CH2COOCH2CH2OH2]+ 
(V) is found in all spectra of alk-l-enyl ether 
esters examined. Formation of a protonated 
alcohol involves a'-fragmentation and, presum- 
ably, double hydrogen rearrangement in which 
the transferred hydrogens may originate from 
positions 4 and 5 of the alk-l-enyl moiety in 
analogy to the fragmentation of dialkyl ethers 
(33). The corresponding ion [RCH=CH-OH 2 ] +, 
which would be produced by a cleavage, 
requires hydrogen transfer from the position 
occupied by the carbonyl group. Hence, the 
presence of ion V and the absence of 
[RCH=CH-OH2] + support the proposed mech- 
anism of a double hydrogen rearrangement 
(33). Loss of water from ion V may be one of 
the pathways leading to the cyclic ion I; 
however, peaks for metastable ions were not  
observed. 

Formal loss of glycol monoester from the 
alk-l-enyl ether esters with charge retention 
on the alk-l-enyl residue (30) leads to ion VI, 
[RCH=CH-1] + (1.7-2.0%). Formal loss of 
alkenol yields ion VII (1.4-2.0%), and loss of an 
additional hydrogen yields ion VIII (2.3-2.9%). 
I n  t h e  s p e c t r u m  of deuterated alk-l-enyl 

H2C~O \ H2C--O 
[ "C'CH'CH2-R' I ~'.C-CH=CH-R ' 

H2C__ +O Z/ H2C--+O//" 

VII VIII 

ether ester (Table I) ions VII and VIII were 
shifted by four mass units, as was observed for 
ion I, but ions having 3 or 4 mass units less than 
ion I were not  observed. The apparent increase 
in the intensity of ion VII was due to contribu- 
tion of ion I formed from deuterated alk-l-enyl 
ether ester of lesser deuterium content,  whereas 
ion VIII was of almost equal intensity in the 
spectra of the deuterated and nondeuterated 
compounds. Therefore, the hydrogens lost in 
the formation of ions VII and VIII do not arise 
from the glycol moiety, but must arise from the 
acyl chain. Enolization of the ester group 
followed by elimination of the alk-l-enyloxy 
group and the enol hydrogen, or simple loss of 
hydrogen from cyclic ion I, could account for 
formation of ion VII. In the spectra of unsatu- 
rated esters of alk-l-enyl glycol ethers, ion VII 
becomes a major fragment (l  I%), whereas ion 
VIII remains at an intensity equal to that for 
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FIG. 2. Mass spectra of 1,2-di-O-hexadecanoyl-ethanediol and 1,2-di-O-hexadecanoyl-l,1,2,2-tetra- 
deuteroethanediol recorded at 70 eV. 

saturated alk-l-enyl ether esters. 
Ester Cleavages. The acylium ion, 

[R'CH2CH2COI + (IX), commonly  formed 
from long chain esters, is produced from 
alk-l-enyl ether esters in 2.4-3.8% relative 
abundance. Peaks of  lower intensities are 
caused  by ions [R'CH2CH2CO0] + (X) 
0.3-0.7%, [R'CH2CH2COOH] + (XI) 0.3-0.6%, 
and [ R'CH 2 CH 2 COOH 2 ] + (XII) 0.4-0.5% (15). 
An i o n  [ R C H = C H O C H 2 C H 2 0 ] +  (XIII), 
formed by elimination of  an acyl residue, is 
present in low abundance. A cyclic structure 
for XIII, similar to that postulated for an ion 
derived from alk-l-enyl glycerol ethers ( 2 8 ) i s  
plausible. However, the major cyclic ions 
produced from alk-l-enyl ether esters contain 
the acyl skeleton rather than the alk-l-enyl 
residue�9 

Deuterium labeling in the ethanediol moiety 
shifted ion m/e 73 (XIV) to 77, m/e  86(XV) to 
90, m/e 87 (XV1) to 91, m/e 99 (XVII) to 103, 
and the homologous series 99+14n to 103+t4n,  

H2C~O \ H2C--O. 
I //OCH2 I //CH \ 

H2C--O H2C--O 
+ + 

XIV XV 

H 
H2C--O H2C--O \ 

H2C--O H2C--O 
+ 

X V I  X V I I  

demonstrating the presence of the glycol 
moiety in these ions. Ions XIV-XVII may arise 
through cleavage of  the bonds a,/3, 3', etc., to 
the ester function (13,20),  loss of the alk-1- 
enyloxy residue and cyclization, a-Cleavage of 
the ester gives rise to m/e 73 (XIV) which 
probably has a 1,3-dioxolane skeleton. An ion 
m/e 73 was previously observed in the spectra 
of long chain esters of diols (12), and a 
structure, [ CH2=COH-OCH 2 ] +, was tentatively 
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assigned to this ion. As ion m/e 73 is shifted to 
m/e 77 in the spectra of alk-l-enyl ether esters 
(Table I) and to a lesser degree also in the 
spectra of diesters of deuterated ethanediol 
(Fig. 2), and because ion m/e 75 is virtually 
absent, the cyclic ion XIV probably contributes 
to the intensities of m/e 73 in both diol lipids. 
McLafferty rearrangement involving r-cleavage 
of the acyl chain leads to ion XVI, which on 
further loss of one hydrogen gives ion XV. The 
high abundance of ion XVII can be explained 
by an energetically favored allylic homolytic 
cleavage. Deuterium labeling showed that the 
ions of the homologous series 99+14n are not 
part of the series CyH2y+l. Ion m/e 155 of the 
series 99+14n (n=4) and the parent member of 
the series are particularly abundant.  Unsatura- 
tion enhances the intensities in this series. 

Alkyl Ether Esters of Ethanediol 

The mass spectra of alkyl ether esters of 
ethanediol (2-alkoxy-l-O-acyl-ethanols) exhibit 
peaks corresponding to M +, and also [M+I] + 
and [M+2] + (Fig. 1). Ions due to the loss of 
water, [M-18] +, are absent. The hydrocarbon 
fragment [C4H9]+ , m/e 57, is the base peak. 

~Z * 

H2~'O!R 

H2C-O-o~-CH2-CH2R' 

Ether Cleavages. Cleavage a to the ether 
oxygen with charge retention on the acyloxy- 
ethyl fragment yields ion I (31-53%) (Table II). 
The alkyl ion R + (XVIII) produced through 
a'-cleavage is present (12-20%). Charge reten- 
tion on the oxygen-containing fragments is less 
favored giving considerably weaker ions [RO] + 
(XIX) (0.6-3.4%), and [R'CH2CH2COOCH 2 
CH20]+ (XX) (0.5-1.2%). Elemental compo- 
sition of these ions was confirmed by high 
resolution mass spectrometry. 

From alkyl ether esters of ethanediol an ion 
XXI (13-21%) is formed which formally con- 
tains the alkoxy residue plus one carbon atom. 
Precise mass measurements confirmed its ele- 
mental composition as Cm+lH2m+lO.  The 
deuterated alkyl ether ester (Table II) yielded 
ions of type XXI at m/e 282, 283 and 284 
containing one, two or three deuteriums, 
respectively. The structure of XXI is not 
known. Ion XXI superimposes upon ion VIII 
when the alkyl chain is two methylene groups 
longer than the acyl chain. 

Formal loss of glycol monoester gives ion 
[ R-11 + (XXII) (3.9-6.6%) and further loss of an 
ethylene group (33) yields ion [R-C2Hs] + 
(XXIII) (2.2-5.1%). Elimination of an alcohol 
from the alkyl ether ester yields the cyclic ion 

VII (4.7-7.3%). Additional loss of hydrogen 
leads to ion VIII (3.4-18%). High resolution 
mass spectrometry confirmed the elemental 
compositions of ions VII and VIII, and 
deuteration of the ethanediol moiety shifted 
ions I, VII and VIII four mass units. 

An abundant ion VI (27-33%) is observed 
in the spectra of alkyl ether esters at [R-3] +, 
whose elemental composition is CmH2m. 2. 
However, the spectrum of the alkyl ether ester 
of the deuterated ethanediol indicated the 
presence of as many as two deuterium atoms in 
ions VI. Ions VI formed from alk-l-enyl ether 
esters occur in much lower abundances, and in 
the case of the deuterated analogue, fragment 
VI does not  contain deuterium. Ions similar to 
VI are also produced, from dialkyl ethers of 
diols (34) and to a small extent from dialkyl 
ethers (33). Monoalkyl ethers of diols (34) and 
diesters of diols (12) do not form this ion. 

a'-Cleavage and double hydrogen rearrange- 
ment (33) yield ion V (14-19%). The position 
of the ester function relative to the ether 
grouping prohibits formation of [ROH 2]+, as 
was the case with the alk-l-enyl analog. Loss of 
water from V may lead to I, but the corre- 
sponding metastable ion was not observed. Ion 
V can lose the glycol fragment m/e 62 
(C2H602) to give acylium ion IX, as was 
substantiated by metastable ions m/e 190.2 
(calc. m/e t89.9) and m/e 216.7 (calc. m/e 
216.7) from the hexadecanoates and octadeca- 
noates, respectively. In the spectrum of the 
deuterated ether ester the metastable ion occurs 
at m/e 187.1 (calc. m/e 187.3). 

Ester Cleavages. The acylium ion (IX) 
derived from alkyl ethers esters of ethanediol is 
very intense (38-56%). Significant peaks are 
also observed for ions having one, two or three 
hydrogens less than the acylium ion IX 
(4.2-8,7%, 4.5-8.7% and 3.6-6.6%, respectively) 
(Fig. 1). Precise mass measurements verified 
the compositions of these ions. In addition, 
acyloxy ions X (13-19%), "acid" ions XI 
(5.8-11%), and ions [R'CH2CH2COOH2] + 
XII  (8.3-28%) are observed (Table II). Ion XI 
is probably formed via McLafferty rearrange- 
ment, and formation of ion XII involves a 
double hydrogen transfer. 

The McLafferty rearrangement with loss of 
most of the chain from the acyl moiety yields 
i on  [ ROCH 2 CH 2OC(OH)=CH 2 ] § (XXIV) 
(1.1-5.3%); the elemental composition of XXIV 
was confirmed. Ion XXIV may be cleaved 
involving one or two hydrogen transfers to give 
ion XXV m/e 60, [CH2=C(OH)2] + (4.9-8.0%), 
or ion XXVI m/e 61 [CH2=C(OH)OH2] + 
(2.4-3.5%), respectively. Following the double 
hydrogen rearrangement ion XXIV may alterna- 
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tively yield ion m/e I05 [H2OCH2CH2OC 
(OH)=CH2] + (XXVII) (14-22%). Deuterium 
labeling demonstrated that ions XXIV and 
XXVII include the ethanediol moiety (Table 
II). Elimination of the alkoxy moiety from ion 
XXIV and cyclization leads to ion m/e 87 (XVI) 
(15-19%). 

3,4-Cleavage of the acyl moiety results in a 
weak ion XXVIII [ ROCH 2 CH 20COCH 2 CH 2 ] + 
(3.1-5.3%). Formal loss of alkanol from XXVIII 
yields the more abundant ion m/e 99 (XVII) 
(20 -27%) .  D e a c y l o x y l a t i o n  gives i on  
[ROCH2CH2] + XXIX (14-24%), loss of long 
chain fatty acid leads to [ROCH2CH2-1] + 
XXX (14-28%), and deacylation gives [ROCH 2 
CH20] +, XXXI (12-26%). The compositions of 
these ions were confirmed by deuterium 
labeling and high resolution mass spectrometry. 
Formation of ion XXX involves equal loss of 
hydrogen from the alkoxy moiety or from the 
ethanediol residue as was shown by deuterium 
labeling. Ion XXX loses the diol fragment m/e 
43 (C2H30) to yield the alkyl ion XVIII. This 
transition is evident from metastable ions m/e 
161.2 (calc. m/e 161.7), m/e 188.9 (calc. m/e 
188.9) and m/e 216.1 (calc. m/e 216.2) in the 
spectra of the tetradecyl, hexadecyl and 
octadecyl ethers, respectively. In the spectrum 
of the deuterated ether ester a broad peak 
occurs at m/e 213-214 indicating metastable 
ions m/e 213.4 and 214.1 arising from m/e 300 
and 299, respectively. When the acyl and alkyl 
moieties are identical in chain length, these 
metastable ions coincide with the metastable 
ions for the transition of ion V to ion IX (Table 
II). 

In mass spectra of alkyl ether esters of 
ethanediol, peaks are found at m/e 73 (XIV), 
86 (XV), 87 (XVI), 99 (XVII) and 99+14n 
(Fig. 1), similar to those in spectra of alk-l-enyl 
ether esters. Corresponding peaks in the 
spectrum of the deuterated ethanediol ether 
ester were shifted by four mass units. High 
resolution mass spectrometry showed that these 
ions are not homogeneous. Deuterium labeling 
and high resolution mass spectrometry also 
indicated that ions m/e 45 [CH2CH2OH] +, 63 
[HOCH2CH2OH2] +, and 117 [HOCH2CH 2 
OOCCH2CH2] + include the ethanedi01 moiety. 
These ions are of diagnostic value for alkyl 
ether esters of ethanedi01 because they are not 
f o r m e d  from alk-l-enyl ether esters of 
ethanediol. 

Alkyl Ether Esters of 1,3-Propanediol 

Many ions in the mass spectra of alkyl ether 
esters of 1,3-propanediol are identical to those 
formed from ether esters of ethanediol. Other 
ions containing the 1,3-propanediol moiety are 

homologous to those derived from ethanediol 
ether esters, and thus, are shifted by 14 mass 
units. In mass spectra of propanediol ether 
esters, the molecular ion peak is present. Ion 
[M-18] + is not  observed (Fig. 1). In the spectra 
of saturated compounds, m/e 71 is the base 
peak, whereas m/e 57 is the most abundant ion 
formed from unsaturated ether esters of 
1,3-propanediol. 

I ons  identical to those formed from 
ethanediol derivatives which indicate the ether 
group, are [R-1] + (XXII), R § (XVIII), [RO] + 
(XIX), and XXI. Those indicating the ester 
group are [R'CH2CH2CO] + (IX), 
[R'CH2CH2COO] + (X), [R'CH2CH2COOH]+ 
(XI) and [R'CH2CH2COOH2] + (XII). Their 
intensities are similar to those of ethanidol 
derivatives except for ion XXI which occurs in 
an abundance of 41-65%. 

Homologous ions formed from ether esters 
of 1,3-propanediol are of greater diagnostic 
value. A major ion is ion I' (54-63%), and in 
analogy to ion I, a 1,3-dioxane-type structure is 
proposed. Ions VII' (6%) and VIII'  (9%) have 
one and two mass unist less than ion I', respec- 
tively. When the acyl chain is unsaturated, ion 
VIII' becomes a major ion. 

/CH2- -O\  
H2C\ //C-CH2-CH2-R' 

CH2--O + 
I' 

/CH2"-O\  . 
H2C \ ~C-CH-CH2-R' 

CH 2-O 
+ 

VII' 

CH2--O. 
H2 C / "~, C.CH=CHR, 

\CH2--O// 
+ 

VIII' 
Ions formed by deacyloxylation (XXIX'), 

loss of long chain fatty acids (XXX'), and 
deacylation (XXXI') also occur. An intense ion 
having two mass units more than ion XXXI' 
may have the structure [ROCH2CH2CH 2 
OH 2 ] +, XXXII'. a'-Cleavage and double hydro- 
gen rearrangement yield ion VI', but [ ROH 2 ] + 
is absent. Low mass ions containing the pro- 
panediol moiety are m/e 59, 77 and 131, 
corresponding to ions m/e 45, 63 and 117 
produced from ethanediol ether esters. 

Conclusion 

Neutral diol lipids containing at least one 
ester function form a common, major frag- 
ment of the type [RCOO(CH 2)n]+. This 
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II 
O 

H2C--O__ �9 
[ "C-CH--CH 2-R'  

H2C--O~ 
+ 

VII 

....~ H2C--O,~ 
[ x C_CH=CH_ R, 

H2C--O ~ 
+ 

VIII 

Alk-l-enyt Ether Ester 

*Per Cent of total ionization 

Scheme I 

ion (I) forms the base peak in the spectra of 
alk-l-enyl ether esters and also of symmetrical 
diesters of short chain diols. In the spectra of 
alkyl ether esters ion I is less prominent 
(20-30%). Ions I are formed from alk-l-enyl 
ether esters, symmetrical diesters, and alkyl 
ether esters in an approximate ratio of 28:10:2, 
when abundances are expressed as per cent of 
total ionization. Loss of the alk-l-enyloxy 
group is highly favored over loss of the alkoxy 
group. Prevalence of ion I suggests energetically 
favored structures, such as those of cyclic 
acetals (Scheme 1). 

These ions were chosen to quantitatively 
determine the composition of a synthetic mix- 
t u r e  of 2-octadecyloxy-l-O-octadecanoyl-  
ethanol (52.1 mole %) and 3-octadecyloxy-1- 
O-octadecanoyl-propanol (47.9 mole %). The 
intensities of ions I, m/e 311 (27.1) and I ~ m/e 
325 (24.3) were in the same proportion as the 
compositions (52.7% and 47.3%). 

Formation of ions VII and VIII probably 
takes place via enolization of the ester function, 
followed by expulsion of the alk-l-enyloxy, the 
second acyloxy( or the alkoxy group, with 
accompanying loss of the enol hydrogen. 
Further loss of a hydrogen from the acyl chain 
leads to a stable allylic structure, ion VIII. Ions 
m/e 73, 86, 87, 99 and 99+14n occur in the 
spectra of all  three classes of ethanediol-derived 
lipids. However, the intensties of these ions 
decline in the order diesters>alkyl ether 

esters>alk-l-enyl ether esters, unlike the per 
cent of total ionization for ion I. Hence, these 
ions are probably not formed from ion I, but 
may be produced by fragmentation within the 
acyl chain and loss of the alk-l-enyloxy, alkoxy 
or acyloxy grouping. 

In the spectra of alkyl ether esters the 
acylium ion is particularly intense similar to 
what is found for diol diesters. In the case of 
the alk-l-enyl ether esters, the acylium ion is 
less abundant due to the favored formation of 
I. Knowing the acyl function permits identifica- 
tion of the chain length of the diol moiety by 
comparison with ion I. The ratio of intensities 
for ions I and IX is characteristic for each class 
of diol lipids. 

Many of the usual fragmentations character- 
istic for ethers do not  occur with long chain 
ether esters of diols, e.g., water loss with 
concurrent loss of up to three methylene 
groups (30), formation of an oxiranium ion 
(33), and cleavage/3 to the double bond of the 
alk-l-enyl ethers (29). This may well be the 
consequence of the highly favored formation of 
ion I from the ester portion of these lipids. 

Each of the alk-l-enyl ether esters and alkyl 
ether esters of diols can be identified by its 
mass spectrum, with the exception of cis-trans 
isomers. Ions characteristic and useful for the 
i d e n t i f i c a t i o n  of the acyl moieties are 
[R'CH2CH2CO ]+ (IX), [R'CH2CH2COO]+ 
( X ) ,  [ R ' C H 2 C H 2 C O O H ] +  (XI ) ,  and  
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[R'CH2CH2COOH 2] + (XII). The alk-l-enyl 
and alkyl groups are indicated by several ions of 
somewhat lower abundance. The ions are 
[R-C_2Hs]+(XXIII) ,  [R-I]  + (VI and XXII), 
[ R] + (III and XVIII), [ RO] + (II and XIX), and 
XXI. In order to confirm the identi ty of the 
d io l  residue, ions [RO(CH2)n] + (XXIX), 
[RO(CH2)nO] + (XIII and XXXI), [RO(CH2)n 
OH] + (XXXII), [RO(CH2)nOC(OH)=OH2] + 
( X X I V )  a n d  [ R O ( C H 2 ) n  OCCH2CH2] + 
(XXVIII) are useful. Classes of diol lipids 
consisting of mixtures of compounds having 
various chain lengths, but being derived from 
the same diol, can be recognized by mass 
spectrometry.  

The present study demonstrates that neutral 
diol lipids, such as alk- l-enyl  ether esters, alkyl 
ether esters and diesters of short chain diols can 
readily be identified and differentiated by mass 
spectrometry.  Also quantitative estimates are 
possible. In conjuction with chromatographic 
methods,  the use of mass spectrometry for the 
analysis of  complex natural mixtures of diol 
lipids appears feasible. 
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ABSTRACT 

Several ions in the mass spectra of wax 
esters were related to the molecular struc- 
tures. Assigned structures of ions were 
confirmed by deuterium labeling. A 
simple, direct method for quantitative 
analyses of mixtures was developed. The 
method involved a comparison of sets of 
three ions, RCO2 H+, RCO2H2 + and 
[R'-I]  + from all compounds in the mix- 
ture. The method was found applicable 
for mixtures of unsaturated wax esters 
a f t e r  r e d u c t i o n  with tetradeuterio 
hydrazine. 

INTRODUCTION 

The mass spectra of esters of  long chain 
fatty acids and short chain alcohols (1) and of 
short chain acids and long chain alcohols (2) 
have been thoroughly studied and reviewed 
(3,4). Although they occur widely in nature, 
esters of long chain acids and alcohols have 
received much less attention and the mass 
spectrum of only one such wax ester has been 
published (3) previously. Wax esters are en- 
countered in the lipids of a wide variety of 
species and they occur in a range from C 26 to 
C40 and in a variety of isomers. The mass 
spectra of a series of synthetic wax esters were 
measured and studied for the purposes of ident- 
ification and of quantification of individual 
components in mixtures of such esters. The 
spectra of some specifically labeled wax esters 
were recorded to determine the atomic com- 
position of some ions. 

Shorthand formulae for wax esters have 
been used, i.e., hexadecyl octadecanoate is 
denoted as 16-18, listing the alcohol moiety 
first. However, in the general formula RCO2R' , 
R and R' are the alkyl moieties of the acyl 
group and the alcohol group, respectively. 

1presented in part before the ISF-AOCS World 
Congress, Chicago, September 1970. Part III of a series 
of mass spectrometry of lipids. For VI see Lipids. 

2present address: Svenska Tobaks Aktiebolaget, 
Maria Bangata 6, Stockholm 17, Sweden. 

3present address: Entwicklungslabor der Chem. 
Fabrik Pfersee, D 8900 Augsburg, West Germany. 

4present address: Unilever Research Laboratory, 
Vlaardingen, The Netherlands. 

EXPERIMENTAL PROCEDURES 

The mass spectra were obtained on a Hitachi 
Perkin-Elmer RMU-6D instrument at 70 eV and 
a pressure of approximately 10 -7 torr. Wax 
esters, individually or in mixtures, were intro- 
duced through the direct inlet system. The 
spectra were recorded at temperatures that gave 
constant total ion concentration between 60 C 
and 250 C, depending on molecular weight. 
High resolution mass spectra were measured on 
an AEI MS9 double focussing mass spectro- 
meter. 

Mixtures of wax esters were analyzed by 
temperature-programmed gas chromatography 
mass spectrometry, using a 0.3 x 90 cm column 
packed with Gas Chrom P (100-120 mesh) 
coated with 2% Versamid 900. 

Long chain acyl chlorides and alcohols were 
purchased from The Hormel Institute Lipids 
P r e p  aration Laboratory. Deuterium-labeled 
fatty acids and 2,2-dideuteriotetradecanol were 
prepared as previously described (5). 1,1-Di- 
d e u t e r i o - o c t a d e c a n o l  was prepared by 
r educ t ion  of methyl octadecanoate with 
lithium aluminum deuteride (6). Wax esters 
labeled in the acyl moiety were synthesized by 
heating a mixture of the labeled fatty acid and 
an excess of the long chain alcohol at about 1 
mm and 80-90 C for 3-4 hr in the presence of 
p-toluenesulfonic acid as catalyst. Other wax 
esters, nonlabeled or labeled in the alcohol 
m o i e t y ,  were  synthesized as previously 
described (7), or were prepared by treating the 
alcohol with excess acyl chloride for 3-4 hr at 1 
mm and 60 C. The esters were purified by 
preparative thin layer chromatography (TLC) 
and recrystallized twice from petroleum ether. 
Yields and melting points are given in Table I. 

A synthetic mixture of isomeric unsaturated 
wax esters, octadecyl octadec-9-enoate, 56.5 
mg, and octadec-9-enyl octadecanoate, 64.1 
rag, was reduced with tetradeuterio hydrazine 
as previously described (8,9). Residual un- 
reacted wax esters amounted to about 20%, 
judging from a peak at m/e 534, and were 
removed by subjecting a 20 mg portion to 
ozonolysis (10). The mass spectrum of the 
product (10.1 mg) which was obtained after 
preparative TLC, had no peak at the molecular 
weight of the parent unsaturated esters (m/e 
534) but a prominent molecular ion for the 

502 



MASS SPECTRA OF WAX ESTERS 

TABLE I 

Melting Points and Yields o f  Wax Esters a 

5 0 3  

Ester Alcohol-acid Melting points,  C Yield 

Octadecyl 2,2-dideuteriotetradecanoate 18-14(2,2-d2) 51.8 84% 
Octadecyl 3,3-dideuteriopentadecanoate 18-15(3,3-d2) 55.2-55.6 90% 
Octadecyl 4,4-dideuteriohex adecanoat  e 18-16(4,4-d2) 59.5-60 62% 
1,1-Dideuteriooctadecyl octadecanoate 18(1,1-d2)-I 8 52.5-52.9 95% 
2,2-Dideuteriotetradecyl octadecanoate 14(2,2-d2)-18 61.5-61.8 60% 
Octadecyl dodecanoate 18-12 43.5-44 59% 
Octadecyl decanoate 18-10 37.5 43% 
Dodecyl octadecanoate  12-18 44.4-44.8 74% 
Decyl octadecanoate 10-18 37.5-38 74% 
Octyl octadecanoate 8-18 32 66% 
Hexyl octadecanoate 6-18 27.5-28 61% 
Butyl octadecanoate 4-18 27 59% 
Propyl octadecanoate 3-18 30.5-31 33% 

aSee also reference 7. 

d i d e u t e r i o -  a d d i t i o n  p r o d u c t  ( m / e  536) .  

RESULTS AND DISCUSSION 

S t e n h a g e n  et  al. (3 )  f o u n d  t h e  d i a g n o s t i c a l l y  
i m p o r t a n t  i o n s  M +, R C O 2 H 2  +, CO2 R '+  a n d  
[ R '  - 1 ] + .  O u r  d e u t e r i u m - l a b e l e d  a n d  n o n -  
l abe l ed  w a x  es te r s  p r o d u c e d  i o n s  a g r e e i n g  w i t h  
t h e  p r e v i o u s l y  p o s t u l a t e d  (3 )  s t r u c t u r e s .  In  
a d d i t i o n ,  five m o r e  c h a r a c t e r i s t i c  i o n s  w e r e  
o b s e r v e d  a n d  t h e i r  s t r u c t u r e s  h a v e  b e e n  p o s t u -  
l a t ed .  T h e  e l e m e n t a l  c o m p o s i t i o n s  o f  t h e s e  i o n s  

we re  c o n f i r m e d  b y  h i g h  r e s o l u t i o n  m e a s u r e -  
m e n t s  in t h e  case o f  octadecyl o c t a d e c a n o a t e  as 
f o l l o w s :  i o n  [ R C O 2 H - p r o p y l ]  +, m e a s u r e d  
2 4 1 . 2 1 6 2 5 ,  c a l c u l a t e d  2 4 1 . 2 1 6 7 4 ;  [ R � 9  +,  
2 5 2 . 2 8 0 9 6 ,  2 5 2 . 2 8 1 6 8 ;  R C O  +, 2 6 7 . 2 6 7 1 0 ,  
2 6 7 . 2 6 8 8 0 ;  R C O 2  H+,  2 8 4 . 2 7 2 1 2 ,  2 8 4 . 2 7 1 7 3 ;  
R C O 2 H 2  +, 2 8 5 . 2 7 8 4 5 ,  2 8 5 . 2 7 9 5 4 ;  CO2 R ' + ,  
2 9 7 . 2 7 8 7 2 ,  2 9 7 . 2 7 9 5 4 ;  C H 2 = C O H - O R  '+, 
3 1 3 . 3 0 8 9 0 ,  3 1 3 . 3 1 0 5 5 .  

RCO2H2 + 

T h i s  i o n  was  f o u n d  t o  be  t h e  b a s e  p e a k  in  all  

TABLE II 

Intensities of  Characteristic Ions Containing the Alcohol Moiety in Mass Spectra of  Saturated Wax Esters, 
RCO2R' ,  Expressed as Per Cent of  RCO2H2 + to Indicate Dependence of  Abundance  Upon Chain Length 

/ O H  /OH 2 
Wax ester [R ' - I ]  + CO2 R'+ CH2=C\o+_R CH2=CNo+R 

- �9 - t 

Alcohol Acid Mass Intensity Mass Intensity Mass Intensity Mass Intensity 

18 14(2,2-d2) 252 21.9 297 5.0 314 1.3 315 1.2 
18 15(3,3-d2) 252 25.4 297 6.0 312 1.2 313 1.5 
18 16(4,4-d2) 252 24.6 297 6.2 313 1.2 314 2.2 

18(1,1-d2) 18 254 29.8 299 7.1 314 1.5 315 2.7 
14(2,2-d2) 18 a 43.9 a 243 7.2 258 1.9 259 5.0 

18 10 252 17.7 297 4.3 312 0.8 313 0.3 
18 12 252 20.5 297 5.0 312 1.0 313 0.6 
18 14 252 22.7 297 4.8 312 1.1 313 1.1 
18 16 252 26.3 297 6.1 312 2.3 313 1.8 
18 18 252 27.7 297 6.6 312 1.4 313 2.7 
16 18 224 36.6 269 6.7 284 b 285 b 
14 18 196 53.0 241 12.8 c 256 1.4 257 5.5 
12 18 168 70.5 213 8.5 228 1.5 229 6.4 
10 18 140 91.7 185 13.5 200 1.7 201 9.8 

8 18 112 113.3 157 8.4 172 2.1 173 10.5 
6 18 84 125.6 129 22.6 144 7.3 145 13.7 
4 18 56 194.9 101 20.5 116 44.1 117 29.2 
3 18 42 d 87 38.9 102 160.0 103 68.6 

a[R'-D] + + [R'-H] +. 
bCoinciding with RCO2 H+ and RCO2H2 +. 
CCoinciding with [RCO2H-propyl]  +. 
dNot present. The base peak was found at rn/e 61, 359%. 
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cases except those in which the alcohol moiety 
was shorter than 10 carbon atoms (Tables II 
and liD. It is apparently formed directly from 
the parent ion, M +, judging from a cor- 
r e s p o n d i n g  metastable peak. Hence, the 
cleavage of the O-R' bond and the transfer of 
two hydrogens from the R' moiety must be a 
concerted reaction. Using deuterium-labeled 
n-butyl propionates, Djerassi et al (11) estab- 
lished that in these compounds the double 
hydrogen transfer involved positions 2 and 3 of  
the alkoxy group to a higher degree than any 
other position. The spectra of wax esters 
labeled in positions 1 or 2 of the alcohol 
moiety revealed increased (RCO2H+I) + ions 
indicating transfer of some deuterium. The 
ratio RCO2H2+: RCO2HD + was found to be 
90:10 and 77: 23, respectively. 

RCO2 H+ 

The ion formally equivalent to the car- 
boxylic acid might be formed by a McLafferty 
rearrangement. Djerassi et al. (11) found, how- 
ever, that in the cases of butyl propionate and 
benzoate the transferred hydrogen originated to 
some extent from positions other than the 2 
position of the alkyloxy group. The spectrum 
of  2 ,2 -d ideu te r io t e t r adecy l  octadecanoate 
showed the ratio of RCO2H+:RCO2 D+ to be 
85:15. This implies that alkoxy fission with 
transfer of one hydrogen atom from position 2 
(McLafferty rearrangement) is responsible for 
this ion only to a small degree. 

[R'- I ]  + 

The ratio of the ions [R'-H] + to [R'-D] + 
in the spectrum of 2,2-dideuterio- 
tetradecyl octadecanoate was found to be 
70:30,  indicating that the main port ion of the 
ion [R'-I]  +, is not formed in a McLafferty 
rearrangement with charge retention on the 
hydrocarbon. This corresponds with the finding 
of Djerassi et al. ( I1)  for butyl benzoate that 
only 25% of this ion is produced by a McLaf- 
ferty rearrangement. At least part of this ion is 
produced by fragmentation of  [CH2=COH- 
OR'] + since a corresponding metastable peak 
was always found. 

RCO + and CO2 R'+ 

These ions are formed by normal cleavage 
(12) of  the bonds adjacent to the carbonyl 
group. Absence of [RCO-1] + and [CO2R'-I]  + 
ions in the spectra of deuterium-labeled wax 
esters indicates that if scrambling takes place 
between the alkyl moieties, RCO + and CO2 R'+ 
are formed prior to the scrambling. This agrees 
with reports for diglycerides (13) and trigly- 
cerides (5) labeled in the acyl moieties in which 
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the deuteriums apparently were also confined 
to their original acyl groups. 

[RCO2H-C3H7 ] + 

All unlabeled wax esters exhibited a rela- 
tively weak ion 43 mass units lower than the 
RCO2 H+ ions. In the cases where positions 3 
and 4 of the acyl group were gem. deuterated 
this interval increased to 45 mass units. When 
the 2 positions were occupied by deuteriums a 
cluster corresponding to loss of 43, 44 and 45 
was observed. This pattern is analogous to 
earlier findings for long chain methyl esters 
(14,15) and triglycerides (5 )which  apparently 
expel three methylene groups adjacent to the 
carbonyl group plus one hydrogen. A similar 
extrusion must take place with wax esters too. 
The cluster of three peaks in the case of labeled 
2 positions is the result of partial loss of 
deuterium due to exchange reactions. 
Deuterium adjacent to the carbonyl group in 
long chain methyl esters (14,15) and trigly- 
cerides (5) is known to be exchangeable with 
hydrogen atoms in positions 5, 6 and 7 of the 
acyl chain. In the case of 14-18 this ion coin- 
cided with CO2 R'+ at m/e 241, relative inten- 
sity 12.8%. These ions were found at different 
masses, m/e 241 and 243, respectively, in the 
spectrum of 14(2,2-d2)-18, and the sum of 
their relative intensities, 12.2%, is nearly the 
same as that of the double ion. 

OH + OH 2 + OH 2 + 
I I I 

CH2=C=OR' , CH2=C-O-R' and CH2=C-OH 

The formation of the first two ions involves 

TABLE IV 

Quantitative Analyses of Mixtures of Wax Esters 

Molecular Gravimetric Found 
Alcohol-acid weight composition % 

18-16 508 48.3 48.9 
18-16(4,4-d2) 510 51.7 51.1 

18-10 424 49.4 52.1 
10-18 424 50.6 47.9 

18-12 452 41.1 43.4 
12-18 452 58.9 56.6 

18-14 480 46.4 47.9 
14-18 480 53.6 52.2 

18-16 508 62.3 62.8 
16-18 508 37.7 37.2 

14-16 452 34.3 34.7 
18-12 452 27.0 27.2 
12-18 452 38.7 38.1 

16-14 452 21.0 22.0 
14--16 452 27.1 26.4 
18-12 452 21.3 20.9 
12-18 452 30.6 30.8 
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transfer of one and two hydrogen atoms, 
respectively, from the acyl moiety. Both ions 
showed retention of the deuterium atoms when 
the position adjacent to the carbonyl group was 
doubly labeled as in 18-14(2,2-d2) , suggesting 
that fission of the /3-bond occurred prior to 
exchange reactions. Retention of these labile 
deuterium atoms indicates that a McLafferty 
rearrangement is involved (5,14,15). Further 
evidence for such a rearrangement was found in 
the retention of one deuterium atom in both 
ions when positions 4 of the acyl moiety were 
labeled. The origin of the second hydrogen 
transferred is unknown.  

The base peak in the spectrum of propyl 
stearate was found at m/e 61 rather than the 
expected m/e 42 ([R'-I]  +, see Table II). This 
ion,, [CHz=C(OH2)-OH]+, which involves a 
triple hydrogen transfer (16,17), is probably 
formed from [CH2=C(OH)-O-R'] +, m/e 102, 
since a corresponding strong metastable peak 
was found at m/e 36.5 (Calculated 36.48). This 
ion was also found in spectra of other wax 
esters but to a much smaller extent. The 
increased relative intensity of this ion in the 
case of propyl might be due to absence of steric 
hindrance. 

Quantitative Analysis of Mixtures 

Since several of the pronounced, character- 
istic ions of wax esters are readily recognized, a 
method was sought for quantitative analyses of 
mixtures. Analyses of mixtures by means of 
mass spectrometry have been performed pri- 
marily on hydrocarbons (18,19) and amino 
acids (20), but this method should be appli- 
cable to lipids as well. 

Wax Esters Having the Same Molecular 
Weight. Ions characteristic of each wax ester 
component in model mixtures were used singly 
or in combination as bases of calculations of 
composition. The most favorable results were 
obtained when the sums of the heights of the 
ions RCO2H +, RCO2H2 + and [R'-I]  + for each 
component were compared. The following 
relationship was derived and empirically veri- 
fied: 

100 ~a %a 
~a + Eb +... En 

where E a = the sum of the peak heights of ions 
RCO2H +, RCO2H2 + and [ R ' -  1] + for com- 
ponent  a, etc. The results obtained using this 
method are given in Table IV. Calculations 
based upon individual ions gave greater devia- 
tions from true values. For instance, the 
observed content of 18-10 (49.4%) in the mix- 
ture (18-10, 10-18) was calculated to be 22.9%, 
65.6% and 52.3% when ions [R'-I]  +, RCO 2 
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H2 + and RCO2H +, respectively, were used as 
the single bases of calculation, whereas 52.1% 
was calculated (Table IV) using the formula. 
Differences in running conditions did not signif- 
icantly influence the results either. The mixture 
(18-16, 16-18) was repeated one month later 
and the composition, 62.1% and 37.9%, was 
found to be consistent with the earlier finding, 
62.8% and 37.2% (Table IV). Several more 
examples are given in Table IV proving the 
validity of the method. It must, however, be 
used with caution when one or several of the 
components of the mixture are present in very 
small quantities. 

Wax esters Having Different Molecular 
Weights. The method outlined above was not 
applicable for wax esters having different 
numbers of carbon atoms. For instance, the 
four-component mixture (18-18, 18-16, 18-14, 
18-12) gave 6.9%, 11.5%, 31.0% and 60.5%, 
respectively, whereas the gravimetric compo- 
sition was 22.9%, 19.5%, 29.9% and 28.4%. The 
deviations are probably due to differences in 
volatility. Wax esters having different molecular 
weights are, however, readily separated by chro- 
matographic (GLC) methods (21). Combined 
gas chromatography-mass spectrometry was 
applied on a synthetic mixture (18-18, 18-14, 
14-18) with known composition. Using the 
method outlined above, the mass spectrum 
obtained for the GLC peak representing 18-14 
and 14-18 gave the ratio 46.1:53.9 whereas the 
known composition was 43.9: 56.1. 

Unsaturated Wax Esters. Unsaturated wax 
esters can be separated by argentation chro- 
matography into groups having different 
numbers of double bonds (22). Subsequent 
deuteration of the double bonds with tetra- 
deuterio hydrazine followed by gas chromato- 
graphy-mass spectrometry allows quantitative 
analysis of each group provided residual un- 
reduced esters have been removed either by 
a r g e n t a t i o n  chromatography (22) or by 
ozonolysis (10). 

A synthetic mixture consisting of 18-18:1 
and 18:1-18 was treated accordingly. When the 
contribution of 13C and the presence of an 
[M-l] + ion (2.2% of M +) in the spectrum of 
18-18 were taken into account, the ratio of do, 
d 1 and d 2 in the wax esters were 3.3:17.8:78.8. 
The peak heights of the appropriate ions were 
corrected for isotopic impurities (13C, do and 
d I wax esters) giving m/e 252 29.1 mm, m/e 
254 22 mm, m/e 284 27 mm, m/e 285 113.2 
mm, m/e 286 23 mm and m/e 287 91ram. 
Using the formula described above, the content 
of 18 d2-18 was thus found to be 53.1% 
[100(22 + 27 + 113.2/305.3)]. The original 
mixture consisted of 18-18:1 and 18:1-18 in 
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the  ra t io  4 6 . 8 : 5 3 . 2 .  Since all t he  i ons  used  in 
the  ca lcu la t ion  are f o r m e d  by  loss  or  c ap t u r e  
of  one  or  t w o  h y d r o g e n s ,  an  i s o t o p e  e f fec t  
migh t  i n t e r f e r e  w h e n  cer ta in  d o u b l e  b o n d s  in 
the  chain  are d e u t e r a t e d .  
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Metabolism of Ceramide Phosphorylethanolamine, 
Phosphatidylinositol, Phosphatidylserine and 
Phosphatidylglycerol by Housefly Larvae 1 
G.R. HILDENBRANDT, T. ABRAHAM and L.L. BIEBER, Department of Biochemistry, 
Michigan State University, East Lansing, Michigan 48823 

ABSTRACT 

M i c r o s o m e  p r e p a r a t i o n s  
(40,000-90,000 g sediment) from Musca 
domestica, housefly, larvae convert exo- 
genous 32p_labeled phosphatidylinositol ,  
phosphatidylserine and phosphatidylgly- 
cerol to the respective lysoglycerophos- 
phatides and, ult imately,  to the glycero- 

phosphoryl  derivatives. These data, com- 
bined with previous results, demonstrate 
that housefly larvae can convert their nor- 
mal diacylglycerophosphatides to the res- 
pective glycerophosphoryl  derivatives. 
Experiments utilizing exogenous 3H- 
labeled, 32 P-labeled and 14 C-labeled cera- 
mide phosphorylethanolamine demon- 
strate that particulate preparations from 
housefly larvae convert ceramide phos- 
phorylethanolamine to ceramide, phos- 
phorylethanolamine,  sphingosine and fat- 
ty acid. The presence of ceramide phos- 
p ho r  y lethanolamine phosphohydrolase 
and ceramidase activity in housefly larvae 
is consistent with the conclusion that 
c e r a m i d e  phosphorylethanolamine is 
metabolized to ceramide and phosphoryl-  
ethanolamine and the ceramide is then 
hydrolyzed to sphingosine and fat ty acid. 
Thus, metabolism of  ceramide phos- 
phorylethanolamine by these insects is 
analogous to the metabolism of sphingo- 
myelin by mammalian systems. 

I N T R O D U C T I O N  

P h o s p h a t i d y l c h o l i n e  and phosphatidyl-  
ethanolamine are the principal phospholipids of 
many insects (1). Housefly (2) and blowfly (3) 
larvae also contain minor phospholipids such as 
phosphatidylserine and phosphatidylinositol  as 
well as ceramide phosphorylethanolamine-type 
sphingolipids (2,4-6). Particulate preparations, 
containing microsomes, from larvae of the 
housefly (Musca domestica) (7,8), the blowfly 
(Phorrnia regina) (7) and the mosquito (Papiens 
fatigans) (9,10), contain phospholipase AI and 

ipaper No. 5250 from the Michigan Experiment 
Station. 

A2 activity towards phosphatidylcholine and 
phosphatidylethanolamine.  Little is known con- 
cerning the metabolism of the minor lipids of 
insects. We will demonstrate that particulate 
prepara t ions  containing microsomes from 
housefly larvae deacylate phosphatidylserine, 
phosphatidylinositol  and phosphatidylglycerol 
to the respective lysophosphatides and, ulti- 
mately,  to the water soluble glycerophosphoryl 
derivatives. Ceramide phosphorylethanolamine 
is cleaved to ceramide and phosphorylethano- 
lamine, and the ceramide is cleaved to fatty 
acids and sphingosines. 

METHODS 

Isolation of Phospholipids and 
'Ceramide Derivatives 

32p-Labeled  phosphatidylinositol ,  phos- 
phatidylglycerol,  phosphatidylserine and cera- 
mide phosphorylethanolamine were isolated 
from housefly larvae that had been reared on a 
32pi-containing diet as described previously 
(6,8). The lipid extract containing phosphati- 
dylinositol,  phosphatidylserine, phosphatidyl- 
glycerol and other phospholipids was chromato- 
graphed on silicic acid to remove neutral lipids 
and lecithin as described elsewhere (8,11). The 
remaining phospholipid classes were resolved by 
column chromatography using DEAE cellulose 
essentially as described by Rouser et al. (12). 
Column eluates containing acetic acid or formic 
acid were dripped directly into NH4HCO 3 solu- 
tions to neutralize the acid. These preparations 
were then part i t ioned between water and chlo- 
roform and the chloroform phase evaporated to 
dryness. The dried lipid samples were dissolved 
in warm tert iary butyl  alcohol, lyophilized and 
stored dry at -20 C. After chromatography on 
DEAE cellulose, phosphatidylglycerol and 
phosphatidylinositol  were separated by prepara- 
tive thin layer chromatography (TLC) using 
Brinkman preparative plates (Silica Gel F-254) 
and the solvent system, chloroform-methanol- 
H 2 0  (65:35:4).  Occasionally, the other phos- 
pholipids were further purified by preparative 
TLC using the solvent system, chloroform- 
m e t h a n o l - H 2 0  (65:35:4)  or chloroform- 
methanol-conc NH4OH (65:35:4).  The phos- 
pholipids were at least 95% pure before use, as 
determined by monitoring the 32p distribution 
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with a Packard Model 7201 radiochromatogram 
scanner after TLC in one or more solvent sys- 
tems. In experiments (unpublished data), G.R. 
Hildenbrandt has shown that the phosphorus- 
inositol ratio and the phosphorus-serine ratio of 
the glycerophosphoryl derivatives prepared 
from these preparations of phosphatidylinositol 
and phosphatidylserine are 1.0 + 0.1. 32p in 
column eluates was monitored with a recording 
Geiger Muller apparatus. 

Tritiated ceramide phosphorylethanolamine 
was prepared according to the procedure des- 
cribed above for preparation of 32p-labeled li- 
pids except that larvae were reared on a diet 
containing 1 curie of tritiated water. 14C-la- 
beled ceramide phosphorylethanolamine was 
prepared similarly except that larvae were 
reared on diets containing uniformly labeled 
L-serine from New England Nuclear. Ceramide 
was prepared from bovine heart sphingomyelin 
by treatment with 2-5 mg of phospholipase C 
from Worthington, Clostridium Welchii, as fol- 
lows. The sphingomyelin (400 mg) in chloro- 
form was adsorbed onto 1 g of Celite using a 
rotary evaporator and the reaction was run 
overnight with stirring at room temperature in 
20 ml of 0.025 M Hepes (N-2-hydroxypipera- 
zine-N'-2-ethane sulfuric acid), pH 7.3, con- 
taining 3 mM CaC12. The chloroform soluble- 
products were resolved on silicic acid (8). 
Ceramide was detected on thin layer chromato- 
grams utilizing a Chloroxbenzidine spray 
reagent (13). Sphingosine standards were pre- 
pared by hydrolyzing bovine brain sphin- 
gomyelin in 1 N methanolic HC1 for 18 hr at 
105 C. Phospholipids were deacylated by add- 
ing 1.0 ml of 0.5 N KOH in 95% methanol to 2 
ml of phospholipid in chloroform. After stirring 
for 10 rain at room temperature, excess 
Dowex-50 resin, H + form, was added and the 
samples were partitioned between equal vol- 
umes of chloroform and water. The resin was 
removed and the aqueous phase neutralized 
immediately with NaOH. Glycerophosphate 
and Pi were removed by column chromato- 
graphy on Dowex-1, formate form and the 
water soluble glycerophosphoryl derivatives 
were then chromatographed o n  Dowex-50 H + 
as described below. 

Enzyme Preparations and Assays 

Microsomes were prepared from housefly 
larvae and phospholipase assayed as described 
by Kumar et al. (8). a2P-labeled diacylglycero- 
phosphatides were separated from the respec- 
tive monoacylglycerophosphatides by TLC as 
described in the figure legends. The water solu- 
ble portion of the reaction products, which 
contained the glycerophosphoryl derivatives, 

tu~  
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FIG. 1. Tracings of the radiochromatogram scans 
of chromatograms of the chloroform soluble and 
water soluble extracts obtained from larval micro- 
somes incubated with 32p-labeled phosphatidylgly- 
cerol. Larv~al microsomes, 0.6 mg protein, were incu- 
bated with 1 #mole of 32pdabeled phosphatidylgly- 
cerol (44,000 CPM) for 1 hr at 31 C in 1 ml of 50 mM 
Tris HC1, pH 7.2. Assays were performed as described 
in Methods. A contained 2.5 mM lauryl sulfate. Lauryl 
sulfate and microsomes were not added in B. A and B 
are radiochromatogram scans of the chloroform phases 
that were chromatographed on Silica Gel F-254 
Brinkman thin layer plates in the solvent system, 
chloroform-methanol-H20 (65:35:4). 73% of total 
counts were in the chloroform phase of A and 100% 
of total counts were in the chloroform phase of B. C is 
a radioehromatogram scan of the water soluble frac- 
tion from A (27% of total counts) that were chroma- 
tographed on paper in the solvent system, methanol- 
cone. NH4OH-H20 (12:2:3). OR, origin; SF, solvent 
front; PG, phosphatidylglycerol; GP, a-glycerophos- 
phate; Pi, inorganic phosphate. 

was passed through columns of Dowex-50 resin, 
H + form, 100-200 mesh, 0.8 x 10 cm to remove 
cations. The column eluates (containing the 
glycerophosphorylinositol, -serine, or -glycerol) 
were lyophi l ized,  dissolved in a small quantity 
of wa t e r  (<0.5 ml), neutralized, and then 
chromatographed on paper as described in the 
legends of  Figures 1-3. 32p in water, in organic 
solvents and on silicic acid was quantitated uti- 
lizing Cerenkov radiation as described by Havi- 
land and Bieber (14). Ceramide phosphoryl- 
ethanolamine phosphohydrolase was prepared 
and measured as described in the legend of 
Figure 5. 

32pi was determined by the method of Lind- 
berg and Ernster (15). Pi was precipitated from 
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FIG. 2. Tracings of the radiochromatogram scans 
of chromatograms of the chloroform soluble and 
water soluble extracts obtained from larval micro- 
somes incubated with 32p-labeled phosphatidylserine. 
Microsomes, 2.9 mg protein, were incubated for 8 min 
in  2.5 ml of a solution containing 0.05 M imidazole 
buffer, pH 7.4, 2.5 mM lauryl sulfate, 1 mM HgCI2, 
and 2.75 umoles of phosphatidylserine (64,400 CPM). 
The reaction was terminated and assayed as described 
in the Methods. The aqueous phase contained 7,762 
CPM. SF, solvent front; OR, origin. For A, the 
chloroform soluble extract was chromatographed as 
described for Figures 1A and B. LPS, lysophosphati- 
dylserine; PS, phosphatidylserine. For B, the water 
soluble fraction was chromatographed on paper in the 
solvent system, picric acid-tertiary butyl alcohol-water 
(4 g:80:20). GP, a-glycerophosphate; GPS, glycero- 
phosphorylserine; PS, phosphorylserine; Pi, inorganic 
phosphate. 

aqueous  solutions as the  t r ie thylamine  phos- 
phomolybda te  complex  by the me thod  of  
Sugino and Miyoshi (16). Serine was quanti-  
tated using an au toma ted  amino acid analyzer  
as described by D.C. Rober tson,  H.B. Brock- 
man, W.I. Wood and W.A. Wood (personal com- 
municat ion) .  Protein was determined by the 
me thod  of  Lowry et al. (17). 

Inositol  was quant i ta ted  by gas chromato-  
graphy of  the TMSi derivatives as described by 
Wells et al. (18). 

R E S U L T S  

Microsomal Deacylation of Phosphatidylinositol, 
Phosphatidylserine, and Phosphatidylglycerol 

When microsomes f rom housefly larvae were 
incubated with 32P-labeled phosphat idylser ine 
and phosphat idylglycerol ,  TLC of  the chloro-  
form soluble fract ion demons t ra ted  the pre- 
sence of  the respective 32p-labeled lysophos- 
pholipids and paper ch romatography  of  the 
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FIG. 3. Tracings of radiochromatogram scans of 
chromatograms of the chloroform soluble and water 
soluble extracts obtained from larval microsomes 
incubated with 32p-labeled phosphatidylinositol. Incu- 
bations and assays were identical to those described 
for Figure 1 including quantity and specific radioacti- 
vity of substrate. For A, the lipid extract was 
chromatographed as in Figures 1A and B. The dashed 
curve ( . . . .  ) is a tracing of the radiochromatogram 
scan obtained with the lipid extract (100% of total 
counts) from an incubation without microsomes, and 
the solid curve ( ) is a tracing of the radiochroma- 
togram scan of the lipid extract (66% of total counts) 
from rnicrosomes that were incubated 60 min with 2.5 
mM lauryl sulfate. PI, phosphatidylinositol; 0.7 mg 
protein per sample was used. For B, an aliquot of the 
water soluble portion (53% of total counts) of a 90 
min incubation, as described for Part A, was chroma- 
tographed on paper in the solvent system described for 
Figure 1C. B is a tracing of the radiochromatogram 
scan. GPI, glycerophosphorylinositol; GP, a-glycero- 
phosphate; PI, phosphorylinositol; and Pi, inorganic 
phosphate. In A and B, SF, solvent front; OR, origin. 

water  soluble fractions demonst ra ted  produc-  
t ion of  g lycerophosphoryl  derivatives (Fig 1 
and 2). The thin layer chromatograms for 
Figures I A and B were run in the solvent at 
different  times. Thus, the difference in the Rf 
of  phosphat idylglycerol  in Fig. 1A and B is 
probably due to slightly different  solvent com- 
posi t ion or  different  act ivat ion of  the plates. 
Some inorganic phosphate was present in the 
water  soluble fract ion when phosphat idylser ine 
was the  substrate (Fig. 2B). The inorganic phos- 
phate was probably produced by the phos- 
phatase(s) which are present in the enzyme 
preparat ions.  Glycerophosphate ,  a phosphatase 
substrate,  could  be produced  enzymat ical ly  
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FIG. 4. Time course for deacylation of 32p-labeled 
phosphatidylinositol by housefly larvae microsomes. 
Each sample of 1 ml, taken from an 8 ml incubation 
mixture at the indicated times, contained: 1 umole 
32p-labeled phosphatidylinositol at zero time; 50 
t~moles Tris CI', pH 8.0 and 2.5 ~moles lauryl sulfate. 
Incubation was at 31 C, and assays were performed as 
described in Methods. PI, phosphatidylinositol, - - ,  
LPI, lysophosphatidylinositol, z~--z~; water soluble, 
32p-labeled glycerophosphorylinositol formed, x--x .  
The protein concentration was 0.7 mg/ml. 

f rom glycerophosphorylser ine  by traces of  
phosphodiesterase.  A large amoun t  of  this phos- 
phodiesterase act ivi ty  is present  in the  90,000 g 
supernatant  f luid f rom larvae and occasionally 
small amounts  remain  with the microsome 
preparations.  A t t empt s  to detect  p roduc t ion  of  
lysophosphat idytser ine  were unsuccessful unti l  
lauryl  sulfate and HgC12 were added to the 
react ion mixture .  It was shown previously (8) 
that  lauryl sulfate greatly st imulates monoacyl -  
g lycerophosphat ide  p roduc t ion  f rom the diacyl- 
glycerophosphat ides .  Apparent ly ,  in the ab- 
sence of  lauryl sulfate and HgC12, housefly 
microsomes deacylate  lysOphosphatidylserine at 
a much  greater rate  than  phosphat idylser ine,  
prevent ing accumula t ion  o f  the  lyso-inter- 
mediate .  When 32p-labeled phosphat idyl ino-  
sitol was the substrate ,  af ter  1 hr, microsome 
preparat ions had conver ted  much  of  the 32p to 
a phosphol ipid  which  had the  Rf on  thin layer 
c h r o m a t o g r a m s  of  lysophosphat idyl inos i to l  
(Fig. 3A). A water  soluble c o m p o u n d  was also 
formed.  It had an Rf corresponding to that  of  
g lycerophosphoryl inos i to l  rather than glycero? 
phosphate ,  inorganic phosphate  or  phosphoryl-  
inosi tol  (Fig. 3B). 

Since phosphat idyl inosi to l  is cleaved to 
phosphoryl inos i to l  and diglyceride in some 
systems, its cleavage by  the insect system was 
fur ther  investigated. The microsomal  system 
f rom housef ly  larvae is capable o f  deacylat ing 
most  of  the added phosphat idyl inosi to l ,  as 
shown by the t ime course in Figure 4. At the 
end of  the exper iment ,  4 hr, the concent ra t ion  
o f  exogenous phosphat idyl inosi to l  had de- 
creased f rom 1 mM to 0.04 mM. The amoun t  o f  
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FIG. 5. pH Optimum and Time course for hydro- 
lysis of 32pqabeled ceramide phosphoryl-ethanola- 
mine. In A, 0.2 ml of the 10,000-40,000 g fraction (0.6 
mg protein) in 0.1 M KCI was added to 0.8 ml of 0.05 
M buffer, and 0.1 ml of 32p-labeled ceramide phos- 
phorylethanolamine in 5% Triton X-100. The f'mal 
concentration of Triton X-100 was 1% and ceramide 
phosphorylethanolamine was 0.25 mM = 32,140 CPM 
of 32p. The samples were incubated at 31 C for 30 
min, and the reaction was terminated by adding 6 ml 
of chloroform-methanol (1:2). After mixing for 15 
rain, 5 mi of chloroform and 5 ml of 0.02 M MgC12 
were added. The samples were mixed and the layers 
separated by centrifugation. The water soluble frac- 
tion was counted and used as a measure of the extent 
of reaction. The water soluble CPM are plotted in A 
and B. The buffers were formate at pH 3.1 and 4.1: 
acetate at pH 4.5 and 5.5; citrate at pH 5.0; imidazole 
at pH 6.0, 6.5 and 7.0; Tris CI" at pH 7.5, 8.5 and 9.5; 
phosphate at pH 8.0, and glycine at pH 9.0 and 10.5. 
In B, 1 ml of the 10,000-40,000 g pellet in 0.05 M KC1 
was added to 4 ml of 0.05 M Tris HCI, pH 9.5, buffer 
containing sufficient Triton X-100 and ceramide phos- 
phorylethanolamine to make a final concentration of 
1% Triton X-100 and 0.3 mM 32p-labeled ceramide 
phosphorylethanolamine. The sample was incubated at 
31 C. 1.0 ml Aliquots were taken at the times 
indicated and assayed as described for part A. Each 
assay contained 0.6 mg protein. The 10,000-40,000 g 
fraction was prepared by homogenizing larvae in 0.15 
M Tris, pH 7.5 (5ml/g larvae) in a micro Waring 
blendor for 30 sec at maximum speed. The homoge- 
hate was squeezed through several layers of cheese- 
cloth and a 10,000-40,000 g fraction was collected 
and suspended in 0.1 M KC1 or the appropriate buffer. 

lysophosphat idyl inos i to l  increased rapidly and 
then  decreased wi th  t ime,  while the  glycero- 
phosphoryl inos i to l  only  increased with  t ime,  in- 
dicating a product-precursor  relationship.  

Al ternate  pathways  of  phosphat idyl inosi to l  
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FIG. 6. Identification of 32p-labeled phosphorylethanolamine as a product of the cleavage of 
ceramide phosphorylethanolamine. To a 10,000-40,000 g fraction, 0.6 mg protein�89 in 0.5 ml of 0.05 M 
KC1 was added 0.5 ml of 0.5 M Tris el, pH 9.0 and 0.2 ml of P-labeled ceramide 
phosphorylethanolamine (0.43 ~tmole) in 1% Triton X-100. The sample was incubated at 31 C for 30 
min. The reaction was terminated by adding 3 ml of liquid phenol; see reference 39 for description of 
this method. The phenol was washed two times with 2 ml water, and the combined aqueous phases 
were appfied to a Dowex-1, HCO 3- column. The column was eluted with water, then 0.25 M 
triethylammonium bicarbonate, pH 7.5, followed by 1 M triethylammonium bicarbonate, pH 7.5, 
Two peaks were obtained as described in the text. The first radioactive peak was chromatographed on 
paper using the solvent system, methanol-cone NH4OH-H20 (12:2:3). Figure 6 is a tracing of a 
portion of a radiochromatogram scan of the paper chromatogram. One radioactive peak was detected; 
it had an Rf identical to phosphorylethanolamine. PEA, phosphorylethanolamine; Pi, inorganic 
phosphate. 

metabolism were not detected in housefly lar- 
vae. Attempts t o  detect production of  phos- 
phorylinositol using whole homogenates as well 
as particulate fractions containing microsomes 
plus lysosomes and mitochondria were unsuc- 
cessful. Assays were performed at pH 5.0 and 
8.0. Such results indicate that cleavage of phos- 
phatidylinositol to diglyceride and phosphoryl- 
inositol is not a major pathway of metabolism 
in housefly larvae. It should be noted that de- 
acylation of  phosphatidylinositol was detected 
at pH 5.0 with particulate preparations that 
should contain lysosomes. The water soluble 
fraction from the pH 5.0 incubation contained 
inorganic 32p and glycerophosphorylinositol- 
32p. The precursor of 32pi was not investigated 
and could have been phosphorylinositol. 

In these experiments, the 32P-labeled water 
soluble products were not rigorously charac- 
terized; however, paper and column chromato- 
graphy demonstrated that the principal water 
soluble 32p was not inorganic phosphate, gly- 
cerophosphate, phosphorylinositol or phos- 
phorylserine. The water soluble 32p had paper 
chromatographic properties expected for the 
glycerophosphoryl derivatives of  inositol, serine 
and glycerol. Authentic glycerophosphoryl 

derivatives of  inositol, serine and glycerol were 
prepared from the respective diacylglycerophos- 
phatides by mild alkaline hydrolysis. Portions 
of  these derivatives were used as standards for 
paper chromatography and as substrates for 
the phosphodiesterase that cleaves these com- 
pounds to glycerophosphate and free hydroxyl 
compound. 

Cleavage of Ceramide Phosphorylethanolamina by 
Particulate Preparations Obtained 
From Housefly Larvae 

When whole homogenates as well as the 
0-800 g, 800-9,000 g, 9,000-40,000 g, 
40,000-90,000 g and the 90,000 g soluble frac- 
tions from housefly larvae were incubated with 
32p-labeled ceramide phosphorylethanolamine 
at pH 7.5 and 9.5, water soluble 32p was re- 
leased. These experiments demonstrated that 
these fi"actions cleaved ceramide phosphoryl- 
ethanolamine. The soluble fraction and the 
0-800 g fraction contained the lowest specific 
activities. The ratio of  the specific activities of  
t he  800-9 ,000  g, 9,000-40,000 g and 
40,000-90,000 g fractions varied from prepara- 
tion to preparation. The specific activity dif- 
ferences appeared to be related to the stage of 
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Total Distribution of 
CPM CHC13-soluble material, % 

513 

Free fatty acid 13,320 10.2 
Ceramide 2,500 1.9 
Sphingosines 18,600 14.3 
Ceramide phosphorylethanolamine 95,520 '73.5 

aAmounts of 0.5 mg of 3H-ceramide phosphorylethanolamine plus 4 mg of ceramide 
were dissolved in 1 ml of a solution of 1% Triton X-100 and 0.05 M glycine, pH 9.0. The 
8,000-40,000 g particulate fraction in 2 ml of 0.05 M glycine buffer, pH 9.5, from 21 g of 
larvae was added to the substrate solution and incubated at 31 C for 15 min. The reaction 
was terminated by adding 8 ml of chloroform-methanol, 1:2, and stirring for 15 min. Then 
5 ml of 0.02 M MgCI 2 and 5 ml of chloroform were added. The chloroform layer was 
washed three times with 5 ml of 0.02 M MgCI 2. The aqueous washes were combined and 
counted. The aqueous layer contained 8,430 CPM. The chloroform fraction was evaporated 
to dryness, and the fatty acids, sphingosine, ceramide and ceramide phosphorylethanola- 
mine separated by TLC as follows. The chloroform soluble material was streaked onto a 
Silica Gel E-254 (Brinkman) plate and developed in chloroform-glacial acetic acid (90:10). 
The plate was dried at approximately 50 C and placed in iodine vapors. The zones with Rf's 
of ceramide and oleic acid were marked. The plate was then placed into the solvent system, 
chloroform-methanol cone NH4OH (65:35:4) and developed until the solvent front reached 
the ceramide zone. This solvent system separated ceramide phosphorylethanolamine from 
the sphingosines. The zones having Rf's of sphingosines, fatty acids and ceramide were 
scraped from the plates. The scrapings were put into small columns and eluted with 
methanol. Aliquots of the methanol solution were transferred to scintillation vials and the 
samples counted for 3H. The remainder of the methanol was evaporated to dryness and the 
residue was dissolved in chloroform and applied to thin layer plates. The plates were 
developed in the solvent systems A, chloroformglacial acetic acid (96:4), and B, 
chloroform-methanol-conc, NH4OH (65:35:4). For each, the zones with Rf's of sphingo- 
sine, fatty acid and ceramide were scraped from plates, eluted and counted as described 
above. The rechromatography was essential because the ceramide and sphingosine 
overlapped slightly on the initial chromatography. In solvent A, the Rf's of  eeramide 
phosphorylethanolamine, sphingosine, ceramide and free fatty acids were 0.0, ~ 0.02, 0.26, 
and 0.59, respectively. In solvent B, the Rf's of ceramide phosphorylethanolamine and 
sphingosine were 0.42 and 0.88, respectively. The tritiated samples were dissolved in 1 ml of 
methanol or 1 ml of water. Then 0.4 ml of Triton X-100 and 10 ml of toluene scintillation 
solution (4 g PPO and 100 mg POPOP per liter toluene) were added and the samples were 
counted. 13.9 x 104 DPM were used in the experiment. 

larval d e v e l o p m e n t  an d  were n o t  inves t iga ted  
fu r the r .  Since all t h ree  par t icu la te  f rac t ions  
c o n t a i n e d  ce ramide  p h o s p h o r y l e t h a n o l a m i n e  
p h o s p h o h y d r o l a s e  ac t iv i ty ,  a 1 0 , 0 0 0 - 4 0 , 0 0 0  g 
par t icu la te  f rac t ion  was used  for  m o s t  of  the  
fo l lowing  inves t iga t ions .  In all o f  the  prepara-  
t ions ,  32p-labeled p h o s p h o r y l e t h a n o l a m i n e  as 
well as 32Pi were d e t e c t e d  w h e n  32p-labeled 
ce ramide  p h o s p h o r y l e t h a n o l a m i n e  was the  sub-  

s t ra te .  

pH Optimum and Time Course 

F o u r  pH o p t i m u m  curves were r u n  on  
10 , 000 -4 0 ,0 0 0  g p repara t ions .  In all f ou r  deter-  
m i n a t i o n s ,  t h e  grea tes t  act ivi ty  was o b t a i n e d  
near  pH  9.0;  however ,  in two  of  the  runs ,  con-  
s iderably  m o re  ac t iv i ty  at  pH  4-5 and  at  7-8 was 
o b t a i n e d  t h a n  is s h o w n  in  Figure  5A. 

At  pH 9.5,  h y d ro ly s i s  o f  ce ramide  phos-  
p h o r y l e t h a n o l a m i n e  was near ly  l inear for  over  
an  h o u r ,  as s h o w n  in Figure  5B. 

Identification of Phosphorylethanolamine as 
a Reaction Product 

When  32p_labeled ce ramide  p h o s p h o r y l -  

e t h a n o l a m i n e  was i n c u b a t e d  w i th  the  0 -800  g, 
800 -9 ,000  g, 9 , 0 0 0 - 4 0 , 0 0 0  g, 4 0 , 0 0 0 - 9 0 , 0 0 0  g, 
or t he  90 ,000  g s u p e r n a t a n t  f r ac t ion ,  wa te r  
so luble  32p was re leased.  F r o m  10% to  45% of  
t he  wate r  soluble  rad ioac t iv i ty  f r o m  each  frac- 
t i on  was inorganic  p h o s p h a t e  as d e t e r m i n e d  by  
pa r t i t ion ing  the  p h o s p h o m o l y b d a t e  c o m p l e x  
b e t w e e n  sul fur ic  acid a n d  i s o t u b a n o l - b e n z e n e  
(15) .  W he n  the  water  so lub le  f r ac t ion  f r o m  a 
10 ,000 -40 ,000  g f r ac t ion  was  e x c h a n g e d  o n t o  
Dowex-1 in t he  b i c a rbona t e  f o r m  a nd  the  col- 
u m n  e lu ted  success ively  w i th  0 .25  M a nd  1 M 
t r i e t h y l a m m o n i u m  b i c a rbona t e ,  pH 7.5, two  
rad ioac t ive  peaks  wer ob t a ine d .  The  first  peak  
had  c h r o m a t o g r a p h i c  p rope r t i e s  o n  Dowex-1  o f  
a u t h e n t i c  p h o s p h o r y l e t h a n o l a m i n e .  It also ha d  
paper  c h r o m a t o g r a p h i c  p rope r t i e s  o f  phos-  
p h o r y l e t h a n o l a m i n e  as s h o w n  in Figure  6. T h e  
s econd  peak o b t a i n e d  f r o m  the  Dowex-1  col- 
u m n  was Pi as d e t e r m i n e d  by  paper  c h r o m a t o -  
g r aphy  a nd  by  pa r t i t i on ing  rad ioac t iv i ty  as t he  
m o l y b d a t e  c o m p l e x  in to  i s o b u t a n o l - b e n z e n e .  

Inorgan ic  p h o s p h a t e  w o u l d  be e x p e c t e d  in 
these  p repa ra t i ons  f r o m  t h e  ac t ion  o f  p h o s -  
pha t a se  o n  p h o s p h o r y l e t h a n o l a m i n e .  Each  of  
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the fractions contained phosphatase activity as 
determined by release of Pi from glucose 6- 
phosphate and release of p-nitrophenol from 
p-nitrophenyl phosphate. 

When the water-soluble 32p was partitioned 
between water and chloroform as described by 
Hirschberg et al. (19), negligible radioactivity 
was detected in the chloroform layer. Since the 
partition coefficient in this system for phos- 
phoryl sphingosines is approximately 0.73 (19), 
some radioactivity should have partitioned into 
the organic phase if phosphoryl sphingosines 
were present. 

Identification of Cerarnides as a Product 
of Ceramide Phosphorylethanolamine Cleavage 
by Larvae Particulate Preparations 

When 14C-labeled ceramide phosphoryl- 
e t h a n o l a m i n e  was  i n c u b a t e d  with a 
10,000-40,000 g particulate fraction, 14C-la- 
beled sphingosine and 14C_labele d phosphoryl- 
ethanolamine were detected; however, ceramide 
was not detected in the organic soluble frac- 
tion, nor was ~4C detected on thin layer chro- 
matograms at the Rf corresponding to ceramide 
standards. 14 C was anticipated in ethanolamine 
and sphingosine because the 14C-labeled cera- 
mide phosphorylethanolamine was isolated 
from larvae that were reared in the presence of 
uniformly labeled L-serine. The data mentioned 
above indicated that either ceramide was not a 
reaction product or the preparations contained 
considerable ceramidase activity. To distinguish 
between these possibilities, 0.5 mg of tritiated 
ceramide phosphorylethanolamine-both the 
sphlngosine and fatty acid portion of the sub- 
strate contained t r i t i u m -  was combined with 4 
mg of ceramide and incubated with an 
8,000-40,000 g fraction. Carrier ceramide was 
added to dilute any radioactive ceramide that 
would be produced. The organic soluble reac- 
tion products were separated by TLC in three 
solvent systems, as described in the legend of 
Table I. Very weak iodine-absorbing spots were 
detected in the ceramide regions of the thin 
layer chromatograms although samples equiva- 
lent to 1 mg of initial ceramide were applied to 
the thin layer chromatograms indicating that 
the particulate preparations contained cerami- 
dase activity. Compounds with Rf's of sphingo- 
sine and fatty acids were detected. Although 
very little, if any, ceramide was detected by 
iodine vapors on the thin layer chromatograms, 
some tritium was detected in the ceramide area 
with the three solvent systems, used. When the 
tritiated material in the ceramide region of the 
thin layer chromatograms was eluted and re- 
chromatographed, as described in the legend of 
Table I, the tritium again migrated with cera- 

mide. Thus, small amounts,  approximately 2% 
(Table I) of the chloroform soluble tritiated 
material obtained from the reaction media had 
chromatographic properties of ceramide. Large 
amounts of sphingosine and fatty acids were 
produced, presumably from ceramide via the 
ceramidase activity. 

The appearance of 2% of the radioactivity of 
tritiated ceramide phosphorylethanolamine in 
the ceramide fraction when carrier ceramide 
was added to the incubation media is signifi- 
cant, as indicated by the following results. 
When 14C-labeled ceramide phosphorylethano- 
lamine was incubated with the 10,000-40,000 g 
particulate fraction in the absence of carrier 
ceramide, only 0.02% of the initial 14C was 
detected in ceramide. This amount is 1% of the 
radioactivity that accumulated in the presence 
of a large pool of cold ceramide. 

Ceramide phosphorylethanolamine might be 
initially deacylated to sphingosine phosphoryl- 
ethanolamine and fatty acids, but the data do 
not indicate such cleavage. 32p-labeled material 
with thin layer chromatographic properties ex- 
pected for sphingosine phosphorylethanolamine 
was not detected in the experiments described 
for Table I. 

DISCUSSION 

The data show that a microsome-enriched 
fraction from housefly larvae converts phos- 
phatidylinositol, phosphatidylserine and phos- 
phatidylglycerol to lysophospholipids and to 
the respective glycerophosphoryl derivatives. A 
typical product-precursor relationship was ob- 
served for lysophosphatidylinositol (Fig. 4). 
Previous investigations (8) demonstrated that 
phospha t idy lcho l ine ,  phosphatidylethanola- 
mine and phosphatidyl-fl-methylcholine are de- 
acylated similarly by microsome-containing pre- 
parations. Thus, housefly larvae have the capa- 
city for completely deacylating their principal 
and minor diacylglycerophosphatides; cardioli- 
pin and phosphatidic acid, both occurring in 
larvae, have not  been investigated. Presumably, 
this deacylation system can also remove the fat- 
ty acids from the numerous abnormal glycero- 
phosphatides that are formed by housefly lar- 
vae (20-24). 

F o r m a t i o n  of glycerophosphorylinositol 
from phosphatidylinositol occurs in mammalian 
systems such as ram seminal fluid (25), ox pan- 
creas (26), rat liver (27) and rat prostate (29), 
and in the microorganism, penicillium notatum 
(26). Phosphatidylinositol is also cleaved by 
phosphoinositide inositolphosphohydrolase to 
diglyceride and phosphorylinositol by ram sper- 
matozoa (25), ox pancreas (26), rat liver (27), 
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guinea  pig in tes t ine  (28)  and  guinea-pig b ra in  
(40) .  Our  s tudies  ind ica te  t h a t  housef ly  larvae 
con ta in  l i t t le ,  if  any,  p h o s p h a t i d y l i n o s i t o l  phos-  
phohyd ro l a se  act iv i ty .  When 32p- labeled  phos-  
pha t idy l inos i to l  was i n c u b a t e d  w i th  larval  mi- 
c rosomes ,  no  p h o s p h o r y l i n o s i t o l  was de t ec t ed  
in t he  r eac t ion  m i x t u r e  (Fig. 3B).  Some gly- 
c e r o p h o s p h a t e  was f o u n d  (Fig. 3B), bu t  this  un-  
d o u b t e d l y  was caused by  a larval phosphod ies -  
terase  t h a t  cleaves g lyce rophosphory l  deriva- 
tives ( unpub l i shed  resul ts )  to  g l yce r ophos pha t e  
and  the  h y d r o x y l  c o m p o u n d .  Phosphory l inos i -  
to l  was no t  de t ec t ed  w h e n  the  soluble  or  par t i -  
culate  f rac t ions  were used as the  e n z y m e  
source.  It shou ld  be  n o t e d  t h a t  small  a m o u n t s  
of  32pi  were de t ec t ed  in  some of  the  reac t ions .  
Such resul ts  ind ica te  t h a t  t h i rd  ins ta r  M. domes -  
tica larvae con t a in  l i t t le ,  if  any ,  phospho l ipase  
C t y p e  act ivi ty  towards  phospha t idy l inos i to l .  

Ceramide  p h o s p h o r y l e t h a n o l a m i n e  is a phos-  
pho l ip id  in several species of  flies (4-6, 30 ,31 )  
as well  as in h o n e y  bees  (32) ,  scorp ions  (32) ,  
f resh wate r  mol lusks  (33)  and  p o n d  snails (34) .  
Our  da ta  are cons i s t en t  wi th  the  conc lus ion  
t h a t  housef ly  larvae can  me tabo l i ze  ce ramide  
p h o s p h o r y l e t h a n o l a m i n e ,  as fol lows:  

1. Ceramide  p h o s p h o r y l ~ t h a n o l a m i n e  + 
HOH ~ ceramide  + p h o s p h o r y l e t h a n o l a m i n e  

2. Ceramide  + HOH ~ f a t t y  acids + sphingo-  
sines 

The  a b o v e - m e n t i o n e d  p a t h w a y  is s u p p o r t e d  b y  
the  fo l lowing  results:  

t .  P h o s p h o r y l e t h a n o l a m i n e  was the  pr inc ipa l  
wa te r  soluble p r o d u c t  w h e n  32p- labeled  cera- 
mide  p h o s p h o r y l e t h a n o l a m i n e  was the  sub- 
s t rate .  32Pi was also de tec ted ,  bu t  it mos t  l ikely 
was cleaved f rom p h o s p h o r y l e t h a n o l a m i n e  b y  a 
p h o s p h o m o n o e s t e r a s e .  

2. Tr i t i a t ed  ce ramide  was de t ec t ed  in the  re- 
ac t ion  mix tu r e  w h e n  t r i t i a t ed  ceramide  phos-  
p h o r y l e t h a n o l a m i n e  was t he  subs t ra te .  T r i t i a t ed  
sph ingos ine  and  f a t t y  acid were  also de tec ted ,  
b u t  these  p roduc t s  cou ld  be  caused b y  the  ac- 
t i on  o f  ceramidase  o n  the  ceramide.  

3. The  par t icu la te  e n z y m e  p repa ra t i ons  con-  
t a i n e d  ceramidase  act iv i ty .  The  ceramidase  acti-  
v i ty  was greater  t h a n  t he  ce ramide  phos pho r y l -  
e t h a n o l a m i n e  p h o s p h o h y d r o l a s e  act ivi ty.  

Thus ,  ce ramide  p h o s p h o r y l e t h a n o l a m i n e  is 
me t abo l i z ed  by  house f ly  larvae similar  to  the  
m e t a b o l i s m  of  ce ramide  p h o s p h o r y l c h o l i n e ,  
sph ingomye l in ,  in mammals .  In mammal s ,  
sph ingomye l in  is h y d r o l y z e d  to  ce ramide  and  
p h o s p h o r y l c h o l i n e  (35 ,36)  and  ce ramide  is 
c leaved to f a t t y  acids and  sphingosines  (37 ,38) .  

A l t h o u g h  p h o s p h a t i d a s e  C and  D act iv i ty  

was n o t  d e t e c t e d  w i t h  any  of  the  32p- labeled  
d iacy lg lyce rophospho l ip ids ,  t he  m e t a b o l i s m  of  
d i acy lg lyce rophospha t ides  via pa thways  o t h e r  
t h a n  those  descr ibed above  has n o t  b e e n  rigo- 
rous ly  exc luded .  Similarly,  p a t h w a y s  involving 
convers ion  of  ce ramide  p h o s p h o r y l e t h a n o l a -  
mine  to s p h i n g o s i n e - p h o s p h o r y l e t h a n o l a m i n e  
or to  p h o s p h o r y l c e r a m i d e ,  especially by  non-  
m i c r o s o m e  f rac t ions ,  were no t  inves t iga ted  a n d  
could  occur  in  house f ly  larvae. 
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SHORT COMMUNICATIONS 

5c~-Cholestan-3~-Ol" High Concentration in 
Testis of White Carneau Pigeon 

ABSTRACT 

5~-Cholestan-3fl-ol (cholestanol) was 
isolated from the testes of White Carneau 
pigeons in the highest concentration thus 
far reported in any animal tissue. It con- 
tributed 26% to 28% of the total sterols 
(384 + 29.4 pg cholestanol per gram of 
wet tissue) in testis, and about 27% of it 
was esterified. The identity of this stanol 
was confirmed by AgNO 3 thin layer chro- 
matography, gas liquid chromatography 
and mass spectrometry. Ovaries, liver, 
plasma and other tissues of this pigeon 
contained this stanol only to the extent 
of 2% to 10% of total sterols. 

5~-Cholestan-3/3-ol (cholestanol) in low con- 
centration is found with cholesterol in all the 
animal tissues analyzed so far (1). More specific 
methods (2,3) have revealed that, in guinea pig 
and rabbit tissues, notably adrenals, cholestanol 
constitutes as much as 10% to 15% of the total 
sterols (4,5). This high concentration suggests 
the possibility of some unknown biological func- 

FIG. 1. Thin layer chromatographic separation of 
sterols, according to degree of unsaturation, on 
AgNO3-impregnated Silica Gel G. Solvent system, 
chloroform-methanol-acetic acid, 100:1:0.2 v/v. The 
plate was stained with 2,7-dichlorofluorescein spray. 
Numbers 1 and 4, standard mixture of cholestanol 
(upper band) and cholesterol (lower band); 2, total 
testis sterots; 3, total liver sterols. 

tion for cholestanol in these tissues. The testes 
from these species, however, did not contain 
much cholestanol. Feeding of  cholestanol to 
animals has resulted in the formation of  gall- 
stones (6) and severe atherosclerosis (7) in the 
thoracic and the abdominal aorta. During our 
studies with the spontaneously atherosclerosis 
susceptible White Carneau pigeons, we noted 
(8) significant excretion of cholestanol in the 
feces. This finding stimulated us to look for the 
source of this cholestanol. 

White Carneau pigeons (Columba livia)were 
obtained from the Palmetto Pigeon Plant 
(Sumter, S.C.). All pigeons were adults (four to 
six years of  age). After the pigeons were killed, 
various tissues were excised and stored at -20 C 
until analyzed. Free and esterified sterols were 
extracted from the tissues as a portion of the 
total lipid extracts (9). Free sterols and their 
esters were separated from each other and other 
lipids by thin layer chromatography (TLC) on 

10-  

8 -  

6'- 

STD 

It / 
[ 1 I 

0 8 46 24 52 
Minutes 

FIG. 2. Gas liquid chromatogram of cholestanol 
fraction after thin layer chromatography on AgNO 3- 
impregnated Silica Gel G. Chromatographic conditions 
as described in the text. The stanol was chromato- 
graphed as its trimethylsilyl ether (TMsi). STD, cho- 
lestane (internal standard); and 1, cholestanol. 
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TABLE I 

Mass Spectrometric Fragmentat ion Pattern of  Cholestanol Isolated From Testis a 

Principal ions and 
relative intensit ies b In terpre ta t ion c 

460 (84.0) 
445 (92.0) 
370 (35.9) 
355 (52.1) 
216 (55.9) 
2 1 5 ( t o o )  

Molecular ion (M) 
M-15 (methyl  group) 
M-90 ( t r imethylsi lanol  group) 
M- 105 ( t r imethylsi lanol  + methy l  group) 
M-244 (side chain + ring D + tr imethylsi lanol)  
M-245 (side chain + ring D + tr imethylsi lanol  + H) 

aHitachi-Perkin-Elmer RMU-6 D mass spectrometer  was used for the analysis. Ion source 
temperature,  215 C; electron energy, 70 ev; sample pressure, 3.6x10 -7 mm Hg; inlet tem- 
perature, 70 C. 

bThe principal ions of  the authent ic  cholestanol were identical to  those of  cholestanol 
isolated from testis. Apart  f rom principal ions listed, both samples contained major peaks at 
m/e 106, m/e 75, m/e 44 and m/e 69, which seem to have no value in steroid analysis (12). 
The intensit ies are expressed relative to the base peak at m]e 215. 

Clnterpretation of f ragmentat ion process is based on reports by Brooks et al. (12) and 
Eneroth et al. (13). 

TABLE II 

Cholestanol Content of Some Animal Tissues 

Total sterol, Cholestanol, 
Tissue mg/gm % Reference 

Pigeon 
Testis O. 38 27.0 
Adrenals 0.31 4.7 
Ovary 0.06 0.9 This study a 
Liver 0.20 5.6 
Plasma 2.01 2.2 

Rabbit  
Liver 2.0 4.25 
Small intest ine 1.65 5.28 
Adrenals 51.50 8.24 2 
Serum 0.29 2.08 
Kidney 3.11 1.97 

Human 
Aorta ( int ima) 33.8 0.341 
Aorta (media) 4.79 0.530 2 
Plasma 

Hypercholesteremic 8.57 1.03 
Po01 A 2.34 0.88 
Pool B 2.51 0.35 2 

Erythrocytes  1.60 0.32 

Dog 
Serum 1.75 0.56 2 

Rat 
Adrenals 0.37 1.1 3 

Guinea pig 
Adrenals 3.8 10.1 14 

Rooster 
Testis 2.3 0.5 This study a 

aMean values of duplicate determinations.  
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Silica Gel G using the solvent system, heptane- 
isopropyl ether-acetic acid, 65:40:4 v/v (10). 
After elution with chloroform, the steryl ester 
fraction was saponified and the sterols were 
extracted from the saponification mixture 
(8,11 ) with ether at an alkaline pH. 

The total tissue s terns were fractionated to 
separate the various 5/]-stanols, 3-ketones, A5 
sterns,  and 5a-stanols as described previously 
(8). 5/3-Stanols and 3-ketones were separated 
from A5 sterns by TLC using the solvent sys- 
tem, ethyl ether-heptane, 55:45 v/v. Only 
traces of coprostanol or coprostanone deriva- 
tives were present in these tissues. In this sol- 
vent system, however, the 5a-stanols (choles- 
tanol) overlap with the A5 sterns (cholesterol). 
These sterols w e r e  separated according to their 
degree of unsaturation by TLC on AgNO3- 
impregnated Silica Gel G with the solvent sys- 
t e m ,  c h l o r o f o r m - m e t h a n o l - a c e t i c  acid, 
100:1:0.2 v/v (Fig. 1). In the testis s t e rn  frac- 
tion there was a strikingly intense band cor- 
responding to cholestanol, while in the fraction 
from liver this band was very faint; ovary, 
plasma and all other tissues examined had faint 
bands in this region. The bands were eluted 
from the gel and examined by gas chromato- 
graphy (GLC) as their trimethylsilyl ethers 
(3.8% W-98 on Diatoport S, 80-120 mesh). An 
F & M 402 high efficiency gas chromatograph 
equipped with flame ionization detector was 
used (operating conditions: column, 230 C; 
injector, 260 C; detector, 250 C; carrier gas, 
helium, 50 ml/min). On argentation chromato- 
graphy, the band corresponding to cholestanol 
gave a single peak with a retention time cor- 
responding to that of authentic cholestanol 
(Applied Science Labs, Inc., State College, Pa.), 
which has a retention time, relative to cho- 
lestane, of 2.53 (Fig. 2). In this GLC system, 
coprostanol and epicholestanol have a retention 
time less than that of  cholesterol (1.89 and 
1.93, respectively). 

The identity of the cholestanol was further 
confirmed by mass spectrometry as its tri- 
methylsilyl ether derivative (Table I). The 
principal ions of fragmentation of cholestanN 
isolated from the testis were identical to those 
of authentic cholestanol and agreed with the 
data of  Brooks et al. (12). 

The chNestanol and other s terns of  varying 
degrees of unsaturation from various tissues 
were further quantitated by GLC with choles- 
tane as the internal standard. The cholestanol in 
the testis of the pigeon contributed about 26% 
to 28% of the total s terns  (384 + 29.4 /ag of 

cholestanol per gram of wet tissue). This is the 
highest concentration of cholestanol reported 
in any animal tissue. Also it should be noted 
that testis from other species analyzed (3,4) did 
not contain much cholestanol. About 27% of 
the cholestanol was present in the esterified 
sterol fraction. Ovaries contained only about 
1% cholestanol. Liver, adrenal, plasma, and 
other pigeon tissues contained cholestanol only 
in the range of 2% to 10%. In Table II the 
cholestanol content of the various pigeon tis- 
sues is compared with the data on its distribu- 
tion in various tissues of other species reported 
in the literature. It is obvious from this table 
that the pigeon testis contains the highest pro- 
portion of cholestanol. The specific role of cho- 
lestanol in the testis of the pigeon should be of 
interest from the point of view of steroid hor- 
mone biogenesis and comparative biochemistry. 
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Pristane and Other Hydrocarbons in 
Some Freshwater and Marine Fish Oils 

ABSTRACT 

Pristane levels in four commercial 
freshwater fish oils (alewife, tullibee, 
maria and sheepshead) were found to be 
markedly lower (0.0001% or less) than 
those in marine fish oils (herring, sand 
launce, cod liver and gray cod liver) 
selected for comparison on the basis of 
similar types of depot fat storage 
(0.008-0.107%). Certain normal alkanes 
were also identified by gas chromato- 
graphy. Of these, heptadecane was pre- 
dominant in all of the freshwater fish oils, 
but octadecane was more prevalent than 
heptadecane in three of the marine oils. 

Pristane (2,6,10,14-tetramethylpentadecane) 
occurs ubiquitously in a variety of marine 
animal lipids, but there appeared to be no 
records of freshwater fish lipids being examined 
for this isoprenoid hydrocarbon. Four fresh- 
water fish oils previously studied for fatty acid 
composition (1-3) have therefore been ex- 
amined for pristane, phytane (2,6,10,14-tetra- 
methylhexadecane), and a number of associated 
saturated normal hydrocarbons. The isoprenoid 
hydrocarbons were essentially absent. For corn- 
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FIG. 1. GLC trace of alewife nonsaponifiable lipid. 
In traces 2, 3 and 4 pristane (P) has been added in the 
approximate ratios 1:5 : 100. Owing to a "load effect" 
there is a reduction in retention time O f pristane (I = 
1688 for a low load) until the frontal tangent merges 
into that of component (e)with I = 1679. S is solvent; 
C 1 5  , C I 6  a n d  C17 are normal alkanes and a and a 1 a re  
possible homologs of unknown structure. Analyses on 
open tubular Apiezon-L column at 190 C with 70 psig 
helium, operated in a Perkin-Elmer Model 226. 

parison, four marine oils from fish at different 
trophic levels and from two oceans were ana- 
lyzed by the same techniques. 

The freshwater fish oils were obtained by 
processing, on a commercial scale, whole ale- 
wife (Alosa pseudoharengus), tullibee (Coregon- 
us artedii), maria (Lota lota) and sheepshead 
(Aplodinotus grunniens). Commercial whole 
body oils from marine fish were products of 
Atlantic winter herring (Clupea harengus) and 
Atlantic summer sand launce (Ammodytes 
americanus). The liver oils from Atlantic cod 
(Gadus morhus) and Pacific (gray) cod (Gadus 
macrocephalus) were also of commercial origin. 

Quantitative analysis of oils for hydrocar- 
bons by gas liquid chromatography (GLC) was 
carried out by addition of carbon disulfide 
containing eicosane in amounts appropriate for 
an internal standard (0.05-0.2%). A preliminary 
screening of the oils for hydrocarbons was then 
carried out by direct analysis of this solution by 
GLC. The apparatus employed was a Var ian-  
Aerograph Model 600 "Hy-Fi"  with flame 
ionization detector. These analyses were on 
3% OV-1 coated on Gas-Chrom Q, packed in a 
glass column 5 ft long and 1/8 in. o.d., 
programmed from 150 to 200 C. The peak 
areas for presumed hydrocarbons were checked 
on 3% EGSP-Z on Gas-Chrom Q, packed in a 
stainless steel column 6 ft long and 1/8 in. o.d., 
programmed from 110 to 180 C. Glass liners in 
the injection ports (operated at 270 C) were 
cleaned or replaced daily for this study. Raw 
oils, without the addition of eicosane, were also 
examined, but no significant peaks coincided 
with that of this hydrocarbon in either non- 
polar or polar GLC analyses. 

Nonsaponifiables were recovered from the 
oils by an AOCS official method (Ca-6b-53), 
but without vacuum treatment or taking solu- 
tions to dryness. These were examined by GLC 
on two types of open tubular stainless steel 
columns, 150 ft long and 0.01 in. i.d. Coatings 
were either Apiezon-L or butanediol-succinate 
(BDS) polyester. Apparatus was of Perkin- 
Elmer manufacture, either Model 226 or Model 
900. 

In fish, the hydrocarbons, such as pristane, 
are associated with triglycerides and commer- 
cial oils should accurately reflect the original 
concentration in this lipid as the processing 
conditions are relatively mild. Total lipid ex- 
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tracts of fish should give comparable results if 
sufficient triglyceride is present to dissolve the 
pristane. Losses of volatile materials are not a 
problem in handling lipids rich in triglycerides 
except with prolonged high vacuum treatment 
at high temperature. However, in our previous 
work with hydrocarbons in fish (4), it was 
found that the complete stripping of solvents 
from small amounts of unsaponifiable materials 
recovered from fish oils could lead to losses of 
up to 50% of pristane and other hydrocarbon 
materials of comparable volatility. 

For these reasons an initial GLC examina- 
tion was carried out on whole oils. The results 
agreed with the open tubular GLC analysis of 
the unsaponifiable materials to within +20%, 
but this direct technique had serious qualitative 
inadequacies. Extreme care was required to 
discriminate between isoprenoid and normal 
aliphatic components on a purely GLC basis. 
Thus the Kovats Retention Indices (l) for 
pristane and phytane were, respectively, Apie- 
zon L, 1688 and 1791, BDS, 1693 and 1800. 
Only a moderate range of I values are reported 
for other GLC liquid phases (5,6). 

For precise hydrocarbon identifications, the 
Apiezon-L open tubular column was preferred 
to the BDS column, but Apiezon-L was subject 
to a slight "load effect" which altered retention 
times of interest. This effect is illustrated in 
Figure 1, where the addition of increments of 
pristane to alewife nonsaponifiables reduced 
the retention time (frontal tangent basis) for 
the increasingly large amount of pristane to 
that of an unknown component (e) present at 
0.001% of oil. It was clear from this type of 
mixed analysis, carried out on all four fresh- 
water fish oils, that pristane was completely 
absent from alewife and tullibee oils, and, if 
present in maria and sheepshead, amounts did 
not exceed 0.0001% of the whole oil. 

All oil samples were scrutinized for phytane, 
but, at most, only traces were present. Quanti- 
tative results (Table I) were taken from Apie- 
zon-L open tubular analyses and trace compo- 
nents (0.0001% or less) could not always be 
verified on the BDS open tubular analyses 
because of more obvious baseline irregularities 
due to liquid phase bleed. 

Eicosane was selected as an internal standard 
since it has nearly the same number of carbon 
atoms as pristane, although it would in fact be 
somewhat less volatile, and had a longer reten- 
tion time than pristane or phytane. The eico- 
sane used (Matheson, Coleman and Bell) con- 
tained no detectable octadecane, but did con- 
tain 0.04% nonadecane. Appropriate correc- 
tions based on recoveries of eicosane were made 
to the figures for this hydrocarbon in Table I. 
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Most of the oils produced minor peaks (about 
10% of the total GLC recorder area) which 
were not directly identifiable. Only the alewife 
contained as yet unidentified major compo- 
nents (Fig. 1, a and al) .  Coupled GLC and mass 
spectrometry constitute virtually the only tech- 
nique applicable to the absolute confirmation 
of structures of minor components for which 
standards may not be available (6-8). 

The marine species (herring, sand launce) 
feeding most directly on herbivorous crustacea 
have the highest level of pristane (Table I). In 
the marine environment the bulk of the ob- 
served pristane is apparently formed from 
phytol by copepods (9,10). These are a princi- 
pal food of herring, but are widely eaten by all 
smaller predators. The alfewife is perhaps the 
most comparable freshwater species in respect 
to feeding habits and fat deposition in the 
body, and has also the highest levels of phy- 
tanic acid and of total isoprenoid fatty acids 
among the four freshwater oils (3). The maria, 
like the cod, store depot fat in their livers, but 
the fat content for whole fish was low (3.7% vs. 
8-12% for the other threa) and the unsaponifi- 
able material in the oil high (4.1% vs. 1% for 
the other three) for these particular samples of 
freshwater fish (1). There are apparently no 
comparable literature results for pristane in 
freshwater fish species, but other teleost marine 
fish data include 0.22% (7) and <0.035% (11) 
for herring oil, 0.14% for the mackerel Scomber 
scombrus (12), 0.003% for cod liver oil (7), and 
0.02-0.03% for eulachon (Thaleichthys paci- 
ficus) lipid (4). There is no known reason for 
seemingly low values for the fish liver oils, but 
slow metabolic oxidation to pristanic acid (13) 
might be promoted by liver fat storage as 
distinct from body storage. 

in general, the biochemical conversion of 
phytol to isoprenoid fatty acids in the fresh- 
water environment is not known to differ from 
that occurring in the marine environment (3). 
The direct conversion of phytol to pristane by 
freshwater invertebrates, if it occurs at all, must 
be very much less effective than in the marine 
environment. Marine algae are reported to 
contain pristane, while normal hydrocarbons 
are fairly common in algae from both environ- 
ments (14-17). In the alewife, the origin of  the 
high levels of pentadecane and heptadecane 
(Table I) and of the as yet unidentified pair of 
possible related components, a and al (Fig. 1), 
may be from freshwater algae. The latter 

i 

unknowns were not significant in the other 
freshwater fish oils or in the marine oils. 

Different processes for the origin of pristane 
could operate in specific fashions in the various 
large freshwater lakes. Thus, the formation of 

pristane during the decay of phytol by micro- 
bial or other processes in lake bottoms could be 
a factor of possible interest and importance. 
This would be different from lake to lake and 
from comparable turnover in the oceans, depen- 
ent on factors of depth, bot tom surface relative 
to water volume, and quantity and type of 
biomass. Fish can assimilate fat soluble mater- 
ials, such as chlorinated pesticides, from their 
environment by exchange across the gills as well 
as through dietary intake (18). Pristane and 
phytane would probably share with these com- 
pounds the two important properties of relative 
inertness to metabolic degradation by fish and 
of a very high degree of solubility in fats. The 
relative absence of pristane and phytane from 
three major freshwater lakes indicates either 
little production of isoprenoid hydrocarbons or 
facile biological destruction of the amounts 
which are produced. 

R.G. ACKMAN 
Fisheries Research Board of Canada 
Halifax Laboratory 
Halifax, Nova Scotia 
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Detection of a Sebacate Contaminant From Chloroform 1 

ABSTRACT 

One of the major contaminants of 
reagent grade chloroform is identified as a 
diester of sebacic acid. The contaminanL 
is not  present in redistilled chloroform. 

It is standard practice in lipid laboratories to 
redistill even reagent grade solvents to free 
t h e m  of contaminants. The contaminant 
problem was considered in detail by Rouser et 
al. (1). In this report, a major contaminant in  
reagent grade chloroform is identified as a 
diester of sebacic acid. 

The amount of residue found in chloroform 

1Authorized for publication as Paper No. 3870 in 
the Journal Series of the Pennsylvania Agricultural 
Experiment Station. 
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FIG. 1. (Top) Mass spectrum of the chloroform 
contaminant eluted from a TLC plate. (Bottom) Mass 
spectrum of the peak appearing in the fatty acid 
methyl esters. 

after evaporation at 40 C was determined to be 
2.5 mg (0.00042%). The residue was chromato- 
graphed on thin layer chromatography having 
an Rf slightly greater than triolein. The com- 
pound was eluted and saponified in 0.5 N 
NaOH in methanol and methylated with 
BF3-methanol. The gas liquid chromatography 
analyses of the resulting methyl esters were 
made on a Barber-Colman Model 10 Gas Chro- 
matograph equipped with a radium 226 
detector source. A 3 m x 6 mm glass column 
packed with DEGS on Gas Chrom A (Applied 
Science Laboratories) and a 3 m x 6 mm glass 
column of 10% DEGA (2% H3PO 4) on Gas 
Chrom A (Applied Science Laboratories) were 
maintained at 170 C. The unknown peak had a 
retention time of 12.3 min on the DEGS 
column which was slightly less than that for 
methyl stearate, retention time 12.5 min. On 
the DEGA column the peak had a retention 
time of 14.1 rain which was slightly less than 
methyl-heptadecanoate, retention time 14.7 
rain. 

An IR spectrum was recorded on a Perkin- 
Elmer Model 137 Infracord Spectrophoto- 
meter. The eluate, analyzed as a thin film on a 
KBr pellet, gave major absorptions at 2960 
cm -1 (-CH2-) , 1720 cm -1 (C//O), and 1280 cm -1 
(c//O -O-R). The total eluate was also chro- 
matographed on a column of 3% SE-30 on 
Chromosorb WHP 80/100 mesh (Supelco Inc:) 
at a temperature of 230 C. The eluate con- 
tained a single peak which was analyzed on an 
LKB-9000 gas chromatograph-mass spectro- 
meter using a column packed with SE-30 as 
described and at identical temperature. An ioni- 
zation current of 70 eV was employed. The 
mass spectrum had a large peak at m/e 185. 
This fragment is suggested to be the protonated 
anhydride formed by the cleavage of a diester 
of sebacic acid. The fragment at m/e 112 may 
represent the dehydrated fragment of  octyl 
alcohol. The fragment at 314 corresponds to 
the loss of one octyl group from a dioctyl ester 
of sebacic acid. A standard di(2-ethyl hexyl) 
sebacate was obtained from a collection of 
common plasticizers. Di(2-ethyl hexyl) sebacate 
gave identical retention times and mass spectra 
to the contaminant isolated from chloroform 
(Fig. 1). 

D i m e t h y l  sebaca te  was prepared by 
m e t h y l a t i n g  sebacic  acid as previously 
described. The dimethyl sebacate had identical 
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r e t e n t i o n  t imes  and  an ident ica l  mass s p e c t r u m  
to the  m e t h y l a t e d  c o m p o u n d  isola ted f rom 
ch lo ro fo rm.  When 400  ml of  c h l o r o f o r m  was 
redis t i l led in glass, no  residue was ob ta ined .  

R.B. H O L T Z  
P. SWENSON 
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T.A. W A L T E R  2 
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Stereospecific Analysis of Maize Triglycerides 
EVELYN J. WEBER, Plant Science Research Division, ARS, USDA, 
Urbana, Illinois, and I. A. DE LA ROCHE 1 and D. E. ALEXANDER,  
Department of Agronomy,  University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

This is the first report of stereospecific 
analyses of plant triglycerides isolated 
from seeds of distinct genotypes rather 
than from commerically refined oils. Tri- 
glycerides from six maize inbreds were 
analyzed. The strains exhibited a wide 
range of fatty acid compositions (palmitic 
acid 7.8-19.1%, oleic acid 17.0-43.0%, 
linoleic acid 41.6-68.3%). The distribu- 
tion of the fatty acids among the 1, 2 and 
3 positions of the triglycerides was clearly 
nonrandom for all six strains. At the 2 
position of the triglycerides over 98% of 
the fatty acids were unsaturated. More 
palmitic and stearic acids were found in 
position 1 than in 3. The general fatty 
acid pattern of maize triglycerides was 
similar to that found in most animal 
triglycerides. 

INTRODUCTION 

Methods (1,2) have recently been developed 
to determine the composition of the fatty acids 
esterified in positions 1,2 and 3 of triglycerides 
[The stereospecific numbering system approved 
by the IUPAC-IUB Commission on Biochemical 
Nomenclature (3) has been used throughout 
this paper.]. Brockerhoff's procedure (1) in- 
volves the preparation of random diglycerides 
by hydrolysis of the triglycerides with pancre- 
atic lipase. Phosphatidyl phenols are synthe- 
sized from the resulting digiycerides. These 
phospholipids are hydrolyzed with the stereo- 
specific phospholipase A of snake venom. As 
only 1,2-diacyl-phosphatidyl phenol is hydro- 
lyzed by the enzyme, the fatty acid composi- 
tion of the resulting lysophosphatide is that of 
the 1 position of the original triglycerides. The 
composition of the 2 position is determined by 
pancreatic lipase hydrolysis of the triglycerides. 
The fatty acids of the 3 position are then 
calculated by subtracting the data for the 1 and 
2 positions from the total trigiyceride. 

Many animal triglycerides (4-13) have been 
subjected to stereospecific analysis. In animals 
the distribution of fatty acids at the three 
positions was not  random, but rather each 
position had a characteristic fatty acid composi- 

1present address: Ottawa Research Station, Canada 
Department of Agriculture, Ottawa, Ontario, Canada. 

tion. 
Very few plant triglycerides (8,14,15)have 

been stereospecifically analyzed. There is still 
some question as to whether the distribution of 
fatty acids is or is not random between the 1 
and 3 positions of triglycerides from plants. In 
the previous structural studies of maize and 
other plant triglycerides, only commercially 
refined oils were used. It is unlikely that 
commercial oils are representative of the trigly- 
cerides as they are synthesized in the plants. 
The source materials are genetically heteroge- 
neous, and the oils might undergo structural 
modification during processing. Stereospecific 
analyses of plant triglycerides should be con- 
ducted on pure breeding strains of genetically 
defined backgrounds. 

Maize offers many advantages over animal 
tissue for biosynthetic studies of triglycerides. 
There are no complicating influences from 
exogenous dietary lipids. Maize triglycerides 
have a relatively simple fatty acid composition. 
Sampling can be done on homogeneous mate- 
rials at the same physiological state of maturity. 
The genetic diversity that exists among maize 
strains permits biosynthetic studies over a wide 
range of fatty acid distributions. This paper 
describes the stereospecific analyses of triglyc- 
erides from six strains of maize. 

MATERIALS AND METHODS 

Preparation of Triglyeerides 

All of the maize strains were grown at the 
Agronomy farm of the University of Illinois at 
Urbana, Illinois during the summers of 1967, 
1968 and 1969. The ears were hand-pollinated. 
At maturity the corn was harvested and dried 
to approximately 10% moisture. 

Kernels were removed from the middle 
portion of each ear and ground in a Spex ball 
mill. The meal (approximately 12 g) was ex- 
tracted three times with 15 ml portions of 
petroleum ether (bp 60-68 C). The sample was 
agitated under nitrogen 30 sec with a Vortex 
mixer during the extraction. After centri- 
fugation the petroleum ether extract was de- 
canted. The solvent was reduced in a rotary 
flash evaporator. 

The triglycerides were isolated by thin layer 
chromatography (TLC). The lipids (approxi- 
mately 50rag per thin layer plate) were 
streaked with a semi-automatic sample appli- 
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cator (Supelco, Inc., Bellefonte, Pa.) on plates 
coated with a 0.5 mm layer of Silica Gel G (E. 
Merck, Darmstadt, W. Germany). The plates 
were developed in a nitrogen atmosphere with 
p e t r o l e u m  ether-diethyl ether-acetic acid 
(80:20:1). 

The triglycerides were located with trans- 
mitted light, scraped from the plate, and 
extracted from the silica gel with 10 ml of 
diethyl ether-methanol (9:1). The silica gel and 
solvents were vortexed for 15 sec under nitro- 
gen and centrifuged. The supernatant was de- 
canted. This extraction step was repeated twice, 
and the supernatants were combined and evap- 
orated in a flash evaporator vented with nitro- 
gen. 

Prevention of Autoxidation 

The accuracy of the stereospecific analyses 
was greatly improved when very careful atten- 
tion was paid to the prevention of autoxida- 
tion. Whenever possible, the lipids were handled 
in a nitrogen atmosphere. Thin layer plates 
were run in a nitrogen atmosphere and sprayed 
after development with BHT [0.02% butylated 
hydroxy-toluene in chloroform-methanol (1:1)1. 
BHT (10/al of 0.1% solution) was added to the 
isolated triglycerides and in every subsequent 
step. 

Preparation of Methyl Esters and GLC Analysis 

Known weights of methyl heptadecanoate 
were added to samples of the triglycerides as 
internal standards. Methyl esters of the triglyc- 
erides were prepared with boron trifluoride- 
methanol according to a modified Morrison and 
Smith procedure (16). The lipids were trans- 
methylated in a 12 ml vial sealed with Teflon 
cap liner and tape. The vial was heated in an 
oven at 102 C for 50 min. Water (1 ml) was 
added, and the methyl esters were extracted 
with two 2 ml portions of petroleum ether. 

The conditions for gas chromatography of 
the fatty acid methyl esters have been described 
previously (17). 

Preparation of the Diglycerides 
Diglycerides were prepared by pancreatic 

lipase hydrolysis of the triglycerides. The com- 
mercial lipase preparation (Steapsin, General 
Biochemicals, Chagrin Falls, Ohio) contained 
traces of lipids. The fatty acids of these lipids 
were mainly palmitic and stearic acids. Extrac- 
tion of the steapsin at room temperature twice 
with acetone (5:1 v/wt) and twice with anhyd- 
rous diethyl ether (5:1) (18) removed the 
contaminating lipids. 

Finer, more stable suspensions of the lipase 
were obtained when histidine was added to the 

enzyme stock mixture. The lipase (10 mg/ml) 
was suspended in 0.01 M histidine at pH 7.0 
(19). 

The procedure used for the lipase hydrolysis 
was a modification of that of Lands et al. (2). 
The triglycerides (30 mg), dissolved in petro- 
leum ether, were pipetted into a 50 ml centri- 
fuge tube, and the solvent was removed with a 
stream of nitrogen. The following reagents were 
added: 1.8ml of 1 .0N NaCI, 1 . 2 m l o f  1.0M 
tris HC1 (pH 8.0), 0.3 ml of 0.11 M CaC12 and 
0.3 ml of lipase. The reaction was carried out 
under nitrogen. The components were agitated 
on a Vortex mixer at room temperature for 3 
min and then the enzymatic hydrolysis was 
stopped with 0.4 ml of 3 N HC1. The lipids 
were extracted with 10 ml of CHC13: CH3OH 
(2:1) and with 10 ml of CHCI 3. The combined 
chloroform extracts were dried over anhydrous 
Na2SO 4 for 1 hr, filtered through glass wool, 
and evaporated to dryness in a flash evaporator. 

The lipids were dissolved in 0.I ml of 
CHCI3:CH3OH (2:1) and streaked on a 0.5 mm 
TLC plate. The plate was developed with 
p e t r o l e u m  ether-diethyl ether-acetic acid 
(65:35 : 1). The diglycerides were visualized by 
transmitted light and extracted with diethyl 
e ther-methanol  (9:1) twice and CHC13/ 
CH3OH/H20 (50:45:5) once. An aliquot was 
methylated to check that random diglycerides 
had been produced. The monoglyceride band 
was located by spraying the plate with 2,7-di- 
chlorofluorescein (0.1% in ethanol). The mono- 
glycerides were extracted from the silica gel 
with the same solvents as the diglycerides. GLC 
of the methyl esters of the monoglycerides 
determined the fatty acid composition at the 2 
position of the original triglycerides. 

Preparation of Phosphatidyl Phenols 
From Diglycerides 

The Brockerhoff procedure (15) was modi- 
fied in the following manner. The mixture was 
shaken during the 90 min reaction time, since 
this increased the yield of phosphatidyl phe- 
nols. The Rf of the phosphatidyl phenols was 
0.55 on a 0.3 mm TLC plate developed with a 
solvent system of CHC13:CH3OH:NH4OH 
(85:15:2) (8). The phosphatidyl phenols were 
located with transmitted light and extracted 
from the silica gel with CHCla:CHaOH:H20 
(50:45:5) twice and CH3OH once. 

Phospholipase A Hydrolysis of the 1,2-Diacyl- 
Phosphatidyl Phenol 

Ether (1 ml) was added to the phosphatidyl 
phenols, followed by 7.5 ml of 0.1 M aqueous 
tr iethylammonium bicarbonate at pH 7.5 (tri- 
ethylamine in water saturated with CO2) , two 
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drops of 0.05 M CaC12, and 2 mg of snake 
venom from king cobra (Ophiophagus hannah) 
(Sigma Chemical Co., St. Louis, Mo.). Ophi- 
ophagus hannah venom was used instead of 
Crotalus atrox venom as suggested in the 
original procedure (15). King cobra venom does 
not show preferential hydrolysis of individual 
fatty acids (20). 

After the reaction had proceeded for 24 hr 
under nitrogen, the mixture was transferred to 
a rotary flash evaporator flask with chloro- 
form-methanol (1:1). Acetic acid (two drops) 
was added and enough isobutanol to layer (to 
prevent foaming). The mixture was evaporated 
under reduced pressure and finally under high 
v a c u u m .  The residue was dissolved in 
CHC13/CH3OH (1 : 1), transferred to a test tube 
and centrifuged. The supernatant was applied 
to 0.3 mm TLC plates which were developed in 
p e t r o l e u m  ether-diethyl ether-acetic acid 
(50:50:1) (9). The bands were detected by 
transmitted light. The phospholipids, which 
remained near the origin in this solvent system, 
were recovered and rechromatographed in 
CHC13/CH3OH/NH4OH (85:15:2). Both the 
lysophosphatidyl phenol and 2,3-diacyl-phos- 
phatidyl phenol were isolated and methylated 
with boron trifluoride-methanol for fatty acid 
analysis by gas chromatography. 

RESULTS A N D  DISCUSSION 

The 1,3 random, 2 random theory of fatty 
acid distribution (21,22) has been applied to 
corn and other vegetable oils. Support for this 
theory has been based on fractionation of the 
triglycerides by AgNO3-TLC and lipase hydroly- 
sis. The experimental data obtained for corn oil 
(23,24) agreed well with the values calculated 
by the 1,3 random, 2 random theory. Since 
commercial corn oil had been used in these 
studies, it seemed that triglycerides from pure 
maize strains should be tested. 

The concentrations of the triglyceride spe- 
cies obtained from AgNO3-TLC (25) of the 
inbreds, NY16, H59 and CI03, are listed in 
Table I. The completely random distribution 
was calculated directly from the fatty acid 
composition in the original triglyceride. The 
restricted 1,3 random, 2 random distribution 
was calculated as described by Coleman (22) 
from lipase data. The completely random and 
the 1,3 random, 2 random distributions were in 
close agreement, and both models closely fit 
the actual concentrations obtained by AgNO 3- 
TLC. Probability values from chi-square analy- 
ses of greater than 0.90 were obtained for all 
three strains. We were unable to differentiate 
statistically between the completely random 
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TABLE III 

Stereospecifie Analyses of Triglycerides From Five Maize Strains a 

Strain 

Compound Fatty acid distribution, mole % 
or 

position 16:0 18:0 18:1 18:2 18:3 

NY16 TG b 7.8 1.9 20.7 68.3 1.2 
1 15.6 3.9 21.4 57.8 1.3 
2 0.7 0.2 21.6 76.6 0.8 
3 7.0 1.6 19.2 70.6 1.6 

IRLO TG 12.5 0.9 17.0 67.9 1.7 
1 21.5 2.1 15.8 59.0 1.6 
2 1.1 0.1 16.3 81.0 1.5 
3 14.9 0.6 18.8 63.6 2.1 

M14 TG 12.5 1.2 28.9 56.2 1.1 
1 25.3 2.8 28.2 42.6 1.1 
2 1.2 0.2 31.1 66.5 1.0 
3 11.0 0.7 27.3 59.7 1.3 

H59 TG 19.1 1.6 23.0 54.9 1.3 
1 30.3 3.0 18.8 46.2 1.8 
2 1.2 0.1 20.2 76.9 1.6 
3 25.8 1.8 30.1 41.6 0.6 

C103 TG 12.5 2.2 43.0 41.6 0.6 
1 22.4 4.2 41.2 31.7 0.5 
2 1.0 0.3 40.4 57.5 0.8 
3 14.2 2.1 47.5 35.6 0.6 

aAnalysis done in quadruplicate for all strains. 
bTG, triglyceride. 

and the 1,3 random, 2 random models. The 
completely random and the 1,3 random, 2 
random models may be statistically indistin- 
guishable because the saturated fatty acid con- 
tent of corn trigiycerides is too low. Since the 
saturated fatty acids are almost completely 
restricted from the 2 position, they should 
show the greatest deviation from randomness. 
The saturated acids ranged from 7.6% for NY16 
to 19.0% for H59 in these three strains. 
Deviations have been detected with highly 
saturated vegetable fats such as cocoa butter 
and akee oil (24). 

A different analytical method had to be 
employed to determine whether the distribu- 
tion of fatty acids was random or nonrandom. 
The Brockerhoff procedure ( 1 5 ) f o r  stereospe- 
cific analysis was used to examine the composi- 
tions of the fatty acids esterified at the 1,2 and 
3 positions of the maize triglycerides. 

One of the requirements for accurate stereo- 
specific analysis is that the fatty acid distribu- 
tion of the a,fl-digiycerides must be the same as 
the distribution in the original triglycerides. If 
nonrepresentative diglycerides are used for 
preparation of the phosphatidyl phenols, the 
fatty acid compositions determined for position 
1 and calculated for position 3 of the original 
triglyceride will not be reliable. 

Pancreatic lipase hydrolysis should give rep- 
resentative diglycerides, since maize triglycer- 

ides do not contain significant amounts of the 
long chain polyunsaturated fatty acids which are 
resistant to lipase (26). However, Anderson et 
al. (27) have pointed out that some pancreatic 
lipase procedures do not remove the fatty acids 
randomly from the 1 and 3 positions even from 
corn oil and other vegetable oils with relatively 
simple fatty acid distributions. It is necessary to 
determine the diglyceride composition after 
each lipase hydrolysis and compare it with the 
expected composition. This was done for all the 
maize strains analyzed. In Table II an example 
of this comparison is shown for maize inbred, 
H51. The fatty acid composition of the phos- 
phatidyl phenols prepared from the experimen- 
tal diglycerides was compared to the calculated 
composition of the otfl-diglycerides. Differences 
less than 2% absolute were obtained with our 
lipase hydrolysis procedure. 

In the stereospecific analysis a second inde- 
pendent determination of  the fatty acids at the 
3 position may be made by isolating the 
2,3-diacyl-phosphatidyl phenols after the phos- 
pholipase A hydrolysis (28). The agreement of 
these two calculations of position 3 (Table II) 
indicates the accuracy achieved by the proce- 
dure. Analyses with differences less than 5% for 
major components were accepted. For the 
majority of the maize strains analysed the 
agreement was much closer than this. 

The results of stereospecific analyses of the 
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tr ig lycer ides  f r o m  six maize  s t ra ins  are given in 
Table  II and  Table  III.  The  d i s t r i bu t i on  of  the  
f a t t y  acids a m o n g  t he  1, 2 and  3 pos i t ions  of  
the  t r ig lycer ides  was clearly n o n r a n d o m .  The  
general  f a t t y  acid p a t t e r n  for  maize  t r iglycer-  
ides was similar  to  t h a t  f o u n d  in an imal  
t r ig lycer ides  (2 ,4 ,8 ,11) .  The  s a tu r a t ed  fa t ty  
acids,  pa lmi t ic  and  s tear ic  acids,  were p redomi-  
na te ly  es ter i f ied at  the  1 pos i t ion .  The  2 
pos i t i on  c o n t a i n e d  t he  mos t  l inoleic  and  the  
least sa tu ra ted  acids. In  the  2 pos i t i on  over  98% 
of  t he  f a t ty  acids were  uns a t u r a t ed .  A higher  
pe rcen tage  of  s a tu r a t ed  f a t t y  acids was f o u n d  in 
pos i t i on  1 t h a n  in pos i t i on  3 and  t he  d i f ference  
in 3 was made  up  by  oleic acid or  l inoleic  acid 
or b o t h .  

The  percen tage  of  oleic acid was h igher  in 
p o s i t i o n  3 t h a n  in the  o t h e r  t w o  pos i t i ons  of  
t he  t r ig lycer ides  of  all t he  co rn  s t ra ins  ana lyzed  
excep t  NY16  and  M1 4  where  i t  was slightly 
h igher  in 1. In four  of  the  s t rains ,  NY16,  
I l l inois Reverse Low Oil ( IRLO) ,  M14  and  
C103,  l inoleic  was h igher  in  pos i t ion  3 t h a n  in 
1, b u t  in H51 (Table  II)  and  H59,  the  o rde r  was 
reversed.  These  changes  did  n o t  fo l low concen-  
t r a t i o n  d i f ferences  in  18:1 and  18:2  in  the  to ta l  
t r iglycerides.  Ins t ead ,  the  va r ia t ion  in pos i t iona l  
specif ic i t ies  f o u n d  a m o n g  these  i n b r e d  maize  
s t ra ins  ind ica ted  gene t ic  con t r o l  of  f a t t y  acid 
p l acemen t .  
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Effects of Fatty Acid Concentration and Positional 
Spec i f i c i ty  on Maize Triglyceride  Structure  
I.A. DE LA ROCHE 1 , Department of Agronomy, University of Illinois, 
Urbana, Illinois, EVELYN J. WEBER, Plant Science Research Division, ARS, USDA, 
Urbana, Illinois, and D.E. ALEXANDER, Department of Agronomy, University of Illinois, 
Urbana, Illinois 61801 

A B S T R A C T  

The effects of fatty acid concentration 
and positional specificity on maize tri- 
glyceride structure were evaluated from 
the stereospecific analyses of triglycerides 
from 12 genotypes. The fatty acids at 
each position were influenced by the 
fatty acid concentration in the total 
triglyceride except for the saturates in the 
2 position. The fatty acid concentration 
had the greatest effect on the fatty acid 
composition of position 3. The existence 
of positional specificity was evident from 
the nonrandom distribution of the fatty 
acids among the three positions of the 
triglycerides. The concentration and posi- 
tional specificity effects could be sepa- 
rated in selected genotypes and their 
crosses. This indicated different genetic 
controls for each effect. 

I N T R O D U C T I  ON 

Triglycerides isolated from kernels of inbred 
maize fines have been stereospecifically ana- 
lyzed (1). Each position showed a distinct 
composition of fatty acids. However, for oleic 
acid and linoleic acid there was no consistent 
pattern of asymmetry among the maize strains. 
In some strains oleic was higher in position 3 
than in 1 ; in others it was higher in 1 than in 3. 
Similar results were obtained for linoleic acid. 
The concentrations of these fatty acids in the 
total triglyceride seemed to have some influ- 
ence on their distribution among the three 
positions of the triglycerides, but there also 
appeared to be positional specificity. 

In this paper the effects of these two factors, 
concentration of fatty acids in the total triglyc- 
eride and positional specificity, have been 
examined. The range of fatty acid compositions 
in maize and the possible genetic combinations 
offer unique material for studying these effects. 

M A T E R I A L S  A N D  M E T H O D S  

The source of materials and the methods 

1present address: Ottawa Research Station, Can- 
ada Department of Agriculture, Ottawa, Ontario, 
Canada. 

employed in this paper are described in a 
companion report (1). 

RESULTS 

The concentration effect is defined as the 
influence of the amount of a particular fatty 
acid available for esterification. The effect of 
fatty acid concentration in the total triglyceride 
on each triglyceride position was assessed from 
stereospecific analyses of twelve maize strains. 
These strains exhibited a very wide range in 
f a t t y  acid distributions (saturated acids 
9.7-20.9%, oleic acid 17.0-53.9%, linoleic 
32.6-68.3%). 

In Figure 1 the concentrations of saturated 
acids (S), monoene (M) and diene (D) in the 
total triglyceride are individually correlated 
with their respective concentrations at the 1 
position. Highly significant correlations of 0.86, 
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FIG 1. The concentration of S, M and D in the 1 
position compared with total triglyceride. S, M and D 
denote saturated, monoene and diene fatty acids, 
respectively. 
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TABLE I 

Statistical Parameters for the Relationship Between Fatty Acids 
in Total Triglyceride and Fatty Acids at Each Position 

Position in 
Fatty acid triglyceride x r a a c b d 

16:0+ 18:0 1 26.6 0.86 b + 9.95 1.19 
2 1.0 0.5"7 + 0.11 0.0"7 
3 14.3 0.92 b - 10.30 1.76 

18:1 1 29.9 0.98 b + 1.36 0.88 
2 29.4 0.96 b + 1.65 0.86 
3 38.0 0.96 b 3.03 1.26 

18:2 1 42.7 0.96 b 1.48 0.83 
2 68.7 0.94 b +24.66 0.81 
3 46.0 0.95 b - 28.89 1.41 

ar Correlation coefficient. 
b Significant at the 1% level. 
Ca y intercept.  
db Regression coefficient. 

0 .98 and  0 .96 were o b t a i n e d  for  S, M and  D, 
respec t ive ly  (Table  I). 

Cor re l a t ion  coef f ic ien ts  were  also ca lcu la ted  
for  M and  D in  the  to ta l  and  in the  2 pos i t i on  
and  f o u n d  t o  be  s ignif icant  ( r=.96 and  .94, 

8o / 
x 

7o 
x x 

6o 

�9 ~ • 

x: 4 0  

3O 

20  

I0 

20 40 60 810 I010 
% Forty Acid in the Totol Tricjlyceride 

FIG 2. The concentration of S, M and D in the 2 
position compared with total triglyceride. 

r~volue 
S o 0 5 7  

M o 0 9 6 " "  
b x D 9 4 " "  

respec t ive ly)  (Fig. 2 and  Table  I). When S in the  
t o t a l  was cor re la ted  w i th  S at  the  2 pos i t ion ,  a 
nons ign i f i can t  r va lue  of  0.57 was ob ta ined .  
A p p a r e n t l y ,  t he  c o n c e n t r a t i o n  o f  S in the  t o t a l  
t r ig lycer ide  had  l i t t le  in f luence  on  the  a m o u n t  
of  S es ter i f ied at  the  2 pos i t ion .  This is 
expec t ed ,  because  the re  was a lmos t  comple te  
r e s t r i c t ion  of  S f r o m  the  2 pos i t ion .  

The  S, M and  D fa t ty  acids in  t he  3 pos i t ion  
were  all posi t ively  cor re la ted  w i t h  the  t o t a l  
(Fig.  3 and  Table  I). This indica tes  t h a t  all t h ree  
f a t t y  acid types  exe r t  a s ignif icant  concen t r a -  
t i on  ef fec t  a t  t he  3 pos i t i on  of  the  t r iglycer ide.  

A c o m p a r i s o n  o f  regression s lope values for  
all th ree  pos i t ions  (Table  I)  suggests t ha t  the  
f a t t y  acid c o m p o s i t i o n  at  pos i t ion  3 is the  mos t  
s t rongly  in f luenced  by  the  c o n c e n t r a t i o n  of  S, 
M and  D in the  t o t a l  t r iglycer ides .  We also 
observed  t h a t  the  least  a m o u n t  of  pos i t iona l  
specif ic i ty  was e x e r t e d  at  th is  pos i t ion  (1).  

In the  maize  t r ig lycer ides  each  fa t ty  acid 
s h o w e d  a c o n c e n t r a t i o n  ef fec t  at  e ach  pos i t ion  
e x c e p t  for  the  sa tu ra tes  a t  t he  2 pos i t ion .  
S t rong  speci~ficity against  S at  th i s  pos i t ion  
resu l ted  in a nons ign i f i c an t  c o n c e n t r a t i o n  ef- 
fect .  C o n c e n t r a t i o n  ef fec ts  can o n l y  be  p resen t  
w h e n  the  f a t t y  acids exh ib i t  par t ia l  or no  
pos i t iona l  speci f ic i ty .  

Pos i t iona l  specif ic i ty  of  f a t ty  acid a m o n g  the  
t h r ee  pos i t ions  o f  t r ig lycer ide  cou ld  resul t  f r o m  
d i f fe ren t  ra tes  o f  es ter i f ica t ion .  I f  these  differ-  
ences  are major ,  t h e n  s ignif icant  devia t ions  
f r o m  a " c o m p l e t e l y  r a n d o m "  d i s t r i bu t ion  
wou ld  be f o u n d .  All  12 maize s t ra ins  showed  a 
n o n r a n d o m  d i s t r i bu t ion  of  f a t ty  acids. 

Thus ,  i t  is c o n c l u d e d  t h a t  f a t t y  acid dis t r ibu-  
t i o n  in maize t r ig lycer ides  is t he  resu l t  of  two  
ma jo r  effects ,  c o n c e n t r a t i o n  a n d  pos i t iona l  
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specif ic i ty .  If  fa t ty  acid synthesis  and the  
posi t ional  specif ic i ty  of  es ter i f ica t ion are unde r  Tot- 
d i f fe ren t  genet ic  cont ro ls  in maize,  one  may ! 
expec t  to f ind strains wi th  differing posi t ional  
specif icat ions and the  same fa t ty  acid compos i -  
t ion  (posi t ional  specif ic i ty  effect) .  Conversely,  60 
it may  be possible to  f ind strains w i th  the  same 
posi t ional  specifici t ies and d i f ferent  fa t ty  acid 

= 

iti ( ti  ff  t)  ~ compos  ons concen t ra  o n e  ec . ~ so 
Analyses  of  individual  kernels  f rom C105 for  o~ 

fa t ty  acid compos i t i on  revealed the presence  of  
considerable  variat ion in oleic and linoleic 

4C 
acids. I t  far exceeded  the  usual env i ronmenta l  -~ 
variabili ty of  h o m o z y g o u s  strains. Individuals ~_ 
showing  ex t r emes  in l inoleate con t en t  were 
selfed e i ther  one  or two  generat ions.  Two ~ 3c 
h o m o z y g e o u s  strains pheno typ ica l ly  ident ical  g- 
excep t  for  a 6.4% dif ference  in l inoleate  were *~ 
isolated.  The two  strains were sub jec ted  to  2 0  
s tereospecif ic  posi t ional  analysis (Table II). The 
fa t ty  acid d is t r ibut ions  of  all th ree  posi t ions  
were d i f ferent ,  bu t  the p ropor t ions  of  each 
fa t ty  acid (no tab ly  oleic and linoleic) were ,o 
similar at each pos i t ion .  Since p ropo r t i on  is an 
express ion  of  posi t ional  specif ic i ty ,  it  is con- 
c luded tha t  these  two  strains of  C105 were 
genetical ly similar for  posi t ional  specifici ty.  

A hybr id  w i th  C105 as the  maternal  parent  
was de t ec t ed  tha t  had  oleic and linoleic con- 
t en t s  similar to  those  o f  Illinois High Oil (IHO). 

/ 
X X 

r-value 
S �9 0.92" "  
M 0 096  ~ 
D X 0 9 5 " "  

20 40 6 0  80  I 00  

% Fatty Acid in the Total Triglyceride 

FIG 3. The concentration of S, M and D in the 3 
position compared with total triglyceride. 

TABLE II 

Stereospecific Analyses of Triglyceride From Two Strains of C105 

C o m p o u n d  F a t t y  ac id  d i s t r i b u t i o n ,  mo le  per  c e n t  a 
o r  

p o s i t i o n  16 :0  18 :0  18:1  18 :2  18 :3  

Strain A 

Triglyceride 10.6 2.3 53.9 32.6 0.6 

1 19.9 3.9 47.9 27.9 0.4 
Per cent in I b 62.6 56.5 29.6 28.5 22.2 

2 0.6 --- 50.0 48.9 0.4 
Per cent in 2 1.9 -- 30.9 50.0 22.2 

3 11.3 3.0 63.8 21.0 1.0 
Per cent in 3 35.5 43.5 39.5 21.5 55.6 

Strain B 

Triglyceride 10.2 2.0 48.4 39.0 0.4 

1 20.2 4.1 43.7 31.5 0.5 
Per cent in 1 66.0 68.3 30.1 29.4 41.7 

2 0.5 --- 42.9 56.0 0.6 
Per cent in 2 1.6 --- 29.5 52.3 50.0 

3 9.9 1.9 58.6 19.5 0.1 
Per cent in 3 32.4 31.7 40.4 18.2 8.3 

aAnalyses done in triplicate, 
bper cent of fatty acid that is 

esterif ied at this pos i t ion 
= % of fatty acid in this position x 1 O0 

% of fatty acid in triglyceride x 3 
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T A B L E  III  

Stereospecif ic  Analyses  o f  Tr ig lycer ides  F r o m  T w o  Maize Strains With 
Similar F a t t y  Acid  Dis t r ibut ions  

C o m p o u n d  Fa t ty  acid d is t r ibut ion ,  mole  per  cen t  
or  

posi t ion 16:0 18:0 18:1 18:2 18:3 

F l a  

Tr ig lycer ide  8.6 1.8 37.6 51.3 0.8 

1 21 .4  3.9 35.0 39.1 0.6 
Per cent  at 1 82.9 72.2 31.0 25.4 33.3 

2 0.9 0.1 33,2 65.2 0.6 
Per cent  at 2 3.5 1.9 29.4 42 .4  33.3 

3 3.8 1.4 44.6 49.6 0.6 
Per cen t  at 3 14.7 25.9 39.5 32.2 33.3 

IH O  b 

Tr ig lycer ide  12.2 1.8 36.2 49.2 0.6 

1 22.6 3.4 31.9 41.8 0.3 
Per cen t  at 1 61.7 63.0 29.4 28.3 16.7 

2 0.8 --- 27.4 71.1 0.7 
Per cent  at 2 2.2 --- 25.2 48.2 38.9 

3 13.2 2.0 49.3 34.7 0.8 
Per cent  at 3 36.1 37.0 45.4 23.5 44 .4  

aF 1 hyb r id  wi th  C105 as the ma te rna l  paren t .  Analysis  done  in dupl ica te .  
bAnalys is  done  in tr ipl icate.  

T A B L E  IV 

Stereospecif ic  Analyses  o f  Reciprocal  Crosses o f  Two  Maize lnbreds  

Strain 

C o m p o u n d  
or 

pos i t ion  

Fa t ty  acid d is t r ibu t ion ,  mole  per cent  

16:0 18:0 18:1 18:2 18:3 

N Y 1 6  x C103  a 

C103 x N Y 1 6  

Tr ig lycer ide  10.3 1.6 28 .6  58.6 0.8 

1 22.3 3.9 27 .4  45.5 0.9 
Per cent  at 1 72.1 80.4 31.9 25.9 35.7 

2 0.9 0.3 24.2 73.9 0.8 
Per cen t  at 2 2.8 5.8 28.2 42 .0  31.4 

3 7.8 0.7 34.3 56.5 0.8 
Per cen t  at 3 25.1 13.8 39.9 32.1 32.9 

Trigly ceride 10.3 1.7 32.1 55.1 0.8 

1 21.3 3.2 30.4 44.3 0,8 
Per cent  at 1 68.8 65.1 31.5 26.8 30.1 

2 0.6 0,2 27.6 70.8 0.7 
Per cen t  at 2 2.0 4.4 28.7 42.9 28.9 

3 9.0 1.5 38.4 50.1 1.0 
Per cent  at 3 29.2 30.5 39.8 30.3 41.0 

aAnalyses  done  in quadrup l i ca t e .  
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The stereospecific data (Table III) show the 
proportions of oleic and linoleic acids at posi- 
tions 2 and 3 to be quite different in each 
strain. A far greater percentage of linoleate was 
at the 2 position of IHO as compared to the 
C105 F 1 hybrid. Further, the order of prefer- 
ence of linoleate between positions 1 and 3 was 
reversed in these two strains. Oleate had a 
stronger preference for the 3 position of IItO 
triglycerides as compared to the other strain. 
These positional differences were all significant. 
Thus, these two strains possess essentially the 
same concentrations of oleic and linoleic acids 
in their total triglycerides but differ in their 
positional specificities of esterification. 

The triglycerides of the reciprocal crosses of 
two maize inbreds, NY16 and C103, were 
stereospecifically analyzed (Table IV). An LSD 
test was used to test the statistical significance 
of the data. The concentrations of oleic and 
linoleic acids in the total triglycerides of the 
two reciprocal crosses were significantly differ- 
ent at the 5% level. Linoleic acid was higher in 
NY16 x C103 than in CI03 x NY16, while 
oleic acid was higher in C103 x NY16. How- 
ever, the proportions of these fatty acids at all 
three positions were not significantly different. 
The two reciprocal crosses show identical posi- 
tional specificities. 

The effect of fatty acid concentration was 
clearly shown when the triglyceride species of 
the reciprocal crosses (Table V) were isolated 
by silver nitrate thin layer chromatography (2). 
The percentages of the triglyceride species 
which contained two or three moles of linoleic 
acid were higher in NY16 x C103 than in C103 
x NY16. In contrast, those species containing 
two or three moles of oleic acid were higher in 
C103 x NY16. Although the positional specifi- 
cities of the two crosses were identical, the 
fatty acid composition of the total triglyceride 
had a very strong influence on the amounts of 
the various triglyceride species. 

DISCUSSION 

Several conclusions can be drawn from 
positional specificity and concentration effects 
in maize triglycerides. In the 12 strains studied 
the proportions of oleate and linoleate were 
most constant in the 1 position. In other words, 
positional specificity at the 1 position was very 
uniform over a wide range of oleate and 
linoleate composition. All the fatty acids exhib- 
ited only partial specificities at all three posi- 
tions with the exception of the saturated acids 
at position 2. Thus, with on~ exception, each 
position showed a sizeable concentration effect 
for each fatty acid. The concentration effects 

' F A B L E  V 

C o n c e n t r a t i o n s  o f  T r ig lyce r ide  Species  
o f  R e c i p r o c a l  Crosses  o f  T w o  Maize Inb reds  

Per cent of total triglyceride 

Species  N Y I 6  x C 1 0 3  b ( :103  x N Y I 6  

S2Ma l . I  -+0.3 1.2 -+0,3 
SM 2 4 .6  -+ t . 3  4 .6  +-0,2 
S2D 2.4 -+ 0 .4  2.0 -+ 0 .3  
M 3 3.5 -+0.2 5.7 -+0.1 
SMD 12.2 -+0.2 12.2 -+0.2 
M2D 12 .9  • 0.2 16.3  • 0.2 
SD 2 13.9 -+ 0.5 11.8  -+ 0 .8  
M1) 2 26 .4  -+ 1.4 26 ,5  -+ 1,7 
I33, D 2 T  22 .5  -+0 .9  19 .6  -+ 1.0 

aAbbreviations: S, saturated; M, monoene; D, 
diene; T, triene fatty acids. 

bMean of four samples • standard deviation. 

for oleate and linoleate were very similar at 
positions 1 and 2 of the triglycerides (similar 
regression line slopes, Fig. 1 and 2 and Table I). 
The fatty acids at the 3 position were the most 
strongly influenced by the content of saturated 
acids, oleate and linoleate in the total triglycer- 
ide. 

The specific location of fatty acids in the 
triglyceride molecules of vegetable oils is impor- 
tant for several reasons. First, the placement of 
the fatty acids in the triglycerides affects their 
stability toward oxidation. When Sahasrabudhe 
and Farn (3) heated corn oil, they found that 
the fatty acids in the t and 3 positions were 
more susceptible to oxidation than those in the 
2 position. Raghuveer and Hammond (4) sug- 
gested that concentrating the unsaturates at the 
2 position may orient the triglyceride molecule 
to make it more stable against autoxidation. 

High specificity for polyunsaturated acids at 
the 2 position is also desirable from a nutri- 
tional point of view. From 72% to 80% of the 
dietary triglycerides are absorbed into the 
intestinal wall as 2-monoglycerides (5). The free 
fatty acids are either metabolized or reesteri- 
fied. The monoglycerides are converted to 
triglycerides and polar lipids. Since polyunsat- 
urated fatty acids are essential in the diet, 
esterification of these acids at the 2 position 
would ensure their conservation during diges- 
tion. 

If we better understood both the biochemi- 
cal regulation of fatty acid synthesis and the 
mechanisms for placement of these acids in the 
triglyceride molecules of plants, triglycerides 
could be produced for specific purposes. 
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ABSTRACT 

The maize triglycerides were resolved 
into species by silver nitrate thin layer 
chromatography. The distribution of the 
fatty acids among the 1,2 and 3 positions 
of each triglyceride species was deter- 
mined by stereospecific analysis. From 
these data the relative amounts of each 
positional isomer were calculated. The 
results indicate that esterification of the 
fatty acids at each position proceeds with 
a specificity that is correlated with the 
composition of the other positions of the 
triglyceride. 

INTRODUCTION 

The previous papers (1,2) showed that the 
distribution of fatty acids in the three positions 
of maize triglyceride was nonrandom. Further- 
more, esterification of fatty acids into each 
position of glycero-3-phosphate was a function 
of both the concentration of available fatty 
acid substrates and the fatty acid specificity 
indigenous to each position. The concentration 
effect was by far the most significant and its 
presence tended to obscure positional specific- 
ity. Stereospecific examination of individual 
triglyceride species would allow a critical evalu- 
ation of positional specificity by diminishing 
the effect of concentration. The purpose of this 

1presen t  a d d r e s s :  O t t a w a  R e s e a r c h  S t a t i o n ,  C a n a d a  
D e p a r t m e n t  o f  A g r i c u l t u r e ,  O t t a w a ,  O n t a r i o ,  C a n a d a .  

investigation was to isolate selected triglyceride 
species from two inbreds of maize and to 
subject these species to stereospecific analysis. 

EXPERIMENTAL PROCEDURES 

The inbreds, H59 and CI03, were selected 
for this study. Triglycerides were prepared as 
described previously (1) except that a 20g  
sample of seed from each strain was extracted. 
The final yield of total triglyceride for both 
lines was approximately 600 mg. 

Thin layer chromatography (TLC) plates 
were coated 0.3 mm thick with 12% silver 
nitrate in Silica Gel G (E. Merck, Darmstadt, W. 
Germany). The plates were dried in the dark for 
30 rain, activated at 102 C for 90 rain and 
stored in the dark in a desiccator over CaC12. 
Twenty milligrams of triglyceride were streaked 
on each plate with a semiautomatic sampte 
applicator (Supelco, Inc., Bellefonte, Pa.). The 
methanol-chloroform system used to develop 
the plates varied from 0.6-2% methanol in 
chloroform, depending on absorbent thickness, 
temperature and humidity. The triglyceride 
bands were detected under UV light after 
spraying the plate with a 0.1% ethanolic solu- 
tion of 2,7-dichlorofluorescein. A 0.02% solu- 
tion of butylated hydroxy-toluene (BHT) in 
CHC13 :CH3OH(1 : 1 ) was sprayed on each plate 
to prevent autoxidation. Selected bands were 
scraped from the plate into test tubes. The 
triglyceride was extracted from the silica gel 
with 5 ml of diethyl ether-methanol (9:1). The 

T A B L E  1 

C o m p a r i s o n  o f  the  F a t t y  Ac id  C o m p o s i t i o n  o f  Or ig ina l  M I 4  T r ig lyce r ide s  
With the  C o m b i n e d  Methy l  Es ters  F r o m  Ind iv idua l  T r ig lyce r i de  Classes  

F a t t y  ac id  c o m p o s i t i o n ,  re la t ive  a rea  pe r  cen t  
T r ig lyce r ides  a n d  

c o m b i n e d  m e t h y l  es ters  16 :0  18 :0  18: I 18:2  18 :3  

Or ig ina l  t r i g l y c e r i d e  a 12.2 1.1 2 6 . 0  5 9 . 6  I. 1 

Plate  1 
C o m b i n e d  m e t h y l  es ters  12.2 1.1 25 .9  5 % 8  I.I  

Pla te  2 
C o m b i n e d  m e t h y l  e s t e r s  12.8 1.3 26 .5  58,  I 1.3 

a M e a n  o f  t w o  samples .  
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TABLE II �9 .59 

Comparison of the Observed and ealculated r 1 7 6  ii l 
Fatty Acid Distributions of 2,3-Phosphatidyl .~ ,@ 

Phenols From the Maize Inbred, H59 | 

Fatt y ac,id distributionl mole per cent ~ ~ o HH 

S a M D - - 

SMD Obs. 24.8 37.2 38.0 
Cal. b 22.5 37.8 39.5 

M2D Obs. 4.4 58.0 37.6 
Cal. 0.5 61.6 37.8 

SD 2 Obs. 29.0 1.3 69.8 
Cal. 27.5 2.3 70.3 

MD 2 Obs. 1.6 36.1 62.3 
Cal. 0.6 36.2 63.2 

aAbbreviations: S, saturated; M, monoene; D, diene 
fatty acids. 

bCalculated 2,3-phosphatidyl phenol = 
2-position + 3-position. 

m i x t u r e  was vo r t exed  for  15 sec u n d e r  a s t ream 
of  n i t rogen  and  t h e n  cent r i fuged ,  and  the  
s u p e r n a t a n t  decan ted .  The  e x t r a c t i o n  was re- 
pea t ed  twice.  The s u p e r n a t a n t s  were c o m b i n e d  
and  dried u n d e r  a s t ream of  n i t rogen .  

The  SMD, M2D , SD 2 and  MD 2 species 
ob t a ined  f rom the  15 prepara t ive  TLC plates  
were combined .  Each  f r ac t ion  r ep resen ted  f rom 
10-25 mg of  t r iglyceride.  Stereospeci f ic  analy- 
ses of  dupl ica te  samples  were p e r f o r m e d  as 
descr ibed  previously (1). 

RESULTS A N D  DISCUSSION 

G u n s t o n e  and  Padley (3) have expressed 
skept ic i sm as to  w h e t h e r  a p r o p o r t i o n a l  extrac-  
t i on  of all t r iglyceride species can be o b t a i n e d  
f rom the  silver ni t rate-s i l ica gel complex .  They  
suggested tha t  the  highly u n s a t u r a t e d  tr iglycer-  
ides may  be more  diff icul t  to  ex t rac t .  To 
d e t e r m i n e  if the  e x t r a c t i o n  of  the  maize triglyc- 
eride species was p ropo r t i ona l ,  t w o  15 mg 
samples  of  t r iglyceride f rom inbred  M14  were 
f r ac t iona ted  by  silver n i t r a t e  TLC. The  10 
bands  were ex t rac ted .  Methy l  esters  were pre- 
pared  f rom each band  and  t hen  c o m b i n e d .  The 
f a t t y  acid c o m p o s i t i o n  of  the  c o m b i n e d  frac- 
t ions  was d e t e r m i n e d  and  c o m p a r e d  w i t h  the  
original  M14 tr iglyceride (Table  I). I t  is appar-  
en t  t h a t  the  fa t ty  acid c o m p o s i t i o n  of  the  
c o m b i n e d  m e t h y l  esters  f rom individual  triglyc- 
eride classes agrees very  closely wi th  the  origi- 
nal t r iglyceride.  Thus ,  this  e lu t ion  p rocedu re  
results  in a p r o p o r t i o n a l  e x t r a c t i o n  of  each 
t r iglyceride species. 

h t  the  s tereospecif ic  analysis ,  the  f a t t y  acid 
compos i t i on  of  the  2 ,3 -phospha t idy l  pheno l  

In711 
i 2 3  1 2 3  i 2 3  1 2 3  t 2 3  1 2 3  

TOTAL SMD SD 2 TOTAL  SMD SO 2 

FIG 1. The distribution of  saturated fatty acids at 
each position of  total and two species of  N59 and 
CI03 triglycerides. 

�9 H59 
eok ..... 

m 

123  ~23  r 2 3  ~23 r e ~  ~2~  r e 3  I Z 3  

TOTAL SMD MzD MD 2 TOTAL SMD M2D MD z 

FIG 2. The distribution of oleate at each position 
of total and three species of H59 and C103 triglycer- 
ides. 

IOOk- 

o~ 6oi 

d 4o[ 

2 3  1 2 3  1 2 3  2 3  1 2 3  t 2 ~ 1 2 5  1 2 3  1 2 3  I 2 3  

TOTAL SMD MzD SO 2 MD 2 TOTAL SMD M2D SO 2 MD z 

FIG 3. The distribution of linoleate at each 
position of total and four species of H59 and C103 
triglycerides. 

i somer  can be used to check the  accuracy of  the  
fa t ty  acid d i s t r ibu t ions  d e t e r m i n e d  for the  2 
and 3 pos i t ions  of  the  tr iglycerides.  The  ob-  
served and calculated fa t ty  acid d i s t r ibu t ions  o f  
2 ,3 -phospha t idy l  pheno l  f rom the maize inbred ,  
H59,  are given in Table II. The  calcula ted f a t t y  
acid d i s t r ibu t ion  of the  2,3 i somer  of  phospha-  
t idyl  p h e n o l  was o b t a i n e d  f rom the  observed  
fa t ty  acid d i s t r ibu t ions  at the  2 and the  3 
posi t ions .  This data  is r epresen ta t ive  of  the  
expe r imen t a l  precis ion o b t a i n e d  f rom the  com- 
b ined  t echn iques  of silver n i t ra te  TLC f rac t ion-  
a t ion  and  s tereospecif ic  analysis.  

Figure 1 shows the  d i s t r ibu t ion  of  the  
sa tu ra ted  fa t ty  acids at the  three  pos i t ions  of  
tota l ,  SMD and SD 2 t r iglycer ides  f rom H59 and  
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TABLE III 

Concentrations of H59 
and C103 Triglyceride Species 

Triglyceride 
species 

Per cent of total triglyceride 

C103 b H59 

S2Ma 2.5 2.3 
SM 2 8.9 3.8 
S2D 3.4 7.1 
M 3 11.2 3.0 
SMD 16.3 16.4 
M2D 21.4 8.7 
SD 2 "7.2 19.9 
MD 2 21.1 20.7 
D 3 7.2 16.8 
D2T 0.8 1.4 

II. 
aAbbreviations: T, triene fatty acids; see also Table 

bAnalyses done in triplicate. 

C103. The percentages of saturated fat ty acids 
in the total  tr iglycerides of  H59 and C103 are 
higher at the 1 posi t ion than at the 3 position. 
Only small amounts  of  S are esterified at the 2 
position. This same profi le was obtained for 
SMD from H59 and for SMD and SD 2 f rom 
C103.  In contrast ,  the SD 2 species from H59 
has more S at the 3 than at the 1 position. 
Thus, the saturated fa t ty  acids differ in their 
distr ibution among  species within the same 
strain of  maize. Differences also occurred for 
the same species in different  strains. 

The dis t r ibut ion of oleate at each posit ion of  
the total,  SMD, M2D, and MD 2 triglycerides of 
H59 and C103 is given in Figure 2. The 
monoene  is preferred in the 3 posi t ion in the 
total  triglyceride and in all the species of  H59 
and C103 except  SMD from C103.  In the latter,  
M is preferred at the 2 posit ion.  The M2D and 
MD 2 species of  H59 and C103 show a prefer- 
ence for M at the 1 posi t ion over the 2 posit ion.  
In contrast ,  in the SMD species in these two 
strains M prefers the 2 posi t ion over the 1 
posit ion.  

The distr ibut ions of  D at the 1, 2 and 3 
positions of  total ,  SMD, M2D, SD2 and MD 2 
triglyceride f rom H59 and C103 are summa- 
rized in Figure 3. Linoleate  is principally in the 
2 posit ion of  all these fractions.  In H59, D 
prefers the 1 posi t ion over the 3 posit ion,  
a l though the rat io varies among  these five 
fractions. In C103,  D is preferred at the 3 
posi t ion over the 1 posi t ion of total ,  SMD and 
SD 2. On the o ther  hand,  the M2D and MD 2 
species f rom C103 closely resemble the H59 
results. 

These data clearly demons t ra te  that  individ- 
ual fa t ty  acids behave dif ferent ly  in the various 
triglyceride species. Thus, certain fa t ty  acid 

TABLE IV 

Determination of Correlative 
Specificity for C 103 and H59 Triglycerides 

Triglyceride 
ratio C103 H59 

SDM a 1.2 0.8 
SDD 

DSM 1.0 2.0 
DSD 

DDM 1.4 0.8 
DDD 

DMM 1.9 0.9 
DMD 

MDM 1.1 0.3 
MDD 

MMM 1.9 1.5 
MMD 

MIII b 1.3 0.6 

DIII 

aAbbreviations: see Tables II and III. 
bM and D fatty acid distribution at 3 position of 

total triglyceride. 

combinat ions  are preferred over others,  indi- 
cating an in teract ion of  fa t ty  acids among the 
different  positions. Further ,  these posit ional  
differences be tween  the C103 and H59 strains 
for the same species imply a genetic basis for 
these variations. 

In the de novo synthesis of  tr iglyceride and 
phospholipids via the ~-glycerophosphate  path- 
way, it has been shown that  1,2-diglyceride is 
the c o m m o n  precursor of  tr iglyceride,  phospha- 
t idylchol ine (PC) and phosphat idyle thanol -  
amine (PE) (4). However ,  s tructural  analyses of  
these lipids f rom rat liver revealed differences at 
the 1 and 2 posit ion of  all three lipids. The 
fat ty  acids esterified at the 1 posi t ion of  PC and 
PE were the same, but  different  f rom the 1 
posi t ion of  tr iglyceride;  the 2 posi t ion differed 
in all three lipids (5). 

Selective ut i l izat ion of  diglyceride species 
for the synthesis of  these three lipids could 
explain the differences.  Wood and Harlow (5) 
showed that  some pairing of  the fa t ty  acids or 
select ion of  certain diglyceride species was 
probably  occurr ing during the biosynthesis  of  
PC, PE and triglyceride in rat liver. When 
Elovson et al. (6,7) studied the incorpora t ion  of  
in t rapor ta l ly  injected (3H)-glycerol  into rat 
liver glycerolipids,  their  data also indicated a 
selective ut i l izat ion of  diglyceride in the synthe- 
sis of  PE, PC and TG. 

In contrast ,  Lands and co-workers (8,9), 
using rat liver slices, found that  all diglyceride 
species were esterified to tr iglycerides at a 
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similar rate,  i.e., acy la t ion  of  the  diglycerides 
p roceeded  w i th  noncor re la t ive  specif ici ty.  How- 
ever, the diglyceride and  its phos pha t i d i c  acid 
precursor  had  very a symmet r i ca l  f a t t y  acid 
d i s t r ibu t ions  (10,1 l) .  They  suggested t h a t  non-  
r a n d o m  synthes is  of species of diglycerides was 
occurr ing,  fo l lowed by an a lmost  r a n d o m  utili- 
za t ion  of the  var ious  diglyceride species for  the  
b iosyn thes i s  of t r iglycerides.  

When Chris t ie  and Moore  (12)  analyzed 
tr iglycerides f rom a var ie ty  of  pig tissues, 
specific pairing of par t icular  f a t t y  acids was 
found  in the  t r iglycerides  of  some tissues more  
t han  others .  This select ivi ty was greates t  in the  
liver and b lood tr iglycerides,  less in the  adipose 
tissue t r iglycerides and  qui te  low in the  milk 
tr iglycerides.  These  d i f ferences  m ay  reflect  the  
inf luence  of diet on  t r iglyceride b iosyn thes i s  in 
animals.  Plant  t r iglyceride b iosyn thes i s  would 
no t  be affected by  this  compl i ca t ing  factor .  

The data  f rom the  s tereospecif ic  analyses of 
SMD, M2D, SD2 and  MD 2 species of  H59 and 
C 103 were evaluated  to d e t e r m i n e  w h e t h e r  the  
diglyceride species were be ing  selectively incor- 
po ra t ed  in to  maize t r iglyceride.  The relative 
a m o u n t  of  each pos i t iona l  i somer  present  in 
each species was d e t e r m i n e d  f rom the  f a t ty  acid 
d i s t r ibu t ion  at each  pos i t ion  of  t ha t  species and 
f rom the  percen tage  c o m p o s i t i o n  of all 10 
species (Table  III). These data  were t hen  tested 
for  correlat ive specif ici ty accord ing  to the  
procedure  of Slakey and Lands (8). The  con- 
cen t r a t ions  of the SD, DS, DD, DM, M D and 
MM diglyceride species were d e t e r m i n e d  and 
compared  wi th  the  M/D ra t io  at pos i t ion  3 of 
each tr iglyceride species (Table  1V). If tr iglycer- 
ide synthesis  p roceeds  wi th  noncor re la t ive  spec- 
ificity (i.e., r a n d o m  ut i l i za t ion  of DG), the 
t r iglyceride species rat ios should  be the same, 
i rrespect ive of the  diglyceride species. Clearly, 
these  rat ios are d i f fe rent  in b o t h  the  H59 and 
C103 strains.  Thus,  es ter i f ica t ion  of  fa t ty  acids 
at  the 3 pos i t ion  proceeds  wi th  a specif ici ty 
t h a t  is corre la ted wi th  the  com pos i t i on  of the 
o the r  two posi t ions  of  the  molecule .  These data  
are cons is ten t  wi th  the selective u t i l i za t ion  of 
diglycerides for t r iglyceride b iosyn thes i s  tha t  
was observed by Wood and Har low (5) and 
Elovson et al. (6) in rat  liver tissue. 

L imi ted  data ob ta ined  on C103  tr iglyceride 
species suggest t h a t  the  fa t ty  acid composi -  
t ions  at the  1 pos i t ion  and the  2 pos i t ion  are 
in te r re la ted .  Species con ta in ing  e i the r  M or D at 
pos i t ion  1 were c o m p a r e d  w i th  the  M/D ratio at 
pos i t ion  2. The  results  be low suggest t ha t  
correlat ive specif ici ty  may also be opera t ing  

WEBER AND D.E. ALEXANDER 

be t ween  these two posi t ions .  

MMS* + MMM + MMD 

M D S + M D M + M D D  = 1.1 

DMS + DMM + DMD 

DDS + DDM + DDD = 0.7 

(*Stereospec i f ic  analysis  was also p e r f o r m e d  on 
the SM 2 tr iglyceride species f rom C103 . )  

The  data  ob t a ined  in this  series of  th ree  
papers  add fu r the r  suppor t  to the  proposa l  of 
s imilar  pa thways  of  t r iglyceride b iosyn thes i s  in 
animals  and higher  plants .  It has been  d e m o n -  
s t ra ted  tha t  the d i s t r ibu t ion  of f a t ty  acids is 
n o n r a n d o m  in all th ree  pos i t ions  of  p lant  
t r iglycerides as it is in the  t r iglycerides  of  
animals .  Maize and animal  t r iglycerides show 
similar  pos i t iona l  specificit ies,  i.e., S mos t ly  at 
1, D mos t ly  at 2 and  M most ly  at  3. This 
suggests similar subs t ra te  specifici t ies and  enzy-  
mat ic  systems.  Final ly ,  the  d e m o n s t r a t i o n  tha t  
diglycerides are selectively ut i l ized in the  
synthes is  of  p lant  t r iglycerides agrees wi th  
r ecen t  results  ob t a ined  with an imal  tissue. 
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ABSTRACT 

This work concerns studies of the 
substrate specificity of an enzyme prepa- 
ration from a pseudomonad which cata- 
lyzes the stereospecific hydration of the 
A 9 - d o u b l e  b o n d  of  o le ic  acid. 
[ 5 D L - 3 H ] - 5 D L - h y d r o x y s t e a n c  acid, 
[ 6 D L- 3 H ] -6 D L-hy d roxysteanc acid, 
[ 7 DL-a H] -7 DL-hydroxystearlc  acid, 
[ 9 D L - 3 H ] - 9 D L - h y d r o x y s t e a n c  acid, 
[ 10DL-3IJl-lODL-hydroxysteanc acid, 
[1 1DL-3H]-l lDL-hydroxysteanc acid, 
[ 14DL-3H]-14DL-hydroxysteanc acid, 
[ 15DL-3H] - 15DL-hydroxystearic acid, 
and [ l-14C1-stearolic acid were prepared 
and incubated with the enzyme. Only the 
10-hydroxystearic acid served as a sub- 
strate for the enzyme. The findings re- 
ported in this study, in conjunction with 
those previously reported, indicate that 
only the D-isomer of 10-hydroxystearic 
acid serves as a substrate for the enzyme. 

INTRODUCTION 

In 1962, Wallen, Benedict and Jackson (1) 
described the isolation of a pseudomonad 
which efficiently converted added oleic acid to 
10-hydroxystearic acid. We have shown that the 
10-hydroxystearic acid formed in this system is 
optically active (2,3) and has the D (or R) 
configuration (3). Subsequent studies with the 
intact organism in a medium enriched with 
deuterium oxide indicated that the formation 
of 10D-hydroxystearic acid from oleic acid 
proceeds with the incorporation of one atom of 
stably bound deuterium at carbon atom 9 in 
the L (or R) configuration (4,5). The successful 
preparation of a soluble (105,000 x g) extract 
of the organism which catalyzes the reaction in 
question (6,7) permitted further studies of the 
mechanism of the reaction. The enzyme prepa- 
ration catalyzed the interconversion of oleic 
acid and 10D-hydroxystearic acid (7). The 
10-hydroxystearic acid formed in the reaction 
was shown to be optically active and to have 
the D (or R) configuration (7). Evidence 
compatible with a mechanism involving a 
hydration of the double bond has been pre- 
sented (7). The crude enzyme preparation also 
catalyzed the formation of zXlO-trans-octa- 
decenoic acid from either oleic acid or 

10D-hydroxystearic acid (7). The enzyme also 
catalyzed the conversion of palmitoleic acid to 
10-hydroxypalmitic acid (7) and the conversion 
of linoleic acid to lOD-hydroxy-A12-cis-octa- 
decenoic acid (8). 9D-Hydroxystearic acid did 
not serve as a substrate for the enzyme (7). 
Catalysis, by the enzyme, of the stereospecific 
hydration of 9,10-cis-epoxystearic acid to yield 
one isomer of threo-9,10-dihydroxystearic acid 
and of the stereospecific hydration of 9,10- 
trans-epoxystearic acid to yield one isomer of 
erythro-9,10-dihydroxystearic acid was ob- 
served (9,10). 

In the present work we have prepared 
[ 5 D L - 3 H ] - 5 D g - h y d r o x y s t e a r i c  ac id ,  
[ 6 D L - 3 H ] - 6 D k - h y d r o x y s t e a r l c  ac id ,  
[ 7 D L- 3 H ] -7 D L - h y d r o x y s t e a r l c  ac id ,  
[ 8 D L - 3 H ] - 8 D L - h y d r o x y s t e a r l c  ac id ,  
[ 9D L- 3 H I -9 D L - h y d r o x y s t e a r i c  ac id ,  
[ 1 0 D L - a H ] - 1 0 D L - h y d r o x y s t e a r , c  ac id ,  
[ 1 1DL-3 H] - 1 1 D L - h y d r o x y s t e a r l c  ac id ,  
[ 14DL-aH]-14DL-hydroxystearic acid, and 
[ 15DL-aH]-15DL-hydroxystearic acid. Upon 
incubation of these labeled acids with tile 
bacterial enzyme, only the 10-hydroxystearic 
acid served as a substrate. Upon repeated 
incubation of the labeled 10-hydroxystearate, 
utilization of only ~45% of the racemic sub- 
strate was observed, a finding compatible with a 
utilization of only one of the two enantiomers 
of 10-hydroxystearie acid. 

An analogy exists between the enzyme 
under consideration and the enzyme fumarate 
hydratase. Both enzymes catalyze the stereo- 
specific hydration of olefinic double bonds. 
Recently, we have shown that fumarate hydra- 
tase also catalyzes the stereospecific hydration 
of L-trans-2,3-epoxysuccinate to yield mesotar- 
trate (11,12). Teipel, Hass and Hill (13) have 
shown that fumarate hydratase catalyzes the 
hydration of acetylene dicarboxylate to yield 
oxaloacetate. To investigate the possibiIity that 
the bacterial enzyme might hydrate the acety- 
lenic acid corresponding to oleate, we have 
prepared [ 1-14C]-stearolic acid. Upon incuba- 
tion of the labeled acid with the enzyme, 
significant formation of 10-ketostearate (or 
9-ketostearate) could not be demonstrated. 

EXPERIMENTAL PROCEDURES AND RESULTS 

Materials and Methods 

9D-Hydroxystearic acid was a sample pre- 
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pared previously (3). 10D-Hydroxystearic acid 
was prepared as outlined previously (3). Sam- 
ples of 5-, 6-, 7-, 8-, 11-, 14- and 15-hydroxy- 
stearic acids were provided by B. Sammuelsson. 
An authentic sample of stearolic acid was a gift 
of K. Bloch, Sodium borotritide and [1-14C]- 
oleic acid were purchased from the New En- 
gland Nuclear Corporation. The 14C-labeled 
oleic acid was purified, in the form of the 
methyl ester, by chromatography on an acti- 
vated silicic acid column. The radiopurity of 
the oleate was judged to be in excess of 99% on 
the basis on thin layer chromatographic analysis 
on a Silica Gel G plate (solvent system, petro- 
leum ether-ether-acetic acid, 90:10:1). The 
petroleum ether used in these studies had a 
boiling range of 30 to 60 C. 

Methods employed for the measurement of 
radioactivity, recording of melting points, thin 
layer radiochromatographic analyses, gas liquid 
radiochromatographic analyses, measurement 
of protein concentration, and preparation of 
methyl esters have been described previously 
(7,14). The preparation of the soluble bacterial 
enzyme and conditions of incubation have also 
been described previously (7). 

Preparation of [ 10DL-3H]  - 10DL-Hydroxystear ic  Acid 

To methyl 10D-hydroxystearate (156 mg) in 
acetic acid (1.0 ml) was added chromium 
trioxide (38 mg) in 90% acetic acid (0.38 ml). 
After 2.3 hr at room temperature, water was 
added and the resulting mixture was extracted 
three times with petroleum ether. The pooled 
extracts were washed with water and dried over 
anhydrous sodium sulfate. The residue (155 
rag) obtained on evaporation of the solvent was 
applied to a silicic acid column (5 g; Merck). 
Using a 20% ether in petroleum ether as the 
eluting solvent, fractions 6 ml in volume were 
collected. The contents of fractions 1 through 6 
were pooled and recrystallized from petroleum 
ether-acetone, yielding methyl 10-ketostearate 
(130 rag; mp 49-51 C). The product showed a 
single component on thin layer chromato- 
graphic (TLC) analysis on a Silica Gel G plate 
(solvent: petroleum ether-ether-acetic acid, 
70:30:1). 

To methyl 10-ketostearate (3.48 mg) in 
methanol (0.5 ml) was added sodium borotri- 
tide (1.0 mCi; 02.6 mg) in 0.9 N NaOH (1.1 
ml). After standing 5 hr at room temperature, 
the mixture was acidified and extracted with 
ether. The residue obtained upon evaporation 
of the solvent was dissolved in methanol (0.3 
ml) and 1 N NaOH (0.2 ml) was added. After 
standing 3 hr at room temperature, the mixture 
was acidified and extracted with ether. The 
residue obtained upon evaporation of the sol- 
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vent was applied to a silicic acid column. After 
the passage of petroleum ether through the 
column to elute traces of the methyl ester, the 
labeled 10-hydroxystearic acid (1.55 mg) was 
eluted with ether. The radiopurity was judged 
to be in excess of 99% on the basis of thin layer 
radiochromatographic analysis. The specific ac- 
tivity was ~2.5 x 107 cpm per mg. 

Preparation of [9DL-3H]-gDL-Hydroxystearic Acid 

Methy l  9-ketostearate (105 mg; mp 
48.5-50.5 C; single component on TLC analysis 
on a Silica Gel G plate) was prepared from 
methyl 9D-hydroxystearate (139 rag) as des- 
cribed above in the case of the methyl 10-keto- 
stearate. Reduction of the methyl 9-ketostear- 
ate  w i th  s o d i u m  b o r o t r i t i d e  yielded 
[ 9DL-3H]-9DL-hydroxystearate which was 
purified as described in the case of the reduc- 
tion of the 10-ketostearate. The isolated acid 
had a specific activity of 2.11 x 107 cpm/mg 
and a radiopurity in excess of 99% as judged by 
thin layer radiochromatographic analysis. 

Preparation of Tritium-Labeled 
5-, 6-, 7-, 8-, 11-, 14-, 15- and 16-Hydroxystearic Acids 

The methyl esters of each of the racemic 5-, 
6-, 7-, 8-, 11-, 14-, 15- and 16-hydroxystearic 
acids (from 1.4 to 2.6 mg) were prepared by 
treatment with diazomethane. The methyl es- 
ters were dissolved in methanol (0.2 ml) and 
subjected to chromic acid oxidation as in the 
case of the 10-hydroxystearate. Each of the 
ketostearates were dissolved in methanol (0.5 
ml) and sodium borotritide (0.9 mCi; 0.22 mg) 
in 0.09 N NaOH (0.1 ml) was added. After 
standing at room temperature for 10 hr, 1 N 
NaOH (0.15 ml) was added and the resulting 
mixtures were left at room temperature for 3 
hr. The labeled acids were isolated and purified 
as described above for the tritium-labeled 
10-hydroxystearic acid. The radiopurity of each 
of the 7-, 8-, 11-, 14-, 15- and 16-hydroxy- 
stearic acids was judged to be in excess of 99% 
on the basis of thin layer radiochromatographic 
analysis on a Silica Gel G plate. In the case of 
the  [5 -DL-3H]-5DL-hydroxys tea r ic  acid 
another labeled component,  faster-moving on 
TLC analysis, was noted. This component,  
presumably the lactone, accounted for 33% of 
the recovered radioactivity. A similar observa- 
tion was made with the labeled 6-hydroxy- 
stearic acid, although in this case the faster- 
moving component accounted for 15% of the 
radioactivity. The crude [3H]-5DL-hydroxy- 
stearic acid was applied to a silicic acid column 
(3 g) in a 10% ether in petroleum ether and the 
column was successively eluted with the same 
solvent mixture (200 ml), 30% ether in petro- 
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TABLE I 

Enzymatic Utilization of Racemic lO-Hydroxystearic Acid 
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Extent of conversion of Cumulative ut i l i za t ion  
10DL-hydroxystearate to of lODL-hydroxystearic 

Incubation monounsaturated acids acid a 

1 7.4 7.4 
2 5.7 12.7 
3 7.2 19.0 
4 5.0 23,0 
5 6.2 2"7.8 
6 5.8 32.1 
7 5.5 35.8 
8 4.0 38.3 
9 3.8 40.7 

10 2.6 42.2 
11 1.0 42.8 
12 1.7 43.8 
13 0.8 44.2 
14 0.3 44.5 

aA brief note is included to indicate the method of calculation of this value. After the 
first incubation (7.4% conversion) the recovered, labeled 10-hydroxysterate was reincu- 
bated with the enzyme and 5.7% of the added substrate was converted to monounsaturated 
fat ty  acid Oneubation 2). This represents a cumulative per cent utilization of 12.7% I0.057 
(100-7.4)], 

l eum e the r  (200  ml) ,  and  e the r  ( 300  ml) .  
F rac t ions  5 ml in vo lume  were col lec ted.  The 
labe led  5 -hydroxys tea r i c  acid, e lu ted  in frac- 
t ions  49  t h r o u g h  116, s h o w e d  a single radioac-  
tive c o m p o n e n t  on  t h i n  layer  r a d i o c h r o m a t o -  
graphic  analysis.  The  labeled  6 -hydroxys tea r i c  
acid was also pur i f ied  by silicic acid c o l u m n  
c h r o m a t o g r a p h y  as descr ibed  above  in the  case 
of  the  labeled  5 -hydroxys tea r i c  acid. 

Preparation of [1-14C]-Stearolic Acid 

Bromine  (52 mg) was added  dropwise  wi th  
s t i r r ing to m e t h y l  [ 1-14C] oleate  ( ~ 9 0 / a C i ;  96 
rag) in  pe t ro l eum e the r  (5 ml)  which  was 
m a i n t a i n e d  at 4 C (15).  The p e t r o l e u m  e the r  
so lu t ion  was washed twice  w i th  5 ml po r t i ons  
of a 5% sod ium th iosu l fa te  so lu t ion  and  th ree  
t imes  w i th  5 rnl po r t i ons  of  water .  The  pet role-  
u m  e the r  so lu t ion  of  the  d ib romide  was dr ied 
over  a n h y d r o u s  sod ium sulfa te  and  y ie lded a 
colorless  oil (161 mg) u p o n  evapora t ion  of  the  
solvent .  

D e h y d r o b r o m i n a t i o n  was e f fec ted  by  hea t -  
ing the  d ib romide  u n d e r  ref lux wi th  KOH (86 
mg) in e thy lene  glycol (2 ml)  for  6 h r  (16).  
Af te r  cool ing the  r eac t i on  m i x t u r e  to  r o o m  
t e m p e r a t u r e ,  a di lute  so lu t ion  of  He1 was 
added.  The  resul t ing m i x t u r e  was ex t r ac t ed  
th ree  t imes  wi th  10 ml po r t i ons  of  p e t r o l e u m  
ether .  The  c o m b i n e d  ex t rac t s  were washed  wi th  
wate r  and  dried over  a n h y d r o u s  sod ium sulfate.  
The c rude  p roduc t  was appl ied  to an ac t iva ted  
silicic acid c o l u m n  (21 x 2.3 cm)  and  the  
p r o d u c t  (76 rag) was e lu ted  as a single peak  
wi th  a 10% e the r  in p e t r o l e u m  e ther .  U p o n  th in  

layer  r a d i o c h r o m a t o g r a p h i c  analysis  on  a Silica 
Gel G plate  ( so lvent  sys tem,  p e t r o l e u m  ether-  
e ther-acet ic  acid, 7 0 : 3 0 :  1) the  radioac t ive  pro- 
duc t  s h o w e d  the  same c h r o m a t o g r a p h i c  mobi l i -  
ty as a u t h e n t i c  s tearol ic  acid. The r ad iopu r i t y  
was judged  to be at  least 98.7% on the  basis of  
this analysis.  Gas l iquid  r a d i o c h r o m a t o g r a p h i c  
analysis  of  the me thy l  es ter  on  a 5% d ie thy l ene  
glycol succ ina te  c o l u m n  s h o w e d  a single radio- 
active peak wi th  the  same r e t e n t i o n  t ime  as t ha t  
of  a u t h e n t i c  m e t h y l  s tearola te .  The specific 
act ivi ty  was ~ 1 . 9  x 106 dpm/mg .  

Incubation of [ 10DL-3H] -10DL-Hydroxystearic 
Acid With Enzyme 

[ 10DL-3H] -DL-Hydroxys t ea r i c  acid (6 .09  x 
106 c p m )  was dissolved in 0 .02 N KOH (0.2 
ml)  and  i n c u b a t e d  wi th  the  so luble  e n z y m e  
p r e p a r a t i o n  (8 ml;  75 mg p r o t e i n )  for  3 hr  at  
10C.  Methano l i c  KOH (5 ml;  1.8 N;  90% 
m e t h a n o l )  was added ,  and  the  resu l t ing  m i x t u r e  
was h e a t e d  on  a s t eam b a t h  for 30  min.  Af te r  
cool ing to r o o m  t e m p e r a t u r e ,  the  m i x t u r e  was 
acidif ied to pH 1 and  e x t r a c t e d  th ree  t imes 
wi th  e ther .  The c o m b i n e d  e t h e r  extrac ts  were 
washed wi th  wate r  and  dr ied over a n h y d r o u s  
sod ium sulfate.  The e x t e n t  of  convers ion  of  the  
h y d r o x y  fa t ty  acid to m o n o u n s a t u r a t e d  fa t ty  
acids (oleic acid plus A lO- trans-octadecenoic  
acid) was assayed by  t h i n  layer  r a d i o c h r o m a t o g -  
r aphy  on  Silica Gel G plates  ( so lvent :  pe t ro le-  
u m  e the r -e the r -ace t i c  acid, 7 0 : 3 0 : 1 )  on  a n  
a l iquot  of t h t  e the r  so lu t ion  and  f o u n d  to be  
7.4%. The  h y d r o x y  and  m o n o u n s a t u r a t e d  f a t t y  
acids were separa ted  on  an ac t iva ted  silicic acid 
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FIG. I. Thin layer radiochromatographic analysis 
of products of incubation of [l-14C]-stearolic acid 
with the bacterial enzyme. �9 10-ketostearic acid; e, 
stearolic acid. 

column (3 g), using 10% ether  in pe t ro leum 
ether (200 ml) to elute the monounsa tu ra ted  
acids and 50% ether  in pe t ro leum e ther (200 ml 
to elute the 10-hydroxystear ic  acid. The re- 
covered labeled 10-hydroxystear ic  acid was 
re incubated with the enzyme preparation,  and 
the incubat ion  mixture  was worked up as 
described above. A total  of  14 incubat ions were 
carried out.  The results are listed in Table I. 
After  12 incubat ions of  the racemic substrate 
with the enzyme,  only slight addit ional  conver-  
sion of the hydroxys teara te  to monoun-  
saturated acids was observed. After  a total  of  
14 incubat ions the cumulat ive  percent utiliza- 
tion of  the racemic substrate was approxi-  
mately 45%. Since we have previously shown 
that  the enzyme catalyzes the format ion  of  
oleate (and A10-trans_octadecenoic acid) f rom 
the D-enant iomer  of  10-hydroxystear ic  acid (7) 
and that  the 10-hydroxystearate  formed in the 
enzyme-ca ta lyzed  hydra t ion  of  the double 
bond of  oleate had the D-configurat ion (7), the 
finding of  only ~ 5 0 %  uti l izat ion of  the racemic 
hydroxys teara te  is compat ib le  with a specific 
ut i l izat ion of  the D-enant iomer  of 10-hydroxy-  
stearate. 

Incubation of [9DL-3H]-9DL-Hydroxystearic 
Acid With Enzyme 

[9DL-3H]-9DL-Hydroxys tea r i c  acid (1.9 x 
106 cpm) was dissolved in 0.02 N KOH (0.15 
ml) and incubated  with the soluble enzyme  

preparat ion (5 mt; 47 mg protein)  for 2.3 hr at 
10 C. The incubat ion mixture  was treated as 
described in the case of  the labeled 10-hydroxy- 
stearate. No conversion (<0.1%) of the labeled 
9-hydroxysteara te  to monounsa tu ra ted  fat ty 
acid was observed. 

Incubation of Labeled 5-, 6-, 7-, 8-, 11-, 14-, 15-, and 
16-Hydroxystearic Acids With Enzyme 

Each of  the labeled hydroxyacids  (15-500 
m/.tmoles) was dissolved in 0.02 N KOH 
(0.1-0.2 ml) and incubated  with the soluble 
enzyme preparat ion (5 ml; 47 mg protein;  pH 
8.0) for 2 hr at 10 C. The incubat ion mixtures  
were treated as described in the case of the 
incubat ion  of  the labeled 10-hydroxystearate .  
No conversion (<0.1%) of  the labeled 5-, 6-, 7-, 
8-, 11-, 14-, 15- and 16-hydroxystearates  to 
monounsa tu ra ted  fa t ty  acids was observed. 

Incubations of [ 1-14C] -Stearolic 
Acid With Enzyme 

[1-14C]-Stearol ic  acid (1.5 x l 0  s cpm) was 
dissolved in 0.02 N KOH (0.05 ml) and 
incubated with  the soluble enzyme preparat ion 
(5 ml;  47.5 mg protein;  pH 8.0) for 2 hr at 
10 C. The incubat ion  mixture  was heated on a 
steam bath for 30 min with  10% methanol ic  
KOH. After  acidif icat ion to pH 1 with  2 N HC1, 
the mixture  was extracted three t imes with  
ether  (25 ml port ions) .  The combined ether  
extracts  were washed with  water  and dried over  
anhydrous  sodium sulfate. Thin layer radio- 
chromatographic  analysis on a Silica Gel G 
plate (solvent:  pe t ro leum ether-ether-acet ic  
acid, 60:40:  1) along with  carrier stearolic acid 
and 10-ketostearic acid indicated that  less than  
1% of  the radioact ivi ty had the chromatograph-  
ic mobi l i ty  of  10-ketostearic acid (Fig. 1). Since 
9-ketostearic acid behaves similarly in this 
chromatographic  system, the findings also indi- 
cate little, if any,  format ion  of  labeled 9-keto- 
stearate.  

DISCUSSION 

The findings repor ted  herein const i tute  an 
extension of  our  previous studies relative to the 
substrate specificity of  the enzyme in question.  
A number  of hydroxys tear ic  acids were tested 
as possible, substrates for the enzyme.  Only 
10-hydroxystear ic  acid served as a substrate. In 
this case, these and findings previously repor ted  
(7) are compat ible  with a stereospecific utiliza- 
t ion of only the D (or R) isomer of  10-hy- 
droxystear ic  acid. Stearolic acid does not  serve 
as a significant substrate for the enzyme.  
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ABSTRACT 

Under conditions in which neither 
ribonuclease nor lysozyme formed a film 
by either spreading or adsorption at the 
air-water interface, the surface activity of 
staphylococcal a-toxin and streptolysin S 
in the absence of lipid was greatly en- 
hanced by the presence of 6 M urea in the 
hypophase. The influence of urea on the 
anchoring of the protein was quantitative- 
ly similar to that of a lecithin film. 
Admixture of up to 50 mole % choles- 
terol to egg lecithin preserved the lecithin 
character of the lipid monolayer in the 
penetration of a-toxin, suggesting probab- 
ly binding of cholesterol to phosphatidyl 
choline in the presence of excess lecithin. 
Penetration of a-toxin and streptolysin S 
into the air-water interface was inhibited 
by lipid monolayers containing ganglio- 
sides. The inhibition, however, was re- 
moved when the subphase contained 6 M 
urea. The resulting penetration curve of 
a-toxin was identical with the penetration 
curve of the protein into the lecithin film 
in the absence or in the presence of urea. 
In general, the denaturing agent causes 
the protein to acquire a hydrated confor- 
mation, from which restructuring in the 
low dielectric constant of air or lipid is 
favored and brings about results compar- 
able with those effected by the lipid. 
Pre-incubation of a-toxin with ganglio- 
sides or sulfatides caused a marked de- 
crease in film penetration of the toxin 
into lecithin monolayers. Unlike a-toxin, 
streptolysin S was extremely sluggish in 
penetration of the air-water interface and 
of several lipid monolayers. Protein con- 
centration, a complement of either lipid 
or membrane protein, and specific mole- 

1This work is taken from the dissertation pre- 
sented by A.R. Buckelew, Jr. in partial fulfillment of 
the requirements for the Ph.D. degree in the Depart- 
ment of Microbiology at the University of New 
Hampshire, 1968. The monolayer experiments were 
done at the Albert Einstein College of Medicine. 

2present Address: Department of Pediatrics, Albert 
Einstein College of Medicine, Bronx, New York 
10461. 

3present Address: Department of Biology, Bethany 
College, Bethany, West Virginia 26032. 

cular organizations of membranes must 
be taken into account in all cases; they, in 
particular, may be the basis for the 
enhanced cytolytic activity of streptoly- 
sin S in vivo. 

INTRODUCTION 

The involvement of microbial exotoxins in 
the lysis of host cell membranes prompts 
interest in uncovering the surface properties 
and mechanisms which make these proteins so 
intensely membrane bound. Since the pioneer 
experiments of Doty and Schulman (1) and 
Eley and Hedge (2), lipid monolayers have been 
used to probe the ability of proteins to interact 
with membrane surfaces. 

The approach of film penetration is one in 
which a lipid monolayer is made at a given 
initial pressure (rci), protein is injected under 
the lipid monolayer, and the increase in film 
pressure (Arc) is measured as a function of 
time. Although rate and magnitude of film 
pressure increase are generally interpreted as a 
measure of interaction, the values of Arc do not 
relate either to the quantity of protein present 
in the film nor to any lipid-protein complex, 
hydrophobic or hydrophilic. Recent studies 
have revealed some interesting aspects of the 
general process of film penetration (3-6). For 
example, the quantity of protein incorporated 
in the film at a given value of Arc can be 
measured; it is now possible to identify mech- 
anisms by which proteins reach into the hydro- 
phobic regions of the lipid, anchor at the 
air-water or lipid-water interface, and bind on 
the hydrophylic groups of lipid or protein that 
extend into the aqueous phase. 

By means of this approach information was 
obtained about the interaction of staphylococ- 
cal a-toxin with lipid monolayers (7). Unlike 
ordinary globular proteins as ribonuclease and 
lysozyme, a-toxin readily spread as a film; it 
formed unusually thick films. In the penetra- 
tion of lipid monolayers, the toxin revealed a 
general dependence on the chemical structure 
of the lipid; as observed with other proteins, 
the Arc values were in the order cholesterol > 
egg lecithin > sphingomyelin. Penetration of 
the toxin into lipid films was strongly inhibited 
by gangliosides. The observations at the air- 
water interface were deemed significant in 
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relation to the ability of a-toxin to bind 
gangliosides and adsorb on and coat membrane 
surfaces. 

Since little is known about the mechanisms 
by which proteins form films and since confor- 
mational changes have been invoked in the 
transport of proteins from solution into films 
(3), the attention should be directed towards 
investigating the surface activity of proteins 
under conditions which are known to modify 
protein conformations. The present study deals 
with the influence of urea and lipid medium on 
the penetration of staphylococcal a-toxin into 
the air-water interface. Another cytolytic pro- 
tein, streptolysin S, was studied for compari- 
son. 

EXPERIMENTAL PROCEDURES 

Materials 

Isolation of purified a-toxin, from a human 
strain of staphylococcus aureas has been des- 
cribed (7); the preparations were biochemically 
and immunochemically homogeneous. The 
toxin migrated as a uniform band in gel 
filtration through Sephadex G-75, in acetate 
strip and agarose gel electrophoresis. In immu- 
nodiffusion, a-toxin gave only one precipitin 
line against Lederle's heterologous antistaphylo- 
coccus sera. The stock solution of purified 
toxin was stored in 80% saturated ammonium 
sulfate at 4 C. When needed for study, the 
protein was recovered in a pellet by centrifuga- 
tion for 30 min at 24,000 x g. The preparation 
was dissolved in the cited phosphate buffer at a 
concentration of 5 mg/ml. The toxin's prepara- 
tions were free of lipid. They did not contain 
lipid phosphorus, and no lipid was found by 
thin layer chromatography of the chloroform 
phase when abundant aqueous protein was 
shaken with chloroform-methanol 2 : 1. 

Streptolysin S, 15,000 hemolytic units per 
milligram, was obtained from the late R. 
Rowen and was prepared by a known method 
(8). 

Bovine ribonuclease, 2x crystallized, (Lot 
6RLA), and lysozyme, a salt free preparation 
from egg white (Lot LYF-6JA), were purchased 
from Worthington Biochemical Corporation, 
Freehold, N.J. Protein solutions of 1 to 5 
mg/ml in 0.04 M phosphate buffer containing 
0.1 M NaC1, pH 7, were stored at 2 C for not 
longer than three days. 

Urea, reagent grade, was recrystaUized twice 
from 80% ethanol in the cold (10); salts were 
dissolved in freshly prepared solutions of 6 M 
urea in water. The urea solutions were used 
within 24 hr. Under these conditions, it was 
found (10), urea did not damage the proteins 

by the carbamylation reaction (11). 
Lipids. Egg lecithin and cholesterol, pro- 

ducts of Silvana Chemical Co., Millburn, N.J. 
were homogeneous by thin layer chromato- 
graphy; a preparation of "highly purified mixed 
gangliosides from beef brain gray matter"  was 
obtained from Rapport and consisted primarily 
of disialogangliosides (7). The lipid solutions, 
0.5 mg/ml for monolayer experiments were 
prepared fresh in 85:15 chloroform-methanol 
and stored at 2 C for not longer than three 
days. The organic solvents, reagent grade, were 
redistilled before use. 

Incubation o f  a-Toxin With Lipids. After 
removal of the organic solvent under nitrogen 
at room temperature, the lipid was dispersed in 
buffer containing an equal weight of a-toxin. 
The final concentrations were 5 /ag//al of each, 
lipid and protein. The mixture was left to stand 
with occasional gentle mixing for Vz hr at 23 C; 
an aliquot containing the desired quantity of 
a-toxin was injected under the lipid monolayers 
in the usual way. 

Apparatus and Procedure. Surface pressure 
was determined as 7r = 70 - 3' after measure- 
ment of surface tension of the water phase 
without film (7o) and with the film (7). For the 
purpose, a sandblasted platinum blade of 5.03 
cm perimeter was suspended from a torsion 
balance. Surface potential was measured by a 
radioactive (226R a) air electrode. The tech- 
niques have been described (3,4,13). Purifica- 
tion of the water was also described (7). 

The trough consisted of a crystallizing dish 
partitioned into a large film area (18 cm 2) and 
a small service area. Barrier and inside surface 
of dish were coated with paraffin. Blade and 
radioactive electrode were positioned over the 
large area. The hypophase, 50 ml, was mixed 
gently with a magnetic bar. 

The surface activity of the protein was 
determined as its ability to form a film by 
spreading or adsorption and to penetrate lipid 
monolayers. Protein solution of 1 to 5 mg/ml 
in a Hamilton microsyringe was either applied on 
the surface or injected into the hypophase. 
Details of these techniques and a micro-Lowry 
method for the determination of protein in the 
hypophase have been described (3). 

RESULTS 

Neither ribonuclease nor lysozyme made a 
film by spreading on phosphate buffer either in 
the absence or in the presence of 6 M urea. In 
contrast, rate and extent of pressure increase by 
a-toxin on 6 M urea was markedly greater than 
on phosphate buffer alone (Fig. 1); strikingly, 
the saturation pressure on urea is much higher 
than that in the absence of urea. 
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FIG. 1. Influence of 6 M urea in subphase on 
spreading ability of a-toxin -e-, as opposed to a-toxin 
in the absence of urea -o- and ribonuclease on 6 M 
urea _z~.. Urea solution was first prepared in water, 
then the phosphate and NaCI salts were dissolved. 
Hypophase: 0.04 M phosphate buffer, in 0.1 M NaCI, 
pH 7.0, 25 C, with or without urea. Protein was 
applied on the surface (3). 

U n d e r  cond i t ions  in wh ich  ne i t he r  r ibonu-  
clease, lysozyme,  no r  s t rep to lys in  S f o r m e d  a 
f i lm by  adso rp t i on ,  a - tox in  surfaced rapid ly  
af ter  a lag per iod  of  17 rain (Fig. 2). As in f i lm 
spreading  (7),  in the  abi l i ty  to  surface f rom 
so lu t ion ,  t o x i n  was b e t w e e n  the  a p o p r o t e i n  of  
h igh dens i ty  l i pop ro t e in  and  r ibonuclease .  A 
slight d i f fe rence  in the  surface d e n a t u r a t i o n  of  
the  apo l i pop ro t e in  s tud ied  by  Camejo  et  al. (9)  
and  the  one t h a t  we used could  be  due to  some 
di f ference  in the  ages of  p repara t ions .  Surface  
p roper t i e s  of p ro te ins  can change  apprec iab ly  
f rom p repa ra t i on  to  p repa ra t i on  and  wi th  aging 
of  the  p ro t e in  so lu t ion  (7).  The  inset  of  Figure 
2 shows a s m o o t h ( e x p o n e n t i a l )  r e la t ionsh ip  
b e t w e e n  f i lm pressure (surface ac t iv i ty)  and  
tox in  c o n c e n t r a t i o n  in p h o s p h a t e  buf fe r ;  a 
s a tu ra t ion  pressure of  16 d y n e s / c m  was at-  
t a ined  in 30 rain w i th  a p r o t e i n  c o n c e n t r a t i o n  
of  7.5 p g / m l .  The  same sa tu ra t i on  pressure was 
o b t a i n e d  by  spread ing  (Fig. 1). 

A m a r k e d  in f luence  of  6 M urea  was seen 
also on  the  abi l i ty  of tox in  to adsorb  at  the  
in te r face  (Fig. 3). The  t ox in  had  a lag pe r iod  of  
17 min  in p h o s p h a t e  buf fe r ,  whereas  t he  
pressure rise was i n s t a n t a n e o u s  and  c o n t i n u o u s  
in t he  presence  of  urea.  Still m o r e  r emarkab le  
was the  ef fec t  of  urea  on s t r ep to lys in  S, w h i c h  
did no t  make  a f i lm f rom p h o s p h a t e  buf fe r  b u t  

 ,0F 
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FIG. 2. Formation of film by adsorption of protein 
from subsolution. -~- ribonuclease; .i., streptolysin S; 
-o-, a-toxin; -*-, rat HDL-protein. Hypophase: 0.04 M 
phosphate buffer in 0.1 M NaCI, pH 7.0, 25 C Protein, 
2 pg/ml, was injected in the hypophase (3). Inset: 
Effect of concentration of a-toxin on its film forma- 
tion (zr). 

did so, readi ly,  f rom 6 M urea,  t h o u g h  not  as 
rap id ly  as a - t ox in  did.  

The  t ox in  showed  p e n e t r a t i o n  of  the  un- 
covered  air -water  in te r face  af te r  a lag per iod o f  
17 mix ;  in con t ras t  i t  p e n e t r a t e d  mono laye r s  of 
egg lec i th in  readi ly  (Fig. 4). In the  presence of  
6 M urea, ra te  and  e x t e n t  of p e n e t r a t i o n  of 
a - t o x i n  in to  egg lec i th in  films were slightly 
grea ter  t h a n  in t he  absence  of  urea.  When 
galactose,  glucose or  sucrose 0.1 M was p resen t  
in the  nypophase, the  p e n e t r a t i o n  curve of  tox in  
i n to  egg lec i th in  was iden t ica l  wi th  t ha t  in the  
absence  of the  sugars. 

Rate  and  e x t e n t  of  p e n e t r a t i o n  of  tox in  in to  
ganglioside films were r e m a r k a b l y  smaller  t h a n  
those  wi th  p h o s p h a t i d y l  chol ine  (Fig. 5). In t ro -  
d u c t i o n  of urea in the  subphase ,  however ,  
caused the  values of  A n  to  r each  those  o b t a i n e d  
w i th  lec i th in  (PC) and  near ly  the  same values 
o b t a i n e d  w i th  the  adso rp t ion  of  tox in  in the  
absence  of  lipid bu t  in the  presence  of  6 M 
urea ;  film p e n e t r a t i o n  (An)  in b o t h  cases 
( name ly  wi th  or w i t h o u t  l ipid)  shows a m a r k e d  
and  similar d e p e n d e n c e  on  the  c o n c e n t r a t i o n  of  
u rea  (Fig. 5 inset) .  

S t rep to lys in  S, wh ich  did no t  bu i ld  a film 
pressure in the  absence  of  lipid, pene t r a t ed  
lec i th in  films at a m u c h  smaller  ra te  t h a n  
a - t o x i n  did;  and  failure of S t rep to lys in  S to  
p e n e t r a t e  ganglioside was consp icuous  (Fig. 6). 
However ,  h igh c o n c e n t r a t i o n  of  u rea  caused a 
great ly  e n h a n c e d  pressure increase  also wi th  
s t rep to lys in .  

When a - tox in  was i n c u b a t e d  w i th  equal  
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FIG. 3. Influence of urea on the ability of a-toxin 
to form a film by adsorption of protein from 
hypophase. -o-, a-toxin in the absence of urea;-e-,  
a-toxin with 6 M urea in hypophase; -o-, streptolysin 
S; -m-, streptolysin S with 6 M urea in hypophase. 
Hypophase: 0.04 M phosphate buffer in 0. l M NaC1, 
pH 7.0, 25 C, with or without urea. Protein, 2 #g/ml, 
was injected in the hypophase. 

weights  o f  gangl ios ide  or su l fa t ide  prior  to  
in jec t ion  u n d e r  lec i th in  m o n o l a y e r s ,  pene t ra -  
t ion  was depressed  m a r k e d l y  (Fig. 7). No 
change,  however ,  was observed  in t he  pene t ra -  
t ion  curve of lec i th in  w h e n  a - t ox in  was pre incu-  
ba ted  wi th  lec i th in  or s p h i n g o m y e l i n .  

As wi th  all the  p ro te ins  inves t iga ted ,  pene-  
t r a t ion  of  a - t o x i n  was largest  w i th  choles te ro l  
f i lms. However ,  m ix ed  f i lms con t a in ing  60 mole  
% or more  p h o s p h a t i d y l  chol ine  in  choles te ro l  
exh ib i t ed  the  same p e n e t r a t i o n  curve o f  lec i th in  
(Fig. 8). 
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FIG. 4. Influence of lipid film and urea on the 
adsorption of a-toxin from hypophase. --o--, a-toxin in 
the absence of urea; -o-, penetration of a-toxin in the 
absence of urea into a monolayer of phosphatidyl 
choline (egg lecithin); .o-, penetration of a-toxin from 
hypophase containing 6 M urea into lecithin menu- 
layer. Initial pressure of lipid film, 2 dynes/cm. 
Hypophase: 0.04 M phosphate buffer in 0.01 M NaC1, 
pH 7.0, 25 C, with or without urea. Protein, 2 pg/ml, 
was injected in the hypophase. 
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FIG. 5. Penetration of a-toxin into monolayers of  
gangliosides (G). _A_ ganglioside on phosphate buffer; 
.A., ganglioside on phosphate buffer containing 6 M 
urea; by comparison, --o--, egg lecithin (PC) on 
phosphate buffer. Inset: Effect of concentration of 
urea (M) in hypophase on the penetration of a-toxin 
into ganglioside monolayers. -e-, at 10 rain;-o-, at 20 
min. Lipid film at lri = 2 dynes/cm. Hypophase: 0.04 
M phosphate buffer in 0.l M NaC1, pH 7.0, 25 C, with 
or without urea. Protein, 2 #g/ml, was injected in the 
hypophase. 

D I S C U S S I O N  

Studies  of  surface  act iv i ty  o f  p ro t e in s  are 
a imed  at e luc ida t ing  the  m e c h a n i s m s  a nd  condi-  
t ions  by  w h ic h  p ro te ins  in te rac t  w i t h  m e m -  
brane  surfaces ,  lipid or pro te in .  A detai led 
analys is  of l ip id-prote in  i n t e r a c t i ons  in m o n o -  
layers  can develop f r o m  a c o n s i d e r a t i o n  o f  
s i m u l t a n e o u s  m e a s u r e m e n t s  of  su r face  t e n s ion ,  
surface  po t en t i a l  and  surface  v i scos i ty  (6). 
However ,  the  s tate  of  the  e x p e r i m e n t a t i o n  and  
i n t e r p r e t a t i o n  o f  the  electr ical  and  rheologica l  
p roper t i e s  of  l ipid,  p ro te in  and  l ip id-pro te in  
s y s t e m s  at the  a i r -water  in te r face  does  n o t  
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FIG. 6. Adsorption of streptolysin S at the air- 
water interface. -a-, In the absence of a lipid film;-~-, 
ganglioside (G) films;-o-, egg lecithin (PC)films;-o-,  
by comparison, adsorption of a-toxin into lecithin 
film. Initial pressure of lipid film, 2 dynes/em. 
Hypophase: 0.04 M phosphate buffer in 0.1 M NaCI, 
pH 7.0, 25 C. Protein, 2 ~tg/ml, was injected in the 
hypophase. 

LIPIDS, VOL. 6, NO. 8 



550 GIUSEPPE COLACICCO AND ALBERT R. BUCKELEW 

20 

z l O  

0 I ~ I I 
0 10 20 30 40 

MINUTES 

FIG. 7. Influence of incubation of a-toxin with 
ganglioside on the penetration (&n) of lecithin mono- 
layers. -e-, After incubation;-o-, without incubation 
(see Methods). Initial film pressure 2 dynes/cm. 
Hypophase: 0.04 M phosphate buffer in 0.1 M NaCI, 
pH 7.0, 25 C. Protein, 2 /ag/ml, was injected alone or 
with ganglioside (incubation mixture) in the hypo- 
phase. 

war ran t  a sa t i s fac tory  descr ip t ion  of  any  such 
sys tem at present .  Most  of the  discuss ion will 
t he re fo re  center  on the  surface t en s i on  data.  

A l t h o u g h  the  values of ATr fo l lowing  injec- 
t i on  of  p ro te in  at the  a i r -water  i n t e r f ace  relate  
r igorously  to the  surface valence of  the  p ro te in  
and  thus  to the  n u m b e r  of  i ts  polar  g roups  t ha t  
a n c h o r  at the  in ter face ,  the  on ly  way to tell 
a b o u t  mechan i sms  of p ro te in  p e n e t r a t i o n  and  
l ip id-prote in  i n t e r ac t i o n  is f r om a conce r t ed  
analysis of the  k ine t ic  (An- t ime)  curves  and the  
quan t i t i e s  of  p ro t e in  effect ively p re sen t  in the  
film. The  s tudy,  however ,  is no t  comple t e  
unless  one p robes  the  lipid and  p r o t e i n  surfaces 
w i th  ions,  lypo ly t i c  and  p ro t eo ly t i c  enzymes ,  to  
de t e rmine  the  relat ive pos i t i on  of  ion ized  
groups,  l ipid and  p ro t e in  in the  m e m b r a n e  
t o p o g r a p h y  (4). A l though ,  u n f o r t u n a t e l y  none  
of  all t ha t  was done  w i th  a - tox in ,  t he  surface 
t ens ion  data provide  po ignan t  messages con- 
cerning the  t r anspo r t  of  p ro t e in  f r o m  bulk  to 
film. This i n f o r m a t i o n  t hen  b e c o m e s  the  basis 
for  the  fu r the r  exp lo ra t i on  tha t  will  be  per- 
fo rmed  when  the  physical  mean ing  of  b o t h  
surface po ten t i a l  and  surface v iscos i ty  will be 
b e t t e r  unde r s tood .  

As we s ta ted  elsewhere (7),  we chose  no t  to  
use no r  to in t e rp re t  " e q u i l i b r i u m "  or  s a tu ra t i on  
data .  The  complex i ty  of  the  mechan i s t i c  and  
t h e r m o d y n a m i c  processes a t t e n d i n g  the  t rans-  
por t  of p ro t e in  f rom wate r  to  f i lm (3) is 
b e y o n d  h u m a n  c o m p r e h e n s i o n  at p resen t .  The 
wisdom of the  a p p r o a c h  is in t he  se lec t ion  of  
s imple pa ramete r s  t ha t  pe rmi t  a mean ingfu l  
compar i son  of the  available sys tems;  ra tes  and 
e x t e n t  of 7r increase in the  ear ly phase  of  the  
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FIG. 8. Effect of lecithin on the penetration (ATr) 
of cholesterol monolayers by a-toxin..A_, Cholesterol; 
-u-, cholesterol-lecithin 40:60 molar ratio; -e-, choles- 
terol-lecithin 50:50; -o-, lecithin film. Initial film 
pressure 2 dynes/cm. Hypophase: 0.04 M phosphate 
buffer in 0.1 M NaC1, pH 7.0, 25 C. Protein, 2/~g/ml, 
was injected in the hypophase. 

in t e rac t ion ,  a few seconds  or minutes ,  are more  
re levant  to  b io logy t han  the dogma  of  an 
equ i l ib r ium s ta te  wh ich  may  no t  even exist  and  
a b o u t  which  we u n d e r s t a n d  l i teral ly no th ing .  
We k n o w  tha t  one  can have cons iderab ly  
d i f fe ren t  quan t i t i e s  of  p ro te in  in the  f i lm for  
the  same value o f  7r or ATr (3),  and  the  
quan t i t i e s  of p ro t e in  calculated by  use of  
equ i l ib r ium t h e r m o d y n a m i c s  (9) can di f fer  by  
one or two orders  of  magn i tude  f r o m  the  
quan t i t i e s  of  p ro t e in s  ac tual ly  f o u n d  in the  fi lm 
(4). Rather ,  we may  ascer ta in  first t he  molecu-  
lar mean ing  of  surface tens ion ,  surface po ten-  
tial, surface viscosity,  s t ruc tu re  and composi -  
t ion  of the m e m b r a n e  c o m p o n e n t s .  Therefore ,  
un t i l  tha t  is done ,  any  a t t e m p t  to  use or  
calcula te  t h e r m o d y n a m i c  or k ine t ic  pa rame te r s  
past  the  simple ra te  express ion  dTr/dt is b o u n d  
to be  a vain in te l l ec tua l  exercise f r augh t  wi th  
p r e s u m p t i o n ,  confus ion  and  f rus t r a t ion  (4). 

Influence of Lipid Surfaces 

In the  p h i l o s o p h y  of the  a r ch i t ec tu re  of  
m e m b r a n e  surfaces,  p h o s p h a t i d y l  cho l ine  is the  
l ipid which  supposed ly  does not  b ind  subphase  
p ro t e in ,  can be compressed  suf f ic ien t ly  f rom 
low film pressures and ,  in the  process,  can 
provide  new areas for  appreciable  quan t i t i e s  of  
p r o t e i n  to be i n c o r p o r a t e d  in the  m e m b r a n e  
(3 ,4 ,6) .  By this  mechan i sm,  refer red  to  as free 
p e n e t r a t i o n ,  the  p ro t e in  anchors  at  the  inter-  
face i n d e p e n d e n t l y  of  the  lipid, a l t h o u g h  the  
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latter's presence influences the results markedly; 
lecithin provides a medium of low dielectric 
constant which favors structuring of the protein 
in the film. As several other proteins do, 
a-toxin enjoys this mechanism with particular 
alacrity. The most remarkable phenomenon is 
shown in Figure 4. At a concentration of 2 
pg/ml in the subphase, toxin does not  build a 
film for 17 rain, but it does instantaneously 
when the surface is covered with lecithin at an 
initial film pressure of 2 dynes/cm. In the 
absence of lipid surfaces, many proteins, inclu- 
ding the apoprotein of human high density 
lipoprotein (3), show a considerable lag period 
in the adsorption from the subphase. 

Such lag period vanishes either when the 
surface is covered with a lipid or protein film of 
at least 2 dynes/cm pressure, or when the 
protein concentration in the subphase is suffi- 
ciently high, i.e., 10 pg/ml. This requirement 
varies from protein to protein. The nature of 
the interactions leading to the formation of the 
protein film can be only speculated at present 
(3). 

Although in making a film by spreading (Fig. 
1), a-toxin is slightly less surface active than 
mitochondrial structural protein and markedly 
less surface active than the apoprotein of high 
density serum lipoproteins, a-toxin is as active 
as the latter and much more active than the 
mitochondrial structural protein in forming a 
film by adsorption from dilute solutions. In 
contrast, streptolysin S, which also interacts 
with various types of biological membranes 
(14), displayed much less surface activity than 
a-toxin did. This may mean that the require- 
ments of streptolysin S could be higher protein 
concentrations in the subphase [as it is the case 
with mitochondrial structural protein (3)], 
and/or a specific membrane surface that stimu- 
lates surface activity in the cytolytic protein. 
Such a situation could be related to a mech- 
anism of binding-mediated penetration (4), 
operated by relatively large contents of choles- 
terol, glycolipids, phosphatidyl serine and phos- 
phatidyl ethanolamine in the membrane. The 
hydrophilic groups of these lipids are assumed 
to stimulate the protein's surface activity and 
pull proteins into lipid membranes with special 
intensity (3,4,6). 

Inasmuch as activation of surface activity of 
the protein may be provided by the lipid, it can 
be appreciated that globular proteins, ribonu- 
clease and lysozyme, which do not form a film 
by spreading on water or dilute salt solutions, 
not even on 6 M urea, are adsorbed when 
spread on a lipid-covered surface such as a low 
pressure film of phosphatidyl choline (lecithin). 
This means that the lipid provides a surface 

against which these proteins expand, and a 
medium of low dielectric constant in which the 
uncoiled protein then anchors and restructures 
(6). 

Influence of Urea 

Instructive in that respect are the kinetic 
curves for the adsorption of toxin in Figures 4 
and 5. In experiments on the adsorption from 
the subphase, a-toxin showed a lag period of 17 
min, after which the rise in film pressure was 
nearly linear over the remaining time; the 
observation lasted 40 rain. Under the same 
conditions, streptolysin S did not build any 
pressure for 60 rain (Fig. 2, 3). However, both 
streptolysin S and a-toxin showed a remarkable 
film formation ability when urea 6 M was 
present in the subphase (Fig. 3). Interestingly, 
the curve of penetration of a-toxin into a 
lecithin monolayer (Fig. 4) is very similar to the 
curve of film formation by toxin in 6 M urea 
(Fig. 3). Rate and extent of penetration of 
toxin in lecithin films were increased but only 
slightly by urea (Fig. 4). This may indicate that, 
although the mechanisms may be different, the 
lipid surface activates the protein as much as a 
large urea concentration does. It should be also 
noted that in the absence of both urea and 
lipid, once the pressure begins to build at 17 
rain, the rate of pressure increase with toxin 
alone resembles the rate of penetration of toxin 
into the lecithin monolayers (Fig. 4). Although 
stimulation of the surface activity of toxin by 
urea and by the lipid surface could be quite 
different processes, the similarities of the ef- 
fects cannot be overlooked. The results show 
that once a film of moderate pressure of either 
lipid or protein is formed, it assists the further 
incorporation of protein. 

Structural Requirements of 
Membrane Bound Proteins 

The increase in surface activity exhibited by 
a-toxin in the presence of increasing concentra- 
tions of urea implies that unfolded protein 
chains are more surface active than native 
globular structures. However, from a qualitative 
standpoint, it is also clear that since most of 
the effect is obtained with 2 M urea (Fig. 5, 
inset) and since much greater concentrations of 
urea are needed for full denaturation (15), 
complete unfolding of the protein may not be 
necessary for manifestation of surface activity. 
An expanded protein structure, say with 2 M 
urea, may be sufficient activation for the 
protein to anchor and restructure at the inter- 
face. 

Since formation of thick films by the toxin 
could express a mechanism of aggregation of 
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the toxin near the interface, the greater surface 
activity observed in the presence of urea could 
bear some similarity to a process of disaggrega- 
tion of a-toxin complexes (16). Smaller par- 
ticles and linear structures could account for an 
easier access of protein moieties to the inter- 
face. 

The absence of disulfide bridges in a-toxin 
(5,17) could be an important structural feature 
to account for its surface activity and its 
sensitivity to urea. Since disulfide bridges are 
not found in membrane proteins and in lipopro- 
teins as well (7,18), the surface activity of 
HDL-protein was attributed in part to the 
flexibility of the polypeptide chain caused by 
the absence of disulfide bridges in that mole- 
cule (9). This is not to say, however, that 
proteins containing disulfide bridges are not 
sensitive to urea, in fact, serum albumin and 
7-globulin were very sensitive (albumin>globu- 
lin, unpublished results). The influence of  urea 
on the adsorption of ribonuclease and lysozyme 
is not marked, probably because the globular 
structures of these proteins are not very sensi- 
tive to urea (19). Yet these two proteins 
penetrate lipid monolayers as readily as a-toxin. 
Similarities are as striking as differences. How- 
ever, although mechanisms and kinetics by 
which urea and lipid elicit surface activity of 
the protein could be different, the extent of the 
Art effect is the same. 

Relation of 7T or ATT 
Values to Structure of Film Protein 

Remarkably, when a-toxin was spread on 6 
M urea the saturation pressure was far above 20 
dynes/cm as opposed to 16 dynes/cm in the 
absence of urea. Although protein films contain 
large quantities of water as compared to films 
of saturated lipids at a pressure of 40 to 50 
dynes/cm, the hydrophobic moieties of the 
anchoring structures of protein must extend 15 
to 25 A well above the 7r-interface to obtain the 
stabilities observed with protein films at pres- 
sure of 15 to 25 dynes/cm. The film structures 
therefore cannot be those of an extended 
polypeptide chain, 5 to 7 A in thickness; they 
are more likely clusters of parallel vertical or 
horizontal coils (6). In films, as a-toxin's 
containing large quantities of protein, the 
hydrophobic rr-moieties cannot be as sheets of 
/3-keratin structures. These would be very vis- 
cous and have very low, if any, measurable 
surface pressure, and very low surface poten- 
tials (20), up to 100 mv at the most. The 
protein films in question have high surface 
potentials 200 to 300 my and are not so 
viscous. 

The foregoing observations argue in favor of 

recent evidences whereby film proteins have 
globular a-helix or random coil and not the 
/3-structures of extended denatured polypeptide 
chains (21,22). The fact that denaturation of 
protein by urea favors transport of protein into 
the film is explained by a mechanism in which 
hydrated, expanded or extended, protein struc- 
tures are precursors of hydrophobic and bi- 
modal protein. Folding of such hydrophilic 
structures into hydrophobic compact structures 
proceeds with release of water and free energy 
(3,6,19). Such processes are greatly favored by 
the low dielectric constant of the air, lipid or 
protein structures already anchored at the 
interface. Membrane proteins differ from or- 
dinary nonstructural proteins in that the former 
possess a bimodal or amphipatkic behavior in 
virtue of a structural asymmetry that makes the 
membrane proteins or the membrane bound 
peptides (23) as surface active as the lipid. 

In the light of all these considerations, a 
prediction is in order. Namely, when urea is 
effective in raising 7r or An values, the hydro- 
phobic part of the bimodal film protein (lr 
forms) above the n interface will have more 
c~-helix than the aqueous globular protein. In 
contrast, the hydrophilic omega protein forms, 
responsible for surface viscosity below the 7r 
i n t e r f a c e  (6) ,  will contain keratin-like 
/3-structures, Surface potential, surface viscosity 
and infrared spectroscopy studies now in 
progress are a test of that prediction (3,4,6). 

Interaction of o.-Toxin 
With Ganglioside Monolayers 

A truly remarkable feature of a-toxin and 
streptolysin S was their failure to penetrate 
ganglioside films (Fig. 5 and 6). Inhibition of 
penetration of lecithin films was proportional 
to the ganglioside content and was already 
appreciable with 10 mole % of the glyco- 
sphingolipid. This behavior of a-toxin has some 
biological significance, since preincubation of 
toxin with gangliosides reduces the lethal ef- 
fects of toxin (24). In vitro, preincubation of 
a-toxin with gangliosides depressed consider- 
ably the penetration of toxin into lecithin 
monolayers (Fig. 7). Sulfatide behaved similarly. 
Preincubation of the toxin with lecithin or 
sphingomyelin had no effect. 

Binding of the cationic a-toxin with the 
hydrophilic groups of the acidic glycosphingo- 
lipids below the 7r-interface of the lipid film and 
inhibition of A~r mechanisms (3,4) can explain 
the results. These aspects of the surface be- 
havior of a-toxin and gangliosides bear a rela- 
tion to the binding of tetanus toxin to brain 
membranes and to the role of gangliosides in 
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preventing the  b inding  and the suppress ion  of  
electrical act ivi ty of  brain by the tox in  (25,26).  

The presence of  6 M urea in the subphase  
abolished the inh ib i t ion  of  tox in  pene t r a t i on  by 
gangliosides (Fig. 5). Al though one  canno t  
exclude that  urea can act also on the  ganglio- 
side, it is clear tha t  a tox in  un fo lded  by urea 
implants  interracial  s t ructures  much  more 
rapidly than it can be b o u n d  on the  ganglio- 
sides, irrespective of  whe the r  this b inding takes 
place or no t  in the  presence of  urea. It should  
be no ted  that  rate and ex ten t  of  film penetra-  
t ion (ATr) of  tox in  f rom 6 M urea in to  a 
gangfioside fi lm were the  same as in the  absence 
of  lipid and as the  pene t ra t ion  of  lecithin films 
in the absence of urea. The inf luence  of  the 
concen t ra t ion  of  urea on the  pene t ra t ion  of  
a- toxin  into the  air-water in terface  (Fig. 5, 
inset)  was the same whe the r  the surface was 
covered wi th  ganglioside (at 2 dynes / cm pres- 
sure) or had no  lipid. 

Interaction of ~'roxin 
with Lecithin-Cholesterol Films 

Monolayers  of phospha t idy l  chol ine (egg 
leci thin)  conta in ing  up to 40 mole % choles- 
terol  preserved a leci thin character  wi th  regard 
to pene t ra t ion  by a - tox in  (Fig. 8). This observa- 
t ion parallels previous findings with a choles- 
t e r o i - i e c i t h i n - g i o b u i i n  sys tem (27). The 
meaning is tha t  a mechanism of  free penetra-  
t ion,  which opera tes  when  excess leci thin is in 
the film, is replaced by  or coupled  wi th  a 
mechanism of  b ind ing-media ted  pene t ra t ion ,  
typical  of cholesterol ,  as soon as free choles- 
terol becomes  available to the pro te in ;  subse- 
quent ly ,  pene t ra t ion  (An) increases linearly 
wi th  the choles terol  concen t ra t ion .  The hpid 
compos i t ion  at which  the t rans i t ion occurs is 
affected by concen t r a t i on  of  p ro te in  and rate 
of  mixing of the  subphase (6). 
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Comparative Citrus Fatty Acid Profiles of Triglycerides, 
Monogalactosyl Diglycerides, Steryl Esters and 
Esterified Steryl Glucosides 
H A R O L D  E. N O R D B Y  and STEVEN N A G Y ,  
U.S. Fruit and Vegetable Products Laboratory,l 
P.O. Box 1909, Winter Haven, Florida 33880 

A BST R AC T 

Vesicular lipids from six orange and 
two tangor varieties were extracted, puri- 
fied and separated by chromatography 
into triglycerides, monogalactosyl digly- 
cerides, steryl esters and esterified steryl 
glucosides. Methyl esters of the fatty 
acids found in these four lipids were 
prepared and analyzed by gas liquid 
chromatography. Each of the eight citrus 
varieties gave a series of four profiles 
which could be distinguished from the 
others. The Temple tangor has four pro- 
files all showing a large percentage of 
linolenic acid. In all varieties steryl esters 
and to a lesser extent esterified steryl 
glucosides contain relatively large concen- 
trations of 22:0 to 26:0 saturated acids. 
T h e  profiles differ markedly frona the 
patterns found for these four lipids in 
other higher plants studied. 

I N T R O D U C T I O N  

The most important commercial fruit pro- 
duced by the United States belong to the genus 
Ci t rus .  Considerable investigations have been 
conducted on the botanical and horticultural 
science of Ci t rus  (1); however there exists 
limited information on citrus chemotaxonomy. 
The most comprehensive chemotaxonomic 
studies have been conducted by Scora et al. (2) 
on essential oils, Albach and Redman (3)on 
flavanones, and Nordby and Nagy (4,5) on 
f a t t y  acid profiles of citrus juice and seeds. 

Fatty acid profiles of plant tissue have 
generally been determined on the total extract- 
able lipid. This method, while informative, 
cannot always differentiate minor differences in 
fatty acid patterns of closely related species (5). 
Differences in patterns of specific constituents 
of various classes of lipid from citrus fruit 
vesicles may correlate with taxonomic classifi- 
cation. To test this premise and further our 
knowledge of citrus chemotaxonomy, fatty 
acid profiles were determined for four lipid 

1So. Market. Nutr. Res. Div., ARS, USDA. 

classes: triglyceride, monogalactosyl diglyceride 
(MGDG), steryl ester and esterified steryl gluco- 
side (ESG). These four lipid classes were 
studied in six orange varieties (1) of Ci t rus  
s inens i s  Osbeck, namely Walker Early, Parson 
Brown, Hamlin, Washington Navel, Pineapple 
and Valencia, and two tangors, viz. Temple (C. 
s inens i s  x C. r e t i c u l a t a )  and Temple x Kinnow 
[(C. s inens is  x C. r e t i cu la ta )  x C. r e t i cu la ta]  . 

M A T E R I A L S  A N D  METHODS 

Isolation of Vesicular Lipids 

Valencia, Hamlin, Parson Brown and Walker 
Early oranges were obtained from local groves. 
Pineapple and Washington Navel oranges and 
the Temple x Kinnow tangor were obtained 
from Whitmore Experimental Farm, (Crops 
Research Division, USDA, Orlando, Fla). The 
Temple tangor was obtained from a local 
market. All samples were collected at the time 
of their respective peak maturities. Fruits of the 
eight varieties were cut in half and the intact 
juice sacs (vesicles) were carefully separated. 
from core, peel, seeds and carpellary membrane 
with the aid of a citrus spoon. The samples 
were freeze-dried to a powder possessing a 
moisture content no greater than 4% and stored 
at 5 C until lipid extractions were carried out. 
Lipids were extracted and purified from 15 g of 
juice sac powder by the method previously 
described for orange juice powders (6). Each 
variety sample was run in triplicate. 

Standards 

Fatty acid methyl esters were obtained from 
the HormeI Institute, Austin, Minn. A polar 
lipid standard containing monogatactosyl digly- 
ceride, lecithin and cerebroside was obtained 
from Applied Science Laboratories, State Col- 
lege, Pa. 

Column Chromatography 

The total purified lipid (ca. 150 to 200 mg) 
was dissolved in absolute CHC13 (no ethanol 
stabilizer) and percolated onto an 0.9 x 30 cm 
column containing 9 g Merck Ag, 70 to 325 
mesh silica gel (Brinkmann Instruments, West- 
bury, N.Y.). Neutral lipids were eluted with 
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150 ml absolute CHC13, glycolipids with 200 
ml CHCI3-MeOH (95:5) and the remaining 
polar lipids with 200 ml MeOH. The MeOH 
fraction was not subjected to any further 
examination in this study. Column aliquots (25 
ml) were monitored by thin layer chromato- 
graphy (TLC) to insure elution completeness 
for each group of lipids. 

TLC and Detection Reagents 

Preparatory separation of the neutral lipid 
and glycolipid fractions was accomplished on 
precoated Silica Gel G plates (20 x 20 cm, 250 
/l, Analtech, Inc., Wilmington, Del.). These 
nonactivated plates were developed at room 
temperature in chambers lined with filter paper. 
The following solvent systems were used: hex- 
ane-ethyl ether (90:10) containing 0.1% di- 
tert-butyl-cresol (BHT) for separation of trigly- 
cerides and steryl esters from other neutral 
lipids and CHC13-MeOH (85:15) for separation 
of esterified steryl glucosides and monogalac- 
tosyl diglycerides from other components in 
the glycolipid fraction, namely steryl glucoside, 
cerebroside and resin acids. Two-dimensional 
TLC on Silica Gel H in solvent systems pre- 
viously reported (6) was used to confirm the 
absence of overlap of lipids in the glycolipid 
fraction. Other solvent systems employed were: 
benzene-hexane (140:80) for purification of 
methyl esters from triglyceride and ESG hy- 
drolysis; CHC13 for separation of products from 
steryl ester hydrolysis (free sterols and free 
fatty acids); and 2-propanol-ethyl acetate-water 
(3:2:1) for qualitative analyses of products 
derived from transmethylation of ESG and 
MGDG. For nonselective detection, spots were 
made visible on both G and H plates by staining 
with iodine vapor, phosphomolybdic acid (I 0% 
in absolute ethanol), or charring (7). For 
detection of glycolipids and methyl glycosides, 
anisaldehyde-H 2SO 4 and ct-naphthol-H2SO4 
(8) were employed; and for sterol-containing 
lipids, spraying with 50% sulfuric acid followed 
by heating at 140C for 10 rain produced 
distinct colors. Lipids separated by one-dimen- 
sional preparative TLC were detected by spray- 
ing with Rhodamine 6G and viewed under UV 
light. 

Preparation of Fatty Acid Methyl Esters 

Triglycerides, separated by preparative TLC 
and visualized with Rhodamine 6G, were 
scraped from the plate as a band and eluted 
with ethyl ether. Methyl esters were prepared 
by the transesterification BFa-MeOH method 
previously described (4). The esters were fur- 
ther purified by TLC. The MGDG band was 
scraped from the plate and transesterified 

directly with BFa-MeOH. No prior removal of 
MGDG from the silica gel by elution was 
conducted. Steryl esters were eluted from silica 
gel with ethyl ether, concentrated to dryness 
under nitrogen and hydrolyzed with 3 ml 6% 
KOH in 95% ethanol in 10 ml sealed acetyla- 
lion tubes (Regis Chemical Co., Chicago) for 1 
hr. After neutralization the products were 
extracted into cyclohexane and chromato- 
graphed on TLC plates. The free fatty acid 
band was scraped from the plate and methyl- 
ated directly with BF3-MeOH. Esterified steryl 
glncosides were eluted from silica gel with 
CHCIa-MeOH (l :1), concentrated to dryness 
and transmethylated (9) by reacting the sample 
in sealed 10 ml acetylation tubes with 4 ml 0.5 
N anhydrous HC1 in MeOH containing 0.1% 
BHT for 22 hr at 75 C. Upon removal of 
solvent and catalyst (in vacuo, under nitrogen 
at 30 C) the products were chromatographed 
on TLC plates and recovered. For comparative 
purposes the ESG band of two samples was 
scraped from the TLC plates, transesterified 
directly in the presence of silica gel with 
BF3-MeOH and the methyl esters purified by 
TLC. Representative methyl ester samples were 
hydrogenated (5) for confirmatory studies on 
equivalent chain lengths of the various acids. 

Degradation Studies 

Representative samples of ESG and MGDG 
were subjected to transmethylation under the 
above described conditions for methyl ester 
preparation. The products were separated by 
TLC and recovered. In like manner the pro- 
ducts from hydrolysis of these two samples 
with 6% KOH in 95% ethanol were recovered 
and separated. A portion of the products was 
analyzed by TLC. The methyl glycosides were 
converted to their trimethylsilyl derivatives, 
extracted into hexane and dried according to 
the procedure of Mangold (10). 

Gas Liquid Chromatography 

Trimethylsilylated derivatives of the methyl 
glycosides were chromatographed isothermally 
on two separate 6 ft x 1/8 in. stainless steel 
columns. The first column packed with 10% 
UCW 98 on 100-120 mesh Chromosorb W was 
operated at 190 C with injection and detector 
temperatures of 235 C and a helimn flow of 92 
ml/inin. The second column packed with 5% 
OV-1 on 100-120 mesh Gas Chrom Q (Applied 
Science) was operated at 160 (7, with injector 
and detector at 235 C and helium flow of 60 
ml/min. All retention times were related to the 
retention time of the TMS derivative of a- 
methyl glucose (11). Fatty acid methyl esters 
were analyzed oll an 8 f t x  1/4 in. glass colulnn 
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containing 10% stabilized DEGS (Analabs, Inc., 
Handem, Conn.) coated on DMCS-treated 
Chromosorb W (100/120 mesh) utilizing on- 
column injection. Injection port and detector 
were at 230 C and the helium flow was set at 
80 ml/min. The analyses were conducted iso- 
thermally at 190C until the 20:1 ester had 
emerged. The temperature was then raised to 
230C at 60 C/min until the 22:0 to 26:0 
methyl esters had emerged. Peak areas were 
measured with the aid of a disc integrator. Each 
ester sample was run in triplicate. Percentage 
compositions were calculated for those acids 
which were greater than 0.1% for two or more 
citrus varieties. For confirmational studies of 
equivalent chain lengths, samples of both natu- 
ral and hydrogenated citrus esters were chroma- 
tographed along with standard esters on a 
DEGS column under programmed conditions of 
2 C/min from 150 to 230 C and held at 230 C 
(4). All columns were run in an F & M Model 
5750 gas chromatograph equipped with flame 
ionization detectors. 

RESULTS AND DISCUSSION 

The lipid extracts of juice sacs from oranges 
and tangors contain four major glycolipids: 
esterified steryl glucoside, steryl glucoside, 
monogalactosyl diglyceride and cerebroside, 
and two minor glycolipids: digalactosyl digly- 
ceride and a sulfolipid. The four major glyco- 
lipids are exclusively eluted from a silica gel 
column with CHC13-MeOH (95:5) while the 
two minor glycolipids are found in the MeOH 
fraction. Analysis of the CHC13-MeOH column 
fraction by TLC reveals the following migration 
sequence (increasing Rf values): cerebrosides, 
steryl glucoside, MGDG, ESG, resin acids and, 
occasionally, traces of free sterol. 

Esterified Steryl Glucoside 

This class of lipids had Rf values on one- and 
two-dimensional TLC comparable to those re- 
ported for ESG from other plant sources 
(12-14). They stained positively for sugar and 
sterols and negatively toward ninhydrin and 
phosphate reagents. Upon methanolysis under 
acidic conditions free sterols, methyl glucoside 
and fatty acid methyl esters were the major 
products detected by TLC and GLC. Upon 
basic hydrolyses, steryl glucosides and free 
fatty acids were the products, thus confirming 
the sterol-glucose glycosidic linkage. This glyco- 
sidic linkage has been shown (13) to be quite 
resistant to alkaline hydrolysis. 

Monogalactosyl Diglyceride 

These glycolipids had the same chromato- 
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graphic Rf values as that of standard MGDG 
and that reported in the literature (12,14,15). 
Color tests were positive for sugars but negative 
for sterols, free amino groups and phosphate. 
Upon methanolysis, methyl galactoside was 
detected by TLC and GLC analyses. Methyl 
esters were the only other product detected 
since glycerol was not determined. 

Fatty Acid Composition 

Table I shows the fatty acid composition of 
triglycerides found in the six orange and two 
tangor varieties. The five major acids, palmitic, 
palmitoleic, oleic, linoleic and linolenic, com- 
prise 96% to 97% of all acids. Generally these 
five acids are in the approximate ratio 
1:1:4:3:1, respectively. Two varieties of orange 
and one tangor, however, differ markedly from 
this ratio. Hamlin and Valencia oranges show a 
relatively high linolenic acid percentage of 16.4 
and 16.2, respectively, and concomitantly 
lower oleic acid. The Temple tangor shows the 
greatest departure from this ratio, i.e., it con- 
sists of 34.2% linolenic acid and concomitantly 
lower percentages of oleic and linoleic acids. 
The high percentage of 18:3 for Hamlin and 
Temple triglycerides is consistent with the high 
18:3 found for total fatty acids in these two 
varieties (5); however, the 18.3 percentage in 
Valencia triglyceride is not consistent with its 
total fatty acid profile (4,5). Fatty acids longer 
than 20:1 were detected in these triglycerides 
but were never detected at percentages greater 
than 0.1% and therefore were excluded from 
this Table. 

The fatty acid composition of MGDG is 
shown in Table II. The five major acids are 
found in an approximate ratio of 0.5 : 1 : 3 : 1.5:4 
and comprise between 96.5% and 98% of all 
acids. MGDG shows a markedly higher percen- 
tage of 18:3 than found in triglycerides, steryl 
esters and esterified steryl glucosides. Parson 
Brown and Valencia possess the lowest percen- 
tage of 18:3 while the two tangors Temple and 
Temple x Kinnow, show very high percen- 
tages of 44.6 and 47. i ,  respectively. The 
average percentage of 18:3 found in the eight 
varieties is similar to potato MGDG (12) but far 
less than apple MGDG (16). In citrus MGDG, 
the ratio of 16:0 to 16:1 is ca. 1:2 for Walker 
Early, Parson Brown, Washington Navel and 
Pineapple; and is ca. 1:1 for Hamlin, Valencia, 
Temple and Temple x Kinnow. The relative 
concentration of 16:1 is in the range of 6-11%. 
This is in contrast to MGDG in potato (12), 
corn (14) and apple (16) where this acid is not 
even a constituent. The average percentage of 
18:2 in citrus MGDG is 16.3. This percentage is 
quite close to the 12.7% reported for apple (16) 
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but less than the 58% reported for potato (12) 
and 36.4% for corn (14). As was the case for 
triglyceride, no fatty acid longer than 20 
carbons could be detected at percentages 
greater than 0.1% in any variety. 

The fatty acid profile of steryl esters varies 
considerably from variety to variety as observed 
in Table III. Generally the approximate ratio 
for the five major acids is 1:1:3:7:2. The 
Walker Early orange and Temple x Kinnow 
tangor show the lowest percentage of 18:3 
while the Temple (31.3%) shows a percentage 
approximately three times greater than that of 
all other varieties. This large percentage of 18:3 
for Temple is accompanied by a relatively lower 
18:2. The five major acids, 16:0, 16:1, 18:1, 
18:2 and 18:3, constitute greater than 96% of 
the acids in triglycerides and MGDG, however, 
these acids in steryl esters constitute between 
66.9% and 83.2% of the total acids. Accounting 
for the lower concentrations of these five major 
acids is the occurrence of long chain acids in 
the range 22:0 to 26:0 at relative concentra- 
tions up to 10.3% (24:0 in Valencia). These 
long chain acids are found at relative concentra- 
tions of 24 :0>26 :0>25 :0>22 :0>23 :0 .  Two 
iso-branched acids are also found in this region, 
iso 24:0 and iso 26:0, at a concentration range 
of .39% to 1.79%. The ratio of 22:0, 24:0 and 
26:0 fatty acids found for total citrus lipids (5) 
is 1:2:1, respectively, however in these steryl 
ester profiles this ratio is 1:5:2. One striking 
exception to this ratio is found in Valencia 
where the ratio is 2:6:3 in total Valencia lipid 
(5) and 1:5:3 for its steryl ester. Of the four 
different lipids analyzed, the steryl ester group 
is the only one to show the 15:0 acid in 
concentrations less than 0.1% and, therefore, 
this acid is not reported in this Table. Another 
characteristic feature of steryl esters is the 
presence of noticeable amounts of two iso- 
branched acids, iso 24:0 and iso 26:0. 

Table IV shows the fatty acid composition 
of ESG. The five major acids constitute be- 
tween 91.5% and 95.3% of the total acids and 
their approximate ratio is 3.5 : 1:5.5:2 : 1. Palmi- 
tic and oleic acids are found at the highest 
concentration in this lipid. This large percen- 
tage of 16:0 is characteristic of ESG (12,15). 
ESG also shows the highest ratio of 16:0 to 
16:1. The concentrations of palmitic and oleic 
acid show noticeable variations between vari- 
eties while the percentage of palmitoteic and 
linoleic acid are relatively constant. Only one 
variety, Temple, has an 18:2 content less than 
half that found for the other varieties. Temple 
and Valencia manifest quantities of 18:3 
greater than twice the average found for the 
other six varieties. In contradistinction to steryl 

esters, ESG shows the presence of 15:0 above 
the trace level; however, the two iso acids, iso 
24:0 and iso 26:0, are not found in any variety 
above the trace level and therefore, are exluded 
from this Table. 

A study of the fatty acid profiles of specific 
lipid constituents of citrus has shown that fatty 
acid patterns can be used in chemotaxonomic 
differentiation. There is no doubt that this 
study could be extended to other citrus vari- 
eties at similar or different times of maturity. 
Valencia was the only late season orange variety 
examined in this study. The fatty acid profiles 
of the four Valencia lipid constituents mani- 
fests differences which may be employed to 
differentiate this variety from the other. Pine- 
apple, the only midseason orange variety 
examined, can be shown to differ from other 
citrus varieties as follows: from Hamlin and 
Valencia in its 18:3 triglyceride content; from 
Walker Early and Temple in its 18:2 steryl ester 
con ten t  from Parson Brown, Temple x Kin- 
now, in its 18:3 MGDG content; and from 
Washington Navel in its 18:2 MGDG content. 
Four early season orange varieties were studied. 
A most outstanding characteristic which distin- 
guishes Walker Early from the other three early 
orange varieties is its high 18 : 3 content in ESG. 
Parson Brown has a lower 18:3 in MGDG, 
Halnlin, a higher 18:3 in trigtyceride and 
Washington Navel a lower 18:2 in triglyceride 
than that manifest by the other three early 
season varieties. The Temple tangor has fatty 
acid profiles different from the other seven 
citrus varieties in all four lipid constituents. In 
all four of these lipids Temple can be charac- 
terized with one exception as having a much 
higher 18:3 content.  This one exception is the 
MGDG of the Temple x Kinnow tangor which 
has a higher 18:3 content, i.e., 47.1% vs. 44.6% 
for Temple. Whether this higher 18:3 percen- 
tage is due to the C. ret iculata parentage is still 
to be investigated. 

The observation that longer chain fatty acids 
in the 22:0 to 26:0 range are associated mainly 
with steryl ester lipid of juice sacs is very 
interesting. The biological function of these 
lipids is not understood since it has not been 
proven that steryl esters are transported as such 
from one tissue to another in plants (17). Like 
other plants (12,16), citrus has a high percen- 
tage of linolenic acid in its MGDG lipids. Unlike 
other plants, however, it has the unique proper- 
ty of containing appreciable amounts of palmi- 
toleic acid. Citrus esterified steryl glucosides 
like other plant ESGs have a high palmitic acid 
content. Unlike other plant lipids, the stearic 
acid content is relatively low (1% to 1.5%). This 
low stearic acid content has been previously 
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reported (4) to be characteristic of citrus 
species. 

All eight varieties of fruit were from the 
1969-1970 season. A question may arise 
whether fruit from previous seasons would have 
different fatty acid profiles. An examination of 
the profiles of Valencia steryl ester and esteri- 
lied steryl glucoside from the 1968-1969 season 
(H.E. Nordby and S. Nagy, unpublished data) 
and those from the 1969-1970 season showed 
very close agreement. 
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Wax Esters in Fish" Turnover of Oleic Acid in Wax Esters 
and Triglycerides of Gouramis 
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ABSTRACT 

Methyl U-14C oleate was fed to ma- 
ture male and female gouramis (Tricho- 
gaster cosby) and the radioactivity in 
lipids measured over a period of four 
mon ths .  Initial incorporations were 
70-80% and more than half of  that was 
still in the lipids at the end of the 
experiment. Very little conversion of the 
18:1 chain had occurred. Main storage of 
the labeled 18:1 chain was in the wax 
esters of the roe and in the triglycerides 
of the body. In the wax esters, 18:1 
occurred in both the alcohol and acid 
moieties. Initially the females had less 
radioactivity in the triglycerides than in 
the wax esters but at the end of the 
experiment this was reversed. An appre- 
ciable amount of 18:1 had been trans- 
ferred from roe to body lipids. The 
biological half life of 18:1 in gouramis is 
estimated to be about four months. This 
time is equal for males and females 
although translocation from roe to body 
and transformation of wax ester to trigly- 
ceride take place in the female, whereas 
wax esters do not play any role in the 
lipid metabolism of the male. 

INTRODUCTION 

Fish generally store energy in the form of 
triglycerides, but some species use wax esters 
for this purpose (1-3). Gouramis and several 
other species exhibit both types of storage in 
the course of their life cycle (4,5). Wax esters 
are prominent in the roe and the very young 

TABLE I 

Composition of Fish Food a 

Acid b Per cent Acid b Per cent 

14:0 3.8 18:2co6 15.6 
16:0 16.9 18:3(.o3 5.8 
16:1 4.6 20:4co6 4.9 
18:0 7.1 20:5co3 6.4 
18:1 20.0 22:6603 8.7 

aShrimp-el-ettes, labeled "Crude protein not less 
than 37%" and "Crude lipid not less than 5%." Extrac- 
tion with CHC13/CH3OH yielded 10.3% lipids from 
which 7.5% fatty acids was obtained. 

bMinor components are omitted. 

fry, but they are replaced by triglycerides as the 
newly hatched fish uses up the supplies of the 
egg sac and takes external food. Wax esters are 
a very minor lipid component  in the mature 
males. Only the females accumulate wax esters 
again in the roe. 

Opaline gouramis (Trichogaster cosby) were 
well adaptable to laboratory experimentation 
and it was shown that incorporations of dietary 
16:0  and 18:1 acids and alcohols were between 
30% and 80% (6, D.M. Sand, J.L. Hehl and H. 
Schlenk, manuscript in preparation). Corre- 
sponding acids and alcohols were readily inter- 
converted by the fish, but very little conversion 
of the chains took place. Likewise, resynthesis 
from catabolized chains was only minor. 

These observations were from experiments 
over a period of only 24 hr. In the work 
reported here the metabolism of the 18:1 
compounds and the interrelations of body and 
roe lipids were studied for longer periods. The 
level of 14C, given as methyl [U-14C] 18:1 
ester to female gouramis was checked in an 
exploratory experiment for a period of two 
months, but no significant decrease of radioac- 
tivity in the fish was detected by the end of 
that time. Therefore, subsequent experiments, 
which are described here, were carried on for 
four months. After this period, more than half 
of the 14C that originally had been incorpo- 
rated by the fish was retained in the lipids. 
About 90% of the radioactivity was still in 18:1 
chains and 10% was found in other chains. In 
females, an appreciable amount of [U-14C] 
18:1 that initially had been deposited in roe 
wax esters had been transported to body 
triglycerides. 

EXPERIMENTS AND RESULTS 

Sets of 24 male and 18 female gouramis, 9 
and 10 months old, respectively, were taken 
from our stock colony and were kept in groups 
of three in five-gallon tanks (6). Water was 
changed at least every two weeks. The fish were 
trained for feeding and, together with their 
normal diet, were offered 10.0 mg methyl 
[U-14C]oleate (8.6x106 or 5.3x106 dpm)(8 )  
per tank of three specimens at the beginning of 
the experiments. The diet consisted of 900 mg 
dry food (Shrimp-el-ettes, Longlife Fish Food 
Products, Harrison, N.J.) daily per tank before 
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TABLE II 

Distribution of 14C 
Among Lipids of Female Gouramis a 

FIG. 1. Lipid amount and incorporation of 
14C-labeled oleic acid in gouramis. Age of females at 
the beginning of the experiment, 10 months, of males, 
9 months. Symbols: , female; +, g lipids per 
fish; e, per cent of 14C offered in these lipids; . . . .  , 
male; x, g lipids per fish; o, per cent of 14C offered in 
these lipids. 

14C in 
Lipids of 

Days after feeding 

5 26 48 68 96 118 

and  dur ing  the  e x p e r i m e n t .  The  food  is de- 
scr ibed i n T a b l e  I. Most  of it was ea t en  wi th in  20  
rain.  At  t ime  intervals  the  th ree  fish f rom one 
t a n k  were sacrif iced.  Lipids of  b o d y ,  roe, liver 
and  in tes t ines  wi th  s t o m a c h  and  adher ing  fat  
were ex t r ac t ed  and  ana lyzed  separa te ly  accord-  
ing to p rocedures  a l ready descr ibed  (6,7).  

Figure 1 shows the  weight  of  l ipids per  fish 
for  males  and  females  and  the i r  c o n t e n t  of  14C 
in percen tages  of the  a m o u n t  offered.  Weight 
p r o p o r t i o n s  of  lipids f r o m  d i f f e ren t  par t s  of  the  
fish did n o t  ind ica te  any  s igni f icant  t r e n d  over 
the  f o u r - m o n t h  pe r iod  of  the  e x p e r i m e n t .  In 
males,  the  liver l ipids were ~2%,  in te s t ina l  
l ipids ~ 1 5 %  and b o d y  lipids ~ 8 0 %  of the  to ta l  
l ipids;  in females,  the  l iver lipids were 1-2%, 

Body 16.6 19.3 22.1 23.7 29.7 26.0 
Roe 55.4 45.3 36.6 32.8 25.4 11.8 
Intestines 5.1 7.6 5.5 4.2 7.0 5.5 
Liver 0.4 0.3 0.6 0.3 0.3 0.3 

77.5 72.5 64.8 61.0 62.4 43.6 

aper cent of radioactivity offered. 

intest inal  l ipids ~ 1 0 % ,  b o d y  l ipids 30-40% and  
roe l ipids 40-50% of the  to ta l  lipids. The  
d i s t r i bu t ion  of  rad ioac t iv i ty  a m o n g  these  lipids 
of  the  females  is given in Table  II. 

The  classes of  l ipids f rom b o d y  and  f r o m  roe 
of females  were separa ted  by  c o l u m n  chroma-  
t og raphy  on  silicic acid (6),  we ighed  and  
c o u n t e d .  Trigtycer ides  and  wax esters  repre- 
s en t ed  80-90% of the  b o d y  a n d  roe  lipids, 
respect ively .  The  rad ioac t iv i t ies  of  these  frac- 
t ions  are given in Table  III. Methano lys i s  of  the  
t r iglycer ides  wi th  HC1 in m e t h a n o l  y ie lded  f a t t y  
acid m e t h y l  esters and  m e t h a n o l y s i s  of  the  wax 
esters w i th  BF 3 in m e t h a n o l  gave m e t h y l  esters 
and  f a t t y  a lcohols  (6).  The  la t t e r  p r o d u c t s  were 
separa ted  by t h in  layer  c h r o m a t o g r a p h y  (TLC) 
and  t he  a lcohols  were ace ty la t ed .  The  three  
type  esters were f r a c t i o n a t e d  a c c o r d i n g  to  chain  
l eng th  by  prepara t ive  gas l iquid  ch romatog-  
r a p h y  (GLC)  and  t he  r ad ioac t iv i ty  o f  each 
f r ac t ion  was d e t e r m i n e d  (Table  IV). 

As one  migh t  expec t ,  conve r s ions  were 
relat ively h ighes t  a f te r  the  longes t  t ime  period.  
There fore ,  on ly  the  f o u r - m o n t h  samples  were 
sub jec ted  to more  de ta i led  analysis  to deter-  
mine  the  d i s t r i bu t ion  o f  r ad ioac t iv i ty  among  
indiv idual  acids and  a lcohols  (Table  V). The 

TABLE III 

14C in Triglycerides and Wax Esters of Female Gouramis 

Per cent 14C of body Per cent 14C of roe lipids in 
Days after tipids in wax alcohols 

feeding triglycerides a wax esters wax acids 

30.3 
5 86.8 b 95.6 65.4 

32.9 
48 92.9 96.1 63.2 

29.0 
96 97.4 96.5 67.5 

35.3 
118 97.7 95.5 60.2  

aVirtually all 14C is in the fatty acids. 
bLecithins contained 6.3% of the 14C in body lipids after five days, but less 14C after longer 

periods. 
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TABLE IV 

Distribution of 14C Among Chains 

Days after Per cent 14C in a 
Sample feeding C16 C18 C20 

Female 5 2.3 94.5 2.8 
Alcohols from 48 3.6 90.9 4.6 
wax esters 96 5.1 89.5 4.1 

118 7.3 86.1 4.6 

Acids from 5 1.4 97.6 0.7 
wax esters 48 1.9 96.7 0.9 

96 2.5 95.6 1.2 
118 3.6 93.3 1.8 

Acids from 5 0.9 97.9 0.9 
body triglycerides 48 1.4 97.0 1.2 

96 1.8 96.2 1.5 
118 2.5 95.1 1.8 

Male 120 1.7 96.1 1.4 
Acids from 
body triglycerides 

al4C contained 0.1-0.5% and C22 0.2-1.2% of 
the radioactivity. 

f ract ions of  equal chain lengths  f rom prepara- 
tive GLC were separa ted  according  to unsatur-  
a t ion by ch roma tography  on glass f iber sheets  
impregna ted  wi th  SiO 2 (Type SA, Gelman 
Ins t rumen t  Co., Ann Arbor ,  Michigan) and 
AgNO 3 (9) using the solvent  sys tem,  hexane  + 
d ie thyl  e ther  + acetic acid, 95:5:0 .5 .  The spots  
were loca ted  by the d ichlorof luoresce in-UV 
m e t h o d ;  the chromatograms  were cut  accord- 
ingly and the  increments  coun ted  (7) wi th  
recoveries of  counts  being >90%.  The values for  
spots  o f  individual esters were compared  by 
reference  to the specific act ivi ty of respect ive 

GLC fract ions to calculate the d is t r ibut ion  o f  
14C among all c o m p o n e n t s  of  the  mix ture  
(Table V). The same procedures  were applied to  
the body  triglycerides of  the  males. The per- 
t inen t  results f rom these tr iglycerides are given 
at the  b o t t o m  of  Tables IV and V. 

DISCUSSION 

Opaline gouramis are mature  for  reproduc-  
t ion at the age of  about  10 mon ths ,  bu t  ne i ther  
g rowth  nor  accumula t ion  of  fat have reached 
their  limit by tha t  t ime. Accord ing  to Figure 1, 
males reached their  m a x i m u m  a m o u n t  of  fat  at  
the age of  abou t  11 m o n t h s  (9 mo n t h s  + 60 
days) and females  at 14 m o n t h s  (10 m o n t h s  + 
120 days). However ,  these observat ions  cannot  
be generalized for  the opal ine  gourami.  Individ- 
uals f rom the same ha t ch  represent  a great 
variety of  sizes. The fish used in our experi- 
ments  had been selected for  equal size, but they  
certainly were genetically he terogeneous .  More- 
over, g rowth  of  gouramis,  as o f  o the r  fish, 
depends  greatly on tempera ture ,  size and popu-  
la t ion of  the tank and doubt less ly  on the  
amou n t  and quali ty of  food .  Such factors  were  
kept  as equal as possible. 

The radioactivit ies decreased steadily but  so 
slowly tha t  the fish had retained,  af ter  four  
mon ths ,  still more  than 50% of the 14C initially 
incorpora ted  (Figure 1). This applies to bo th  
males and females a l though the fo rmer  had lost 
some of their  lipids, whereas,  in the latter,  the 
amou n t  of  lipids increased  over the whole 
period.  

As in previous exper iments ,  the female 

TABLE V 

Distribution of 14C Among Components After 118 Days a 

Per cent 14C in structur~ 
Sample 16:0 16:1 b 18:0 18:1 b 20:0 20:1 b 

Female 
Alcohols from 
wax esters 4.8 2.2 0.95 84.6 --  3.2 

Acids from 
wax esters 0.2 3.1 0.1 92.4 0.1 1.3 
Acids from body 
triglycerides 1.0 1.4 0.1 94.8 0.1 1.3 

Acids from total 
intestinal fat c 0.8 2.2 0.7 92.6 0.2 2.2 

Male d 
Acids from 
triglycerides 0.7 0.9 O. 1 95.4 (0.1 0.9 

aChemical analyses of acids and alcohols from lipid classes of gourami are given in References 4, 6 
and 7. 

b14c 0.1-1.0% was found in the area of polyunsaturated C16 , C18 and C20 acids or alcohols. 
CMainly triglycerides. 
dMales were sacrificed 120 days after feeding. 

LIPIDS, VOL. 6, NO. 8 



TURNOVER OF OLE1C ACID IN FISH 565 

gourami initially incorporated more 14 C in roe 
than in body lipids (Table II) but by the end of 
the experiment the situation is reversed. The 
balance of 14C after four months shows loss 
from roe (45%), increase in body (10%), and 
overall loss by catabolism (35%), all in refer- 
ence to the amount offered. The transfer of 
10% 14C from roe to body is a minimum 
figure. The amount actually translocated must 
be larger since it is very unlikely that body 
depot lipids are excepted from catabolism. 

The absolute increase of 14C in body lipids 
must be explained by reabsorption of lipids 
from overmature eggs which have not been 
extruded. When eggs are not discharged, their 
turnover is fast enough to supply considerably 
more lipids than required for energy. Some of 
these lipids are deposited in the body and 
possibly also in new developing eggs diluted 
with dietary and endogenous fat. 

The same shift of radioactivity from roe to 
body had been encountered in the first explora- 
tory experiment, although there the loss of 14C 
by catabolism had not become as obvious after 
two months. 

Extrusion and eating of eggs has never been 
observed with female gouramis in absence of 
males. Moreover, such external recycling of 
radioactive wax esters would rather maintain 
than change the ratio of 14C in lipids of roe 
and body. When radioactive wax was fed 
(unpublished experiments) the 14C balance was 
established in favor of the roe as it had been 
with dietary 14C labeled alcohols and acids (6). 

The wax esters and triglycerides contain 
~95% of the 14C (Table III) and are composed 
largely of saturated and monounsaturated struc- 
tures (7). The distribution of radioactivity 
among the chains (Tables IV and V) shows that 
14C is slowly dissipated to other structures, but 
more than 90% of 18 : 1 remains unchanged. De 
novo synthesis by recycling of 14 C through the 
acetate pool is most obvious with the alcohols 
in which 16:0 represents 50% of all compo- 
nents. Nevertheless, 16:0 has only 5% of the 
total radioactivity in alcohols. Synthesis from 
radioactive acetate pertains also to 18:1 chains, 
which then cannot be distinguished from those 
originally labeled with 14C. However, it seems 
unlikely that this would take place to an 
appreciable extent  without considerable in- 
crease of radioactivity in 16:0. The data of 
Table V also indicate some elongation of 18:1 
to 20:1 and partial degradation to 16:1. Wax 
esters and triglycerides contain much more of 
16:0 than 16:1 components and the relatively 
high radioactivity in the latter likely is due to 
partial degradation of 18 : 1. 

It appears that 18 : t alcohol and acid of  wax 

esters are metabolized at a very similar rate. 
With corrections applied for radioactivity in 
other chains (Table IV or V) the ratio of 14 C in 
18:1 alcohol-acid (Table III) changes from 
28.6:63.8 at the beginning to 29.9:55.7 after 
118 days. The slight increase may indicate a 
slightly lower metabolic rate for the alcohol. 

More than half of the radioactivity has been 
retained by the gouramis over the whole period 
of 118 days (Fig. 1 or Table II). Most of this 
radioactivity is still in C18 chains (Table IV), 
i.e., in 18:1 since radioactivity of  18:0 at the 
end of the experiment is negligible (Table V). 
When calculated from data of  Tables II-IV, the 
sums of radioactivity in C18 chains of wax 
esters and body trigiycerides of females, are 
63.1%, 51.9%, 41.1% and 31.3% of the amount 
offered, at 5, 48, 96 and 118 days. This 
represents a regression by about 50%. Omission 
of other lipid classes can involve only small 
error since their radioactivity is very minor. 
Therefore, the half life of the 18:1 structure in 
gouramis is approximately four months. In the 
female the time is somewhat shorter in the roe, 
but this is due to translocation rather than 
catabolism. With the continuous supply from 
the roe, the half life time appears longer in the 
body lipids. In total, the female metabolizes 
18:1 at least as economically as the male 
although reduction, oxidation and transport 
from roe to body are involved when eggs are 
not  deposited. 

It is generally accepted that the poikilo- 
thermic fish have slower rates of  metabolism 
than homeothermic vertebrates. For compari- 
son, it may be quoted that mice and rats burn 
dietary oleic acid to 50% within 16 to 20 hr 
(10,11), which is about 150 times faster than 
the catabolism of this structure in gouramis. 
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The Desaturation Step in the Animal Biosyn'thesis of 
Polyunsaturated Fatty Acids 
RODOLFO R. BRENNER 1 Catedra de Rioquimica, Instituto de Fisiologia, 
Facultad de Ciencias Medicas, La Plata, Argentina 

ABSTRACT 

The aerobic desaturation of unsatura- 
ted fatty acids in the microsomes has 
been systematically explored and some of 
the relevant experimental works have 
been assembled. The contribution of the 
microsomal electron transport chain and 
lipoproteic structure of the microsomes is 
analyzed. Evidences of linoleyl-CoA and 
ot-l~nolenyl-CoA being desaturated by the 
same enzyme are presented. The tinoleic 
acid desaturation is shown to be different 
in different tissues and to decrease with 
aging. The effect of competitive reactions 
with acids of the same or different series, 
the competition of desaturation and 
transesterification, and dietary and hor- 
monal contributions to unsaturated fatty 
acids desaturation are summarized. All 
trans linoleic acid and elaidic acid were 
not desaturated in our experimental con- 
ditions by rat liver microsomes. From the 
bulk of data collected, a hypothetical 
model of 6-olefinase is drawn. The main 

IMember of the Carrera del Investigador Cientif- 
leo, Consejo Nacional de Investigaciones Cientificas y 
Tecnicas, Argentina. 

features of the model are: The existence 
of both binding and desaturating sites; 
the binding of acyl-CoA and enzyme 
through hydrophobic forces of the Van 
der Waals type and weak polar attractions 
due to double bonds; the orienting bind- 
ing characteristics of double bond proxi- 
mate to the place where olefination will 
take place; and the importance of enzyme 
conformation that requires that the ori- 
enting double bond must have a cis 
structure. 

INTRODUCTION 

The biosynthesis of polyunsaturated fatty 
acids in the animals is produced by aerobic 
desaturations and elongations of fatty acids 
previously formed or provided in the food. 
These reactions take place in the microsomes. 
The scheme of the different and possible 
sequences of reactions that may take place in 
the biosynthesis of the three main fatty acid 
series is shown in Figure 1. However, in spite of 
the different possible pathways that have been 
shown, the preferred routes appear to be 
al ternat ive desaturations and elongations. 
Marcel et al. (1) have shown in this respect that 
the dominant pathway for arachidonic acid 

ACETATE 
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- ~9I~ za6-7 a5-6 ~4-5 
STEARIC  OLEIC 18- 2 .,.~zo:2~'~0:~..-~22:3 

" i ' t~8 -~ - ' - - -~  fro~ " 

-""  Z0:l ~2~o.,, 
22:1 

~6-7 ,',5-& ~4"5 tin OLEIC=_:   a 18:3 "-,b20:3-~:r =0 22:5 

~--,_20:2 -'~-.2~ 5 
"11-,t0-11 

~""'- 22:2 
za6-7 ~5-6 ~4- LIltOLEHIC 

fr,,9-9~'---~ lro7-8 
2 0 : 3 - " ' - 2 2 : 4  
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223 
FIG. 1. Different pathways in the animal biosynthesis of oleic, linoleic and o~-linolenic acid series. 
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TABLE I 

Effect of Different Nucleotides Upon the Conversion 
of Free Linoleic Acid to 3,-Linolenic Acid 

RUDOLFO R. BRENNER 

Nucleot ide Conversion, % 

ATP 11.0 
GTP 12.9 
CTP 10.9 
AMP 3.3 
....... 0.0 

aFire milligrams of microsomal  protein incubated 
20 rain at 35 C in air with 5 nmoles -1-14C-linoleic 
acid; 2.5 f lmoles  nucleot ide  and other cofactors  in 3 
ml at pH 7.0. 

biosynthesis follows this type of sequences. 
It is interesting to remark that in spite of the 

different positions of the double bonds in the 
three fatty acid families, there are remarkable 
similarities, and for a given chain length the 
new double bonds are opened at the same 
distance of  the -COOH in all the series (Fig. 1). 
However, the yield of the reactions is quite 
different for each acid when measured in vitro 
as it has been shown repeatedly (2). 

In this paper, a review of the different results 
we have obtained in the desaturation of fatty 
acids will be compared with new findings and a 
model of the 6-desaturase will be proposed to 
explain them. 

MATERIALS AND METHODS 

Cis unsaturated fatty acids 1-14C were pur- 
chased  from the RadiochemicaI Centre, 
Amersham, England. They were 98% radio- 
chemically pure. All trans linoleic acid 1-14C 
(52.5 mC/mmole,  99% radiochemical purity) 
was purchased from Applied Science Lab., Inc, 
State College, Pa. 1-14C Elaidic acid (58 
mC/mmole) was provided by the Radiochem- 
ical Centre, Amersham, England. It was purified 
by thin layer chromatography in silica gel 

impregnated with silver nitrate. Unlabeled acids 
were provided by the Hormel Institute, Austin, 
Minn. All of them were 99% pure. Cofactors 
were purchased from Fluka A.G., Buchs, 
Switzerland. 

Separation of Microsomes 

Male albino rats from the Institute strain 
were used. After killing the animals the livers 
were immediately homogenized in the cold 
with 0.15 KC gluthathione, 62 mM phosphate 
buffer (pH 7) and 0.25 M sucrose. The micro- 
somes were separated by differential centrifuga- 
tion in a Spinco L2 ultracentrifuge and 140,000 
x g in the usual way (2). 

Measurement of Fatty Acid Desaturation 

Three procedures were used. The per cent 
conversion was measured incubating 5 mg 
microsomal protein with at least 5 nmoles 
labeled acid for 20 min at 35 C in air. Three 
millilitres of the incubation medium contained, 
in micromoles: 2.5 ATP, 0.2 CoA, 2.6 NADH, 
15 MgCI2, 4.5 glutathione, 1 nicotinamide 125 
NaF and 125 phosphate buffer (pH 7.0) in 0.15 
M KC1 and 0.25 M sucrose. The incubation was 
stopped by adding 10% methanolic KOH. The 
fatty acids were converted to the methyl esters. 
The distribution of radioactivity between sub- 
strate and product was measured by gas liquid 
radiochromatography in a Pye apparatus with a 
proportional counter under the conditions de- 
scribed in a previous work (2). 

The approximate velocity of the desatura- 
tion of the free acid was measured by a similar 
procedure, but incubation was stopped after 4 
min. 

In another group of experiments, instead of 
incubating the free acids, the CoA derivatives 
were used. In these conditions, the acylation of 
the CoA was avoided. The incubation medium 
contained increasing amounts of acyl CoA, 0.5 
to  5 mg microsomal protein, 1 gtmole NADH 

HAD ,, Flav.?H. "+Cyl b- Fe**protein ?- HeU )Q ? (CH- Fepr0'0 
HADI H Flay. Fe" Cyl b s F +protein  HeO 

(?) 

FIG. 2. Hypothetical scheme of microsomal electron transport chain coupled to linoleic acid oxidative 
desaturation. 
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and 30 /amoles phosphate buffer (pH 7.2) in a 
total volume of 0.5 ml. The reaction was 
stopped after 4 min of incubation at 35 C. The 
amount of the product labeled with 14C was 
measured by gas liquid radiochromatography in 
the usual way (2). 

RESULTS AND DISCUSSION 

Acylation of CoA 
The desaturation of fatty acids requires a 

previous activation to an acyl-CoA. In this 
activation the energy is generally supplied by 
ATP conversion to AMP and pyrophosphate 
(3). However, we have found that liver micro- 
somes may convert free linoleic acid to 3'- 
linolenic acid in the presence of NADH, CoA 
and Mg ++ by either ATP, GTP or CTP (Table 
I). This result at first instance would suggest 
that, directly or indirectly, CTP and GTP would 
be able to provide the necessary energy to 
convert linoleic acid to linoleyl-CoA. (R.R. 
Brenner and A. Catala, submitted for publica- 
tion). 

Microsomal Electron Transport Chain 

The desaturating enzymes of unsaturated 
fatty acids are tightly bound to the encoplasmic 
reticulum and require 02 and NADH or 
NADPH, NADH being a little more effective 
than NADPH. 

The microsomal electron transport system is 
involved in the reaction. For some time was 
called the fatty acid desaturating enzyme 
"oxygenase" (2) and afterwards, more vaguely, 
"desaturase." Today we prefer and would 
suggest to call it "olefinase," considering that 
it produces an olefination of the hydrocarbon 
tail of the fatty acid. First we called it 
"oxygenase," following Hayaishi's nomencla- 
ture (4) (it would correspond to a "mixed 
function oxidase" of Mason), considering that 
it ~ses NADH and 02. However, in the classical 
microsomal monoxygenases of Hayaishi, als0 
called hydroxilases, the mechanism of reaction 
involves the use of cytochome P 450 and the 
synthesis of hydroxilated compounds (4). But 
in the fatty acid olefination, as far as it is 
known, no intermediate oxygenated products 
have been definitively isolated and besides lmai 
and Sato (4) ~showed that cytochrome P450 is 
not used in fatty acid olefination. For this 
reason, this name is not used widely. 

The microsomal nonphosphorilating electron 
transport chain involved in the fatty acid 
desaturation includes a flavoprotein, a cyanide 
sensitive factor (5,6) attributable to an hemo- 
protein (7) and a cytochrome b5 (8). A 
hypothetical scheme of the microsomal elec- 
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FIG. 3. Relationship between linoleic acid and 
stearic acid desaturation in rat liver micro somes. 

tron transport system coupled to the linoleyl- 
CoA desaturation is shown in Figure 2. 

Necessity of Lipids 
The activity of the electron transport chain 

of the microsomes depends on a lipoproteic 
structure (9). At least a similar situation is 
postulated by Green and Tzagoloff (10) for the 
mitochondrial electron transport chain located 
in the inner membrane. Amphipatic lipids, like 
phospholipids, may associate to cytochrome 
and at the same time to the membrane proteins. 
Besides, the microsomal vesicules formed prin- 
cipally from the endoplasmic reticulum by 
disruption and differential centrifugation at 
100,000 x g are rich in polar and nonpolar 
lipids (11,12). Jones et al. (9), have shown that 
acetone extracted microsomes lose their olefin- 
ating properties. These properties are recovered 
by addition of a proper mixture of phospho- 
lipids, triglycerides and fatty acids. 

Therefore, these results suggest that the 
fatty acid desaturating activity of the micro- 
somes is highly dependent on the integrity of 
a lipoproteic structure. For the moment,  the 
innumerable intents to prepare a soluble 
unsaturated fatty acid olefinase from animal 
sources have been unsuccessful. Only Gurr et al. 
(13, 14) have been able to prepare a "soluble" 
stearoyl-CoA olefinase from liver microsomes 
by gentle homogenization in 1 M phosphate 
buffer pH 7.4 at 0 C. However, it is necessary 
to emphasize that this so called "soluble" 
enzyme is still bound to fairly large aggregates, 
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TABLE II 

Differentiation of Stearic From Linoleic and 
~-Linolenic Acid Desaturation by Liver Mierosomes in Vitro 

Stearic Linoleic 0~-Linolenic 
18:0 -+ 18:1 18:2 --~ 7-18:3 0t-18:3 -+18:4 

Solubilization of the 
desaturase by Gurr 
et al. method (14) a + Not tested 

Correlation of With 18:2- none With 18:0- none With 18:0- none 
activities With 0~ 18:3- none With c~ 18:3-+ With 18:2- + 

Dietary effects 
Fasting (17) Decrease Decrease b Decrease b 

Glucose after 
fasting (17) Increase Increase b Increase b 

Protein (15, 16) No effect Increase Increase 

Alloxanic 
Diabetes (18) Decrease Decrease b Decrease b 

Insulin (l  8) Increase Increase b Increase b 

Preincubation of 
microsomes with 
ATP c Insensitive Increase Increase 

ao. Mercuri, personal communication. 
bless sensitive. 
CR.R. Brenner and A. Catala, submitted for 

con ta in ing  at least  those  enzymes  par t i c ipa t ing  
in the  e lec t ron  t r a n s p o r t  sys tem assoc ia ted  wi th  
f a t ty  acid desa tu ra t ion  and  wi th  s te ro id  hydro -  
xy la t ion  (13,14) .  

Differentiation of StearoyI-CoA 
Olefinase From LinoleyI-CoA Olefinase 

E n o u g h  i n f o r m a t i o n  has been  col lec ted  
' today  to cons ider  t h a t  liver s tearoyl -CoA olefin-  
ase is d i f ferent  f rom linc~leyl-CoA olefinase.  
F r o m  kinet ic  data,  Brenner  and  Peluffo  (2) 
have p roposed  in 1966 t h a t  very  p robab ly  
s tear ic  acid 9-olef inase was d i f f e ren t  f rom 
linoleic acid 6-olefinase and  tha t  very  p r o b a b l y  
6 -desa tu ra t ion  of oleic, l inoleic and  0~-linolenic 
acid was p roduced  by the  same enzym e .  F r o m  
die ta ry  s tudies ,  I n k p e n  et al. (15)  also p roposed  
t ha t  a- l inolenic  acid 6-olef inase was d i f fe ren t  
f rom stearic acid 9-olefinase.  Besides, results  
o b t a i n e d  by I n k p e n  et a l . (15)  show a remark-  
able s imilar i ty wi th  l inoleic acid 6 -desa tu r a t i on  
response  to s imilar  d ie tary  var ia t ion,  f o u n d  by 
G o m e z  Durum et al (16).  A lack of co r re l a t ion  
b e t w e e n  l inoleic and  stearic  acid d e s a t u r a t i o n  
was also f o u n d  when  the  convers ions  of  b o t h  
acids were measu red  s imu l t aneous ly  in t he  same 
mic rosomes  of  rats  wi th  d i f fe ren t  h o r m o n a l  or 
d ie ta ry  t r e a t m e n t s  (Fig. 3). A s u m m a r y  of  the  
d i f fe ren t  responses  of  s tearic,  l inole ic  and  ~- 
l ino len ic  acid de sa tu r a t i o n  u n d e r  d i f f e ren t  stim- 

publication. 

uli and  cond i t i ons  is s h o w n  in Table  II. These 
resul ts  would  indica te  tha t  6-olef inase and  
9-olefinase are d is t inct  and  modi f ied  or induci-  
ble in response  to d i f f e ren t  subs tance .  

Distribution in the Tissues 

T he  fa t ty  acid desa tu ra t ion  ac t iv i ty  is no t  
evenly  d i s t r ibu ted  in all the  organs. Dr. Catala 
in our  l abora to ry  p repa red  the  m i c r o s o m e s  of  
several tissues of y o u n g  rats  (45 days old)  and  
measured  the  per  cen t  convers ion  of  l inoleic 
acid to 9'-linolenic acid for  5 mg of  mic rosoma l  
p ro t e in  (Table  III). The  results  i nd ica t ed  tha t  
only  liver, testicles and  adrenals  gave measur-  
able convers ions  in our  expe r imen ta l  cond i t i ons  
c o m p a r e d  to hear t ,  ep id idymal  fat,  b ra in ,  lungs 
and  kidneys .  However ,  Ge l lhorn  and  Benjamin  
(19)  f o u n d  t ha t  ad ipose  tissue was able to  
desa tu ra te  stearic to  oleic acid. 

These  results  may suggest  tha t  olef inases  are 
no t  evenly d i s t r ibu ted  a m o n g  all the  organs  and  
t h a t  hear t  and  o t h e r  organs may d e p e n d  on  the  
liver for  the  synthes is  and  supply  of  a rach idon ic  
acid. These  h y p o t h e s e s  were co inc iden t ly  sug- 
ges ted  by Nervi and  Brenne r  (20)  in 1964,  
s tudy ing  the  compa ra t i ve  i n c o r p o r a t i o n  of  
a r ach idon ic  acid in l iver  and  hear t  when  fat  
de f ic ien t  rats  were fed wi th  l inoleate  or  arachi- 
dona te .  
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TABLE II t  TABLE IV 

Linoleic Acid Desaturation to 7-1inolenic 
Acid in Different Rat Tissues 

Testicular Desaturation of 
Linoleic to "g-Linolenic Acid (27) 

Tissue Conversion, % Age, weeks Conversion, % 

Liver 13.9 3 
Adrenals 19.8 5.5 
Testicles 6.3 6.0 
Heart ( 1.1 6.5 
Kidney ( 1.6 18.3 
Brain ( 2.0 25.5 
Lung Not measurable 
Epididymal fat Not measurable 

aFive milligrams of microsomal protein of the pool 
of 32 rats incubated 20 rain at 35 C with 10 nmoles 
-l-14C-linoleic acid in the condit ions of experimental  
part. 

Effect of Aging 
The percent desaturation of linoleic acid to 

7-1inolenic acid decreases with the age of the 
animal. Younger animals desaturate more. This 
change has been especially studies in rat testi- 
cles (21) (Table IV). The very high desaturation 
found in the very young animals may be 
correlated to the building of new tissues, 
considering that polyunsaturated acids are very 
important components required for the synthe- 
sis of phospholipids, and the phospholipids 
associated to proteins are fundamental  constitu- 
ents of metabolically active membranes. The 
mechanism that controls the fatty acid desatur- 
ation activity in this case is not known. 
However, it may be probably correlated to the 
proteical effect described by Inkpen et al.(15) 
and Gomez Dumm et al.(16). Peluffo et a1.(22) 
have attributed the activating effect of proteins 

30.0 
16.0 
15.3 
11.0 

7.0 
1.8 

aFour  milligrams of microsomal protein incubated 
20 rain at 35 C with 10 nmoles - l-14C-linoleic acid 
and cofactors. 

on linoleic acid desaturation to a direct or 
indirect enzymatic induction. 

Factors that Modify the Desaturation 
of Fatty Acids in the Microsomes 

Some of these factors have been already 
shown in Table II and a general shceme has 
been already published (6). But before consi- 
dering these factors it is necessary to emphasize 
that the desaturation of fatty acids is produced 
in the endoplasmic reticulum where other 
reactions also take place. These reactions are 
acylation of CoA, transesterification of fatty 
acids to synthesize the different classes of 
lipids, lipolysis and acyl-CoA hydrolysis. In 
consequence, these reactions may contribute to 
modify the picture obtained in experiments in 
vitro in which the desaturating enzyme is only 
considered. On the other hand, the conditions 
in vivo may be different to the conditions in 
vitro. The availability of substrate that may be 
gradually provided to the cell in contact with a 

Inhibition 

Oleic P l 18:2 ( ~  9)--,-20: 2 - -  2 O: 3 - . , -  2"-~:4 ! 

~ d  inhib �9 

Linoleic I ; . i~  ~ 18:3(w61.-.--20:3---20:4 - - -22:5  - 

0~ Lin0leni~( i.~~'~18:4 (~";~:': ~20:'4 --2JO: 5 - -. 2,: 6 
/ ~I I] ~ Feed-back ,nhibition 

/ -=|Protein l ~iet 
R N A ~Glucose) ~ 

~ Insulin 
DNA 

FIG. 4. Scheme of factors that  may modify  fa t ty  acid 6-desatttration in microsomes.  

Phospho~ipid~ Triglycerides 
T 

+ Lysophospholipids + -, Glycerol-Phosphate 

l 
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TABLE V 

Olefination of Fatty Acids: 
Oxidative Desaturation of Cis and T r a n s  Acids a 

Position of new 
Fatty acid double bond Conversion, % 

16:0 9-10 50.0 
18:0 9-10 32.1 

Cis  18:1 6-7 6.0 
T r a n s  18 : 1 0 
Cis  18:2 6-7 13.7 
A l l  t rans  18:2 0 

a 18:3 6-7 39.7 

aMeasured for 5 mg microsomal protein of rat liver 
incubated 20 min in air with t0 nmoles 1-14C acid 
and cofactors. 

high enzyme concentration may distort com- 
pletely the effect expected from experiments in 
vitro, in which relatively high amounts of 
substrate are added to a relatively low concen- 
tration of enzymes. 

The factors that modify the yield of the 
desaturation may be summarized in two 
groups: (a) factors of immediate effect and (b) 
of delayed effect. 

The factors of immediate effect evoke an 
instantaneous modification of the desaturation 
and may be classified in competitive reactions 
among fatty acids (a) of different series (2,6), 
(b) product inhibition (6,21), (c) feedback 
inhibition (23), and (d) inhibition evoked by 
intermediate members (21,24); also in competi- 
tion of the desaturating enzyme with the 
transacylating enzymes for the fatty acids (25). 

The factors of delayed effect provoke a 
modification after a few hours. They are 
attributed to the induction of enzymes, in- 
volved directly or indirectly with fatty acid 
desaturation. These factors may be dietary, as it 
has been shown in Table II for carbohydrates 
(17) and proteins (15,17,22) or hormonal. 
Insulin has been thoroughly studied in this 
respect (17,19,22,26,27). It enhances fatty acid 
desaturation, but it will not be discussed here. 
A general scheme of all these factors is repre- 
sented in Figure 4. 

A new factor has been recently found by 
Brenner and Catala (submitted for publication), 
which may modify the yield of 6-olefination of 
linoleic, c~-linolenic and oleic acid, but not the 
9-olefination of palmitic and stearic acid. This 
factor is ATP. Microsomes preincubated with 
ATP in N 2 at pH 7.0 enhance their desaturation 
capacity and when linoleic acid or linoleyl-CoA 
are added and incubated in the usual way with 
the appropriate cofactors, an approximate 
increase of 50% is found when compared to the 
nonpreincubated microsomes. This effect is 

specific of ATP. However, its physiological role 
is not yet well understood. 

Hvpothetical Model of 6-Olefinase 

A careful comparison and evaluation of the 
data collected when studying the desaturafion 
of unsaturated fatty acids with different 
number and position of double bonds, stereois- 
omeric forms as well as mutual competitive 
effects have led us to propose a model of 
6-olefinase. In this model, the structural con- 
figuration of unsaturated fatty acids generally 
admitted, has been compared to their inhibi- 
tory effects. The structures were designed using 
Vandenheuvel's procedure (28). The possible 
binding forces that may collaborate to deter- 
mine the position of the acyl-CoA on the 
endoplasmic reticulum has also been analyzed, 
as well as the modern theories of membrane 
structure. 

The existence of a double bond between 
carbons 9-10 and the opening of a new double 
bond in divinyl position at carbons 6-7, are 
common features of oleic, linoleic and a- 
linolenic acid. Besides, the increase of the per 
cent desaturation (Table V) and mutual inhibi- 
tion of fatty acids with the number of double 
bonds have been proved in experiments in vitro 
(2) or in vivo (29). These results have led us to 
consider that the 9-10 double bond, the hydro- 
carbon tail and the other double bonds in 
position 12-13 and 15-16 of these acids are 
recognized by the 6-olefinase. With these con- 
clusions, we tentatively propose, in the first 
place, that the 6-desaturation of oleic, linoleic 
and ~-linolenic acid would be produced by the 
same enzyme. Enough evidence has been pro- 
vided to accept this proposition without much 
hesitation (Table II) (2). In the second place, it 
is suggested that the enzyme would have a 
structure able to recognize and bind the hydro- 
carbon tail and double bonds specified above in 
fixed positions, in such a way that the carbons 
6-7 would be in front of the "desaturating 
site." The desaturating site would be connected 
with the microsomal electron transport chain 
that, in consequence, must be situated in its 
neighborhood. 

The hypothesis then supposes that the bind- 
ing occurs from double bond 9-10 to the tail of  
the unsaturated acid, that the binding of double 
bond 9-10 is essential, and that double bonds 
12-13 and 15-16 would strengthen the binding. 

Considering the tridimensional configuration 
of unsaturated fatty acids and with the help of 
Vandenheuvel's procedure (25), a tentative 
structure of the 6-olefinase is proposed, and has 
been designed by Actis Dato. In this design, the 
double bonds are considered coplanar and 
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FIG. 5. Tentative model of binding and desaturat- 
ing sites of 6-olefinase. 
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FIG. 6. Alternative possible binding of polyunsatu- 
rated acids of linoleic acid series to the 6-olefinase. 

producing a pronounced bend of the molecule. 
However, this structure is not essential for the 
hypothesis, and a helical configuration that is 
considered to assume also polyunsaturated 
fatty acids may be even more suitable to bind 
to helical proteins. Therefore, what is essential 
in the hypothesis is that whatever tile real 
structure of the unsaturated fatty acids may be, 
the configuration and binding forces of the 
enzyme must mimic the hydrophobic tail, from 
the 9-10 double bond and so on. 

The hydrocarbon tail of the fatty acid is 
essentially hydrophobic. Therefore, London- 
Van der Waals dispersion forces would be able 
to provoke the binding. Since the disperson 
forces vary as 1/o7,  being D the distance 
between the interacting molecules, the sub- 
strate and the lipoproteic enzyme must be close 
enough to make the binding effective. These 
forces increase with the number of carbon units 
of the molecule and in consequence they may 
be quite large. Salem (30) has calculated the 
effect of each -CH 2- at an interaction distance 
of 5 A to provoke a London-Van der Waals 
dispersion energy of: 

W disp. 
- -  - 0.4 kilocal/mole 

N 

being N equal to the number of identical units. 
This strengthening of the London-Van der 
Waals forces with the number of -CH 2- may be 
applied to our hypothesis to explain the in- 
creased binding and in consequence, the 
increase of desaturation and inhibitory power 

from oleic to linoleic and c~-linolenic acid. 
However, the double bonds must very probably 
exert not only a geometric effect due to the 
kink they provoke on the fatty acid chain, but 
an attracting effect due to their ~ electrons that 
are polarizable. There may be an overlap of 
orbitals of the olefinic double bonds and of 
those of alternate N-C-0 7r systems of a helical 
enzyme. It is convenient to remark that the 
polar effect of double bonds is used daily in gas 
liquid chromatography. 

Whereas London-Van der Waals forces would 
be essential to bind the fatty acid to the 
enzyme, they have a short range. Therefore, 
long range forces may play a role in attracting 
the acyl-CoA enzyme. Electrostatic forces 
would be adequate to provoke this effect. 
Hence the -CO-S CoA, being the polar group of 
the acid, would very probably be responsible 
for the attraction. However, this is a suggestion 
and not a necessity of the model. 

The model proposed in Figure 5 has been 
tested with other unsaturated fatty acids, of 
linoleic and a-linolenic acid families, as it is 
shown in the same Figure. The acids tested are 
74inolenic, arachidonic, eicosa-8,1 I, 15-trienoic, 
docosa-4,7,10,13,16-pentaenoic, and docosa- 
4,7,10,13-16,19-hexaenoic. All the acids were 
experimentally shown to inhibit linoleic acid 
desaturation (21,23,24,31). The model  fits 
quite well with these results when the acids are 
designed in the way considered in Figure 5, 
since they overlap in the desaturating site. 
However, the same results would be obtained 
with the model if the acids were fixed to the 

LIPIDS, VOL. 6, NO. 8 



574 RUDOLFO R. BRENNER 

enzyme in the way shown in Figure 6. That is, 
the double bond that is nearest to the carboxyl 
group would be recognized by the binding site 
that corresponds to carbons 9-10 of oleic acid. 
Which of the two situations is the most 
appropriate is difficult to elucidate with our 
actual experience. 

The structure of Figure 6 would be nearly 
obligatory in the event that the 6-olefinase were 
the same enzyme that desaturates the unsatu- 
rated acids of 18, 20 and 22 carbons. However, 
this hypothesis has not yet been proved. The 
fact that linoleic acid depresses eicosa- 
8,11,14-trienoic acid desaturation (24) does not 
add further evidence in fabor of any of the two 
situations. Besides, Actis Dato and Brenner (31) 
have shown that while docosa-4,7,10,13,16- 
pentaenoyi-CoA is a stronger depressor for 
l i n o l e y l - C o A  de s a t u r a t i o n ,  d o c o s a -  
4,7,10,13,16,19-hexaenoyl-CoA is a stronger 
inhibitor than docosa-4,7,10,13,16-pentaenoyl- 
CoA for alinolenyl-CoA desaturation. Both 
results fit again equally well in both schemes. 

The general model has in addition another 
important advantage. It may differentiate cis 
from trans double bonds. In the model designed 
in Figure 5, it is proposed that the "desaturat- 
ing site" would be at approximately 2.5 A from 
the orienting double bond binding site, and this 
orienting binding place may fix either cis 
double bonds or trans double bonds. If a cis 
acid is bound, it would be easily desaturated as 
is shown in Figure 5. However, if a trans double 
bond is fixed the desaturating site would be too 
far from the acid to desaturate the acid as is 
also shown in Figure 5. That is, our model 
predicts that: (a) elaidic acid will not be easily 
desaturated; (b) elaidic acid may produce a 
weak inhibition of linoleic acid desaturation, 
similar to that of oleic acid; (c) all trans linoleic 
acid cannot be easily desaturated; (d) 9 cis-12 
trans-linoleic acid may be desaturated; (e) 9 
trans-12 cis-l inoleic acid cannot be easily desa- 
turated; and (f) all trans linoleic acid may 
inhibit linoleic acid desaturation. 

All these predictions agree with experi- 
mental results. The confirmation of (a) and (c) 
is shown in Table V. Experiments done in vivo 
by Privett et al. (32) confirm predictions (c)(d) 
and (e), whereas experiments of Selinger and 
Holman (33) confirm (c) and (f). Besides, our 
own experiments done in vitro (6) confirm 
predictions (b) and (f). 

The structure attributed to the 6-olefinase 
also predicts that saturated acids would very 
probably produce very little or no inhibition of 
oleic, linoleic or a-linolenic desaturation. 
Experiments done by Brenner and Peluffo in 
t966 (2) showed that equivalent amounts of  

stearic or palmitic acid did not inhibit signifi- 
cantly the desaturation of the aforementioned 
acids. 

The desaturation of many unnatural unsatu- 
rated acids has been investigated and reported 
by several authors (34-38). However, these 
experiments have been done generally by feed- 
ing essential fatty acid defidient animals with 
the appropriate acid and studying the fatty acid 
composition of the tissues. In spite of their 
importance in the confirmation of the model of  
olefinase, these experiments may lead to erron- 
eous interpretations, due to the many factors 
that act upon the whole animal. However, 
without analyzing them in detail, and in spite 
of the lack of the necessary studies of  competi- 
tion, they insinuate that our model must very 
probably also include a limitation of the space 
to be occupied by the fatty acid molecule. 

The model admits further and necessary 
improvements and probably corrections to ex- 
plain the challenging problem of unsaturated 
fatty acid olefination. It must include the 
interesting finding of Morris et al. (39) that the 
removal of the pair of hydrogen atoms is 
stereospecific and simultaneously concerted. 
This result was obtained in animal tissue for 
stearic acid desaturation and although it prob- 
ably occurs in unsaturated acids, as far as we 
know it has not yet been proved. 

One of the very important problems to be 
resolved is the determination of the identify of  
the binding site of the enzyme. We may 
speculate that the lipoproteic structure of the 
olefinase complex may be important. A lipo- 
proteic structure of the type suggested by 
Benson (40) with the lipid molecules inserted in 
the basically hydrophobic protein network 
would fit rather well in the model proposed. 
However, to what extent the constitutive lipid 
moietes may also contribute to the binding 
forces of the enzyme is open to investigation. 
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The Distribution of 17 Carbon Fatty Acids in the Liver 
of a Child With Propionicacidaemia 
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ABSTRACT 

A child with propionicacidaemia due 
to a defective propionyl CoA carboxylase 
activity, accumulated odd number fatty 
acids in his liver. Seventeen carbon satu- 
rated and monounsaturated acids both 
represented 2% to 3% of the total liver 
fatty acids. The monounsaturated acid is 
demonstrated to be heptadec-9-enoic 
acid. The distribution of the 17 carbon 
saturated and monounsaturated acids 
throughout the major lipid classes is 
described. Enzymic degradation of leci- 
thins and triglycerides is used to establish 
the positional specificity of esterification 
of these two fatty acids. The results 
indicate that when the only difference 
between two fatty acids, present in simi- 
lar concentrations, is a single double 
bond, highly specific esterification pat- 
terns are retained. 

INTRODUCTION 

Children born with a defective propionyl 
CoA carboxylase activity accumulate odd- 
numbered fatty acids (1,2). This is presumably 
due to propionyl CoA substituting for acetyl 
CoA as a primer in fatty acid synthesis (3). We 
have demonstrated that besides the 15 and 17 
carbon saturated fatty acids present in the 
tissues of these children, there is also an 
appreciable amount of a 17 carbon monoenoic 
acid (2). It appears that the presence of similar 
amounts of 17 carbon saturated and monoun- 
saturated fatty acids, each representing 2% to 
3% of the total fatty acid pool, provides a 
unique opportunity to study the effects of both 
chain length and the presence of one double 
bond on the specificity of esterification of fatty 
acids in the liver in vivo. In this study, we have 
investigated the distribution of 17 carbon satu- 
rated and monounsaturated fatty acids in the 
major lipid classes present in the liver of the 
child in which we initially established the 
nature of the enzyme defect (2). 

METHODS 

A portion of liver was removed soon after 
death for enzyme assay (2), and a piece of this 

weighing 2 g was stored at -17 C. This material 
was thawed and extracted by the method of 
Folch et al. (4). The lipid extract was taken to 
dryness, dissolved in chioroform, filtered 
through glass wool and stored at -17 C under 
nitrogen. Aliquots of this chloroform solution 
were used for all subsequent analyses. 

Neutral lipids were separated by thin layer 
chromatography on Silica Gel G using petro- 
leum spirit (40-60 C)-diethyl ether-acetic acid 
(90:10:1 v/v). Phospholipids were also separa- 
ted on Silica Gel G using chloroform-methanol- 
acetic acid-water (65:25:8:4 v/v) or chloro- 
form-methanol-water (65:25:4 v/v). Lipids 
were visualized under uv light after spraying 
with 0.2% dichlorofluorescein in ethanol, and 
then were either eluted by the method of 
Arvidson (5) or transmethylated directly in 5% 
HzSO 4 in methanol. Phospholipids were fur- 
ther identified by spraying thin layer chroma- 
tograms (TLC) with the modified Dragendorf 
reagent (6) or with 0.2% ninhydrin in acetone. 
Methyl esters were separated according to 
degree of unsaturation by AgNO 3 - silica TLC 
(7). 

Analytical and preparative gas liquid chro- 
matography (GLC) of methyl esters was per- 
formed on 15% DEGS on 100/120 mesh 
Diatomite C at 165 C on a Pye 104 Model 64 
gas chromatograph. Dicarboxylic acids pro- 
duced after periodate-permanganate oxidation 
of heptadecenoic acid (8) were analyzed as 
their methyl esters on the same column at 165 
C; the methyl esters of the monocarboxylic 
acids produced were analyzed at 105 C. Fatty 
acid methyl esters were quantitated by multi- 
plying peak height by retention time. The ratios 
of 17 carbon saturated and monounsaturated 
fatty acids in the various lipid fractions were 
established by measuring these two esters at 
high amplification to reduce the variability 
usually found in measuring minor constituents 
of complex mixtures. 

Isolated samples of lecithin and phosph~ 
tidyl ethanolamine were digested with snake 
venom phospholipase A 2 (Crot~lus adama- 
nteus) (9) and the products were separated by 
TLC. Triglycerides were digested with porcine 
pancreatic lipase (10). The results of enzyme 
degradations were shown to be satisfactory by 
summing the fatty acid compositions of the 
products. 
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TABLE I 

Fatty Acid Composition (%) of the Major Lipid Classes 

Total Cholesterol 
Fatty acid lipid FEA a esters TG PC PE 

1 4 : 0  1.2 1.2 4.1 1.8 0.3 0.7 
15:0 1.2 0.85 2.95 1.7 0.9 0.3 
16:0 34.3 17.7 24.7 38.2 32.7 13.9 
16:1 5.9 9.6 8.1 6.8 2.1 1.2 

17:0 3.1 1.6 2.6 3.1 2.4 3.25 
17:1 2.35 4.0 2.9 3.1 1.6 1.0 

18:0 14.7 6.4 7.3 6.3 11.3 23.7 
18:1 22.3 32.9 : 28.6 31.1 16.0 5.0 
18:2 3.95 6.2 3.4 3.3 5.6 2.35 

20:4 8.1 14.1 12.0 2.4 24.0 39.5 

Ratios 

17:0 
17:1 1.3 0.40 0.90 1.0 1.5 3.2 

16:0 1.5 0.54 0.86 1.26 2.0 2.8 
18:1 

aAbbreviations: FFA, free fatty acid; TG, triglyceride; PC, phosphatidyl choline; PE," 
phosphatidyl ethanolamine. 

RESULTS 

Identification of Heptadec-9-enoic Acid 

This fa t ty  acid was first ident i f ied  as a 
heptadecenoic  acid by plot t ing the log of  the 
re ten t ion  t ime against carbon number .  The 
presence of  this fa t ty  acid in the monoene  
fract ion isolated by silver ni t ra te  TLC and the  
effect  of catalyt ic hydrogenat ion ,  fur ther  estab- 
lished that it was a heptadecenoic  acid. The 
me thy l  ester of this acid was isolated f rom the 
m o n o e n o i c  f ract ion by preparative GLC and 
then  subjected to per iodate-permanganate  oxi- 
dat ion.  The mono-  and dicarboxyl ic  acid frag- 
ments  were analyzed separately and shown to 
be a lmost  exclusively octanoic ,  and azelaic 
acids respectively.  This established the  s t ructure  
as heptadec-9-enoic  acid. 

Fatty Acid Composition 
of the Major Lipid Classes 

Both  the total  f a t ty  acid pat tern  and also the 
fa t ty  acid compos i t ion  of  the major  l ipid classes 
are presented  in Table I. The ratios be tween  the  
amount s  of  heptadecanoic  and hep tadecenoic  
acids are given below each co lumn;  and the 
individual  lipid classes are presented  in ascend- 
ing order  of  this ratio. The greatest degree of  17 
carbon unsatura t ion is found in the free fa t ty  
acid fract ion while phosphat idyl  e thano lamine  
has the greatest p ropor t ion  of  sa tura ted  17 
carbon acids. An a t t empt  was made to  correlate  

the rat io of saturated to unsatura ted  17 carbon 
acids with some o ther  characteris t ic  o f  the  fa t ty  
acid pat tern  of  each lipid class. The only 
parameter  that  appeared to be re la ted in any 
way was the palmit ic  acid to oleic acid ratio, 
and this ratio is also presented in the Table. The 
overall pat tern  of  the dis t r ibut ion of  saturated,  
unsa tura ted  and polyunsa tura ted  fa t ty  acids 
be tween  each lipid class in no way appears 
abnormal  except  for the presence of  odd- 
numbered  acids. 

Relationship Between Chain Length and Degree of 
Unsaturation in the Total Liver Fatty Acid Fraction 

The ratio of  17 carbon-unsa tura ted  to satu- 
rated fat ty  acids in the to ta l  saponif ied fa t ty  
acid fract ion,  i.e., the  degree of desa tura t ion  of  
the total  17 carbon acyl pool ,  is compared  with  
the equivalent  desaturat ion ratios for  palmitic 
and stearic acids in Figure 1. The ex ten t  of  the  
desaturat ion of  heptadecanoic  acid is inter- 
media te  be tween  palmit ic  and stearic acids, 
resulting in almost  equal  amounts  of  heptadeca-  
noic and heptadecenoic  acids available for 
esterif icat ion.  

The Positional Distribution of 
17 Carbon Fatty Acids in Lecithin 

The leci thin f ract ion was isolated and de- 
graded with snake venom phosphol ipase  A2 
(Table II). Tke fa t ty  acids f rom the 1 posi t ion 
were p redominan t ly  saturated,  i.e., 62% palmi- 
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FIG. 1. The effect of chain length of the desatura- 
tion of 16, 17 and 18 carbon fatty acids. The ratio of 
monounsaturated to saturated fatty acid is plotted 
against the chain length of each pair. This data is 
calculated from the per cent composition of the total 
saponified fatty acid fraction. 

tic, 20% stearic and 5% heptadecanoic  acid. The  
fat ty  acids f rom the 2 posi t ion were highly 
unsatura ted  conta ining 42% arachidonic  acid 
and 24% oleic acid. In the 1 posi t ion there was 
a great excess of  heptadecanoic  acid over  
heptadecenoic  acid, 5 to 1, and this ratio was 
a lmost  exact ly  reversed in the 2 position. 
Correlat ion be tween  the 17 carbon saturated 
and unsa tura ted  rat io and the palmit ic  acid to 

oleic acid rat io in each individual posi t ion was 
less than that  for the whole molecule .  

The Positional Distribution of 
17 Carbon Acids in Triglyceride 

The tr iglyceride fract ion was degraded with 
pancreatic lipase and the resulting free fat ty  
acids and monoglycer ides  analyzed (Table II). 
In view of the pa thway of de novo synthesis of  
lecithins and triglycerides f rom a c o m m o n  
diglyceride precursor,  the fa t ty  acid compo-  
sitions of  the 2 posi t ion of leci thin  and trigly- 
cerides were compared  to  determine  the degree 
of  modi f ica t ion  of the compos i t ion  of leci thin 
by o ther  cont r ibut ing  synthet ic  pathways.  The 
compos i t ion  of  the 2 posi t ion of the triglycer- 
ide fract ion differed appreciably f rom that  of  
the 2pos i t ion  of  the lecithins. The 2 posi t ion of  
the tr iglyceride f ract ion conta ined  only 1.2% 
arachidonic acid compared  with 42% in the 
same posi t ion in lecithin.  Recalcula t ion of  the  
percentage compos i t ion  of the 2 posi t ion of  
lecithin after  exclusion of  arachidonic  acid 
shows that  the massive increase in arachidonic 
acid is not  the only difference be tween  the 2 
positions. In the tr iglyceride 2 posi t ion there 
are approx imate ly  equal  amounts  of  16 and 18 
carbon acids while in the leci thin 2 posi t ion 18 
carbon acids predominate .  

There are also significant differences be- 
tween the 17 carbon acid ratios be tween  the 2 
posit ions of  tr iglyceride and lecithin.  In tri- 
glyceride 2 posi t ion the 17 carbon acid satura- 
ted to unsatura ted  ratio is 0.37, indicat ing a less 

TABLE II 

Positional Distribution of Fatty Acids (%) in Lecithin and Triglycerides 

Fatty acid 
Lecithin Triglyceride 

1 Position 2 Position 2 Position 1+3 Position 

14:0 
15:0 
16:0 
16:1 

17:0 
17:1 

18:0 
18:1 
18:2 

20:4 

Ratios 

17:0 
17:1 

16:0 
18:1 

0.4 0.9 1.6 2.3 
1.5 0.8 1.7 2.1 

61,9 10.7 30.8 40,7 
1.5 3.7 10.3 4.4 

5.1 0.46 1.46 3.6 
1.0 2.2 3.95 2.6 

19.7 3.3 2.8 11.0 
5,2 24.1 35.6 26.2 
0.6 6.8 5.8 2.2 

0 42.2 1.2 3.7 

5.1 0.21 0.37 1.38 

11.9 0.44 0.87 1.6 
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specific selection of the monounsaturated acid 
than in the lecithin 2 position. 

DISCUSSION 

Heptadecanoic and heptadecenoic acids are 
not uniquely confined to the tissues of children 
with propionicacidaemia; many workers have 
reported fatty acid compositions containing up 
to 1% of heptadecanoic acid in mammalian 
tissues and occasionally a trace of heptadece- 
noic acid has been demonstrated. Kishimoto 
and Radin (11), for example, reported that 
heptadecenoic acid is present in pig brain at a 
concentration of 2.8 rag/100 g brain. The 
presence of 2-3% of both 17 carbon saturated 
and monounsaturated acids in the liver of this 
child, and similar amounts of these two acids in 
his red cells (2) in therefore greatly in excess of 
normal concentrations. 

The almost exclusive localization of the 
double bond to the 9,10 position of heptadece- 
noic acid demonstrated in this study is in 
keeping with the known specificity of animal 
long chain fatty acid desaturases (1 2) and the 
relative degrees of desaturation of 16, 17 and 
18 carbon acids in this liver (Fig. 1) compares 
well with the chain length specificity of mam- 
malian desaturases found by Paulsrud et al (13). 
The difference between the relative proportions 
of palmitic and palmitoleic acids and the 
relative proportions of stearic and oleic acids in 
animal tissues makes it difficult to differentiate 
between the effects of chain length and the 
effects of a single double bond on estefification 
patterns. The desaturation ratio for heptadeca- 
noic acid found here insures that similar 
amounts of saturated and unsaturated 17 car- 
bon acids are available for esterification (Fig. 
1). 

The overall fatty acid composition of the 
major lipid classes (Table I) is similar to those 
described in the very large number of lipid 
analyses already in the literature. The general 
characteristics of each of these lipid classes are 
reflected in the relative proportions of heptade- 
canoic and heptadecenoic acids present. The 
free fatty acid fraction contains the largest 
amounts of monounsaturated acids (16:1 and 
18:1) and this is reflected in the low 17:0/17:1 
ratio. Phosphafidyl ethanolamine contains the 
highest content of stearic acid, and the lowest 
proportion of monounsaturated acids, and this 
is reflected in the highest 17:0/17:1 ratio. 
Although this general correlation exists, it 
appeared useful to try and identify in more 
detail the factors regulating the proportions of 
heptadecanoic and -enoic acids selected for 
each lipid class. In attempting to correlate the 

ratios of seventeen carbon acids in each lipid 
class with some factor related to the degree of 
unsaturation, the only parameter that seemed 
to be related was the palmi t ic  acid to  oleic acid 
ratio. 

Each enzyme involved in fatty acid esterifi- 
cation demonstrates a chain length optimum 
for both the saturated and the monounsatu- 
rated series, and the pattern of the fatty acid 
composition of each lipid class is the resultant 
of the chain length specifities of several enzyme 
activities. The relationship between the satu- 
rated and unsaturated 17 carbon acids and the 
palmitic to oleic acid ratio must be an overall 
reflection of these specifities. A possible expla- 
nation for this particular relationship is that the 
extent of esterification of heptadecanoic acid 
corresponds more nearly to that of palmitic 
acid than to that of stearic acid and similarly 
heptadecenoic acid more nearly approaches 
oleic acid than palmitoleic in esterification 
pattern. 

The degree of unsaturation has more effect 
than the chain length of a fatty acid on the 
distribution of fatty acids between the individ- 
ual acylation positions on a glycerophos- 
phatide. This is demonstrated by the preferen- 
tial localization of saturated acids to the 1 
position and unsaturated acids to the 2 position 
of lecithin and phosphatidyl ethanolamine (14). 
In the present study the change in saturated to 
unsaturated ratio of the 17 carbon fatty acids 
from 5 to 1 in the 1 position of lecithin to 1 to 
5 in the 2 position is a striking demonstration 
of the effect of a single double bond on the 
specificity of the mechanisms involved in estab- 
fishing the fatty acid distribution throughout 
the lecithin molecule. 

One of the major pathways for the de n o v o  
synthesis of lecithin is from diglyceride and 
CDP choline. Comparison of the fatty acid 
composition of lecithin and diglyceride will 
indicate the contribution of other pathways in 
determining the fatty acid composition of 
lecithin (15). The diglyceride pool is also used 
directly for the synthesis of triglycerides and so 
in the absence of data about the composition of 
the diglyceride fraction, comparison of the 
fatty acids at the 2 positions of triglyceride and 
lecithin should help to indicate the contribu- 
t ion of other pathways in determining the fatty 
acid composition of iecithin. The fatty acids in 
the 2 position of lecithin isolated in this study 
show a striking difference in composition from 
the fatty acids in the 2 position of triglycerides; 
lecithin containing 42% arachidonic acid while 
triglyceride contains only 1.2%. The distribu- 
tion of fatty acids in the 2 position of lecithin 
after exclusion of arachidonic acid also shows 

LIPIDS, VOL. 6, NO. 8 



580 D. GOMPERTZ 

o the r  d i f ferences  f rom the  2 pos i t ion  of  the  
t r iglycerides.  These d i f ferences  m ay  be  due  
e i the r  to  syn thes i s  of  l ec i th in  f rom phospha -  
t idyl  e t h a n o l a m i n e  (16 ,17)  or  by  m o d i f i c a t i o n  
of  the  lec i th in  af te r  syn thes i s  by  the  acy la t ion-  
deacy la t ion  cycle (18) .  Digest ion of the  phos-  
pha t idy l  e t h a n o l a m i n e  f r ac t ion  by  p h o s p h o -  
lipase A 2 showed  tha t  the  2 pos i t ion  f a t t y  acids 
con t a in  a p p r o x i m a t e l y  80% a rach idon ic  acid 
and  on ly  t race a m o u n t s  of  the  17 c a r b o n  acids. 
This h igh  p r o p o r t i o n  of  a rach idon ic  acid in 
p h o s p h a t i d y l  e t h a n o l a m i n e  makes  i t  possible  
t ha t  the  a rach idony l  species of l ec i th in  cou ld  
have been  derived by the  m e t h y l a t i o n  of  
p h o s p h a t i d y l  e t h a n o l a m i n e  (17).  The  low prop-  
o r t i o n  of  ' the species o t h e r  t h a n  a r ach i dony l  
species in p h o s p h a t i d y l  e thano la In ine  p r o b a b l y  
insures  t h a t  m e t h y l a t i o n  would  have l i t t le  
ef fec t  on  the  overall  p a t t e r n  of  f a t t y  acids in 
the  2 pos i t ion  of  l ec i th in  o t h e r  t h a n  to  increase  
the  pe rcen tage  of  a r ach idon ic  acid. Different ia l  
rates of m e t h y l a t i o n  of  the  a r ach i dony l  a n d  the  
m i n o r  species (17)  cou ld  be invoked  to expla in  
the  full changes  in the  f a t ty  acid p a t t e r n s  
b e t w e e n  the  2 pos i t ions  of  t r ig lycer ides  and  
lec i th ins ,  bu t  the  o p e r a t i o n  of the  acy la t ion-  
deacy la t ion  cycle (18)  is a more  l ikely explana-  
t ion.  The changes  in the  17:0  to 17:1 ra t io  
be tween  the  2 pos i t ions  of t r ig lycer ide  (0 .37)  
and  lec i th in  (0 .21)  are c o m p a t i b l e  wi th  the  
o p e r a t i o n  of this  cycle;  d u r i n g  the  r eacy l a t i on  
reac t ions  at the  2 pos i t ion  17:0  would  t e n d  to 
be exc luded  and the  re -es te r i f ica t ion  of  17:1 
favored.  

This s tudy  of  the  d i s t r i bu t ion  of  17 c a r b o n  
fa t ty  acids in the  liver of a chi ld wi th  propioni -  
cac idaemia  will c o m p l e m e n t  those  in v i t ro  
s tudies  of the  effect  of  cha in  l eng th  o n  desatu-  
r a t ion  and  es te r i f ica t ion  reac t ions  t h a t  have 
used o d d - n u m b e r e d  fa t ty  acids (13, 19-21) and  
i l lus t ra tes  the  value of us ing o d d - n u m b e r e d  
fa t ty  acids in inves t iga t ions  of  t h e  fac tors  
d e t e r m i n i n g  the  f a t ty  acid c o m p o s i t i o n  of  
var ious  l ipid classes. 
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Incorporation of Oxygen-18 Into the Oxirane Ring of 
cis-9,10-Epoxyoctadecanoic Acid 1 

H.W. KNOCHE, Department of Biochemistry and 
Nutrition, The University of Nebraska, Lincoln, Nebraska 68503 

ABSTRACT 

The synthesis of cis-9,10-epoxyocta- 
decanoic acid by tissue slices of wheat 
plants infected with Puccinia graminis 
tritici (Wheat stem rust) has been investi- 
gated further. Synthetic methyl cis-9,10- 
epoxyoctadecanoate and the same ester 
isolated from incubations in an atmos- 
phere containing 1802, or a medium 
containing H2180 , were analyzed by 
mass spectrometry. These analyses re- 
vealed that molecular oxygen was incor- 
porated into the oxirane ring of cis-9,10- 
epoxyoctadecanoic acid. 

I N T R O D U C T I O N  

In previous studies concerning the biosyn- 
thesis of cis-9,10-epoxyoctadecanoic acid by 
tissue slices of wheat plants infected with 
Puccinia graminis tritici, atmospheric oxygen or 
light was found to be required for the synthesis 
of this acid (1). Presumably, enough oxygen 
was liberated through photosynthesis to satisfy 
the oxygen requirement, since the rate of 
epoxy acid synthesis was essentially the same 
whether incubations were performed with a 
nitrogen atmosphere and light, or with air and 
darkness. The relationships between unsatu- 
rated fatty acid synthesis, light and oxygen 
were the same as that observed for epoxy acid 
biosynthesis. 

Previous data indicated that oleic acid, or 
one of its derivatives, was an immediate precur- 
sor to the epoxy acid. Therefore one could not 
say whether the oxygen requirement for the 
synthesis of this acid was due to the oxygen 
requirement for the synthesis of oleic acid or 
for the conversion of oleic acid to the epoxy 
acid, or both. Furthermore, an oxygen require- 
ment for the conversion of oleic acid to the 
epoxy acid would not establish the origin of the 
oxygen in ' the oxirane ring. The purpose of this 
study was to determine the origin of the 
oxygen in the oxirane ring of the cis-9,10- 
epoxyoctadecanoic acid biosynthesized by 
rust-infected wheat plants. 

1presented in part at the AOCS Meeting, Minne- 
apolis, October 1969. 

M A T E R I A L S  A N D  METHODS 

The source and preparation of the wheat 
plant tissue which was infected with Puccinia 
grarninis tritici was the same as that reported 
previously ( 1 ). 

In one experiment 1.5 g of  washed tissue 
slices were placed in a 125 ml Erlenmeyer flask 
which was covered to exclude light. Then 30 ml 
of 0.1 M potassium phosphate buffer (pH 4.5) 
and 0.8/~moles of acetic acid were added. Using 
a rubber stopper fitted with a stopcock, the 
flask was attached to a vacuum manifold and 
evacuated to approximately 20 mm Hg. Then 
nitrogen was bled in to restore atmospheric 
pressure. This flushing process was repeated 10 
times to r e m o v e  1 6 0 2  . Finally, the flask was 
evacuated to 20 mm Hg and the seal of the glass 
bulb containing 100 ml of 1802 was broken 
while the bulb was connected to the manifold. 
After allowing the 1802 to diffuse for 5 min, 
nitrogen was used to restore atmospheric pres- 
sure. From the volume of the system, the 
partial pressure of the 1802 was calculated to 
be approximately 270 mm Hg at the beginning 
of the incubation. The closed flask was re- 
moved from the manifold and the incubation 
performed for 10 hr at 25 C, with agitation. 

In the second experiment, 1.5 g of the 
washed tissue slices were placed in a 125 ml 
Erlenmeyer flask which was covered to exclude 
light. Then 5.0 ml of a 0.1 M potassium 
phosphate buffer (pH 4.5) which had been 
prepared using H2180 , was added. After the 
addition of 0.8 pmoles of acetic acid, the flask 
was fitted with a cotton plug and the incuba- 
tion was performed at 25 C with agitation, for 
10 hr. 

Methyl cis-9,10-epoxyoctadecanoate was iso- 
lated as reported previously (1). The final step 
in the procedure involved thin layer chromato- 
graphy (TLC). The developed plate was sprayed 
with a 0.2% solution of Rhodamine-6G in 
ethanol and viewed under an UV lamp. The 
absorbent corresponding to methyl cis-9,10- 
epoxyoctadecanoate was scraped from the plate 
and extracted three times with chloroform. The 
sample was rechromatographed in the same 
system. After extracting the methyl cis-9,10- 
epoxyoctadecanoate from the absorbent, the 
purity of the sample was checked by gas liquid 
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TABLE I 

Mass Spectral Data of Methyl 
Cis-9,10-Epoxyoctadecanoate From Incubations of Infected Wheat Tissue With 1802 and H 2180 

Fragment, 
m/e 

1S5 

Intensity ratio a 

171 

199 

214 

281 

74 

Percentage 
of base Synthetic 

peak Probable structures 1802 H2180 ester 

83 CH3-(CH2)-TCH-CH , 0.56 0.13 0.10 

CH = CH -(CH2)- 5 ( 
OCH 3 

14 199- CO , 0.25 0.07 0.06 

CH 3-(CH 2)-7C~-'~H-CH �9 2H 

12 CH~CH-(CH2)_ 7 ~ 0.32 0.19 0.06 
CH 3 

O 

�9 CH2-C~-CNH-(CH2)-7 ( 0.21 0.14 0.09 2.4 H 
6 CH 3 

1.8 M - CH30 0.17 0.12 0.08 

100 H �9 CH2-~ d 0.02 0.07 0.03 
O CH3 

aThe intensity of the F + 2 peak divided by the intensity of the F peak where F is the mass of the fragment 
given in the first column. 

chromatography  (GLC). Only one componen t ,  
which exhibi ted the same re ten t ion  t ime as 
au thent ic  methy l  eis-9,10-epoxyoctadecanoate, 
was observed in the extracts .  Finally the sample 
was transferred to a 1.8 x 20 mm glass tube,  
and after evaporat ing the solvent,  analyzed by 
mass spec t rometry .  Approx imate ly  30 /~g, of  
synthet ic  cis-9,10-epoxyoctadecanoic acid were 
treated with  d iazomethane  and then isolated 
and analyzed in the same manner  as the samples 
obta ined f rom the incubat ions.  

Mass spectra were obta ined with a Hitachi  
model  RMU-60, double  focusing ins t rument  
with an ionizing potent ia l  of  80 ev and a 
m a x i m u m  tempera ture  of  160 C for the inlet 
oven. 

The GLC procedures and the synthesis of 
cis-9,10-epoxyoctadecanoic acid have been des- 
cribed ( I ). 

The 1802 (90 atoms per cent) and H1802 
(20 atoms per cent) were obtained from Inter- 
national Chemical and Nuclear Corp., Irvine, 
California. 

RESULTS AND DISCUSSION 

The gross features of  the mass spectra of  the  
methy l  cis-9,10-epoxyoctadecanoate which was 
isolated from the 1802 and H 218 0 incubat ions  
and the synthet ic  esters were very similar to the 
spec t rum repor ted  by Ryhage and Stenhagen 
(2) except  that  a base peak  of  74 m]e was 

observed instead of  155 m/e .  However,  the 155 
m/e  peak was intense (<83% of the base peak)  
in our spectra. A lower inlet  pressure due to a 
smaller quan t i ty  of  sample could possibly ac- 
count  for this difference.  The relative intensi ty 
of  certain fragments differed considerably be- 
tween the two exper imenta l  samples, and the 
synthet ic  ester. For  f ragments  believed to pos- 
sess the oxygen  of  the oxirane ring, intensi ty  
ratios were calculated.  For  a particular frag- 
ment  (F),  the ratio was the intensi ty  of  the F + 
2 peak divided by the in tensi ty  of  the F peak. 
Only fragments  which exhibi ted  a fairly intense 
peak were considered so that  the F + 2 peaks 
were large enough for reasonably accurate 
measurements .  The molecular  ion,  M, (312 
m/e)  of  me thy l  cis-9,10-epoxyoctadecanoate 
was readily apparent  (approximate ly  0.5% of  
the base peak,  74 m/e) ,  but  was not  used since 
the M + 2 peak was very weak. 

The data in Table I show that the in tensi ty  
of the F + 2 peak relative to the F peak was 
greater  for the  epoxy  ester isolated f rom the 
incubat ion  per formed with  t 8 0  than for the 
synthet ic  ester,  in all f ragments  except  74 m/e .  
The intensi ty ratios for  the  epoxy  ester f rom 
the t 8 0 2 - i n c u b a t i o n  are about  four  to  five 
t imes greater than the intensi ty  ratios for tile 
synthet ic  ester when the fairly intense peaks, 
155, 171, and 199 m/e,  are compared.  For  the  
low intensi ty peaks, 214 and 281 m/e ,  the 
values of  the intensi ty  ratios differ by a fac tor  
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of tWO to three. Since the intensity ratios for 
the synthetic ester exceed the ratios calculated 
on the basis of the natural abundance of  
isotopes, one can assume that fragments other 
than those containing oxygen contribute to the 
F and F + 2 peaks, and the contribution of such 
fragments is variable among the different peaks 
listed. Therefore, a variable difference between 
the intensity ratios for the epoxy ester from the 
1802 incubation and the synthetic epoxy ester 
should be noted. Errors in the measurement of 
peak intensities, particularly for the less intense 
peaks, 214 and 281 m/e, could also cause 
variability. 

From the data, the percentage of molecules 
which contained 180 cannot be accurately 
calculated, but it is low, probably in the order 
of 0.5% to 5%. This result is not surprising, for 
the quantity of the epoxy acid present in the 
tissue prior to the incubation would certainly 
dilute the isotopically-labeled acid which was 
synthesized during the incubation. However, 
the incorporation of 1802 into the oxirane ring 
of cis-9,10-epoxyoctadecanoic acid obviously 
did occur. 

The intensity ratios for the methyl cis-9,10- 
epoxyoctadecanoate isolated from the incuba- 
tion performed with H 2180, were greater than 
those of the synthetic ester, for all the frag- 
ments given in Table I. The differences in the 
intensity ratios between these two samples are 
not nearly as pronounced as the differences 
observed between the epoxy ester isolated from 
the 180 incubation and the synthetic ester. 
However, the water was only enriched with 
180 to the extent of about 20 atoms per cent. 
Whether the differences in the intensity ratios 
between the epoxy ester from the H2180 
incubation and the synthetic esters are highly 
significant is questionable. From a comparison 
of the intensity ratios of the 74 m/e fragment, 
it appears that the 180 of the water was 
incorporated into the ester function. However, 
after its synthesis, the epoxy acid is esterified in 
the rust uredospore (3). Virtually all of the 180 
in the ester group should have been removed by 
transesterification except the l aO which may 
have been present in the carbonyl group. 

The finding that molecular oxygen is incor- 
porated into the oxirane ring of cis-9,10-epoxy- 

octadecanoic acid, indicates that the enzyme 
capable of catalyzing the epoxidation of the 
appropriate derivative of oleic acid is probably 
similar, in many respects, to the epoxidase 
which is responsible for the formation of 
2,3-oxidosqualene (4). This molecule has been 
shown to be an intermediate in the conversion 
of squalene to lanosterol (5-8). As Bloch has 
stated, the requirement for NADPH and oxygen 
in the epoxidation of  squalene seems to place 
the epoxidase in the mixed oxidase class of 
enzymes (4). The fact that the role of 2,3-0xi- 
dosqualene as an intermediate was unknown 
until recently, and that an epoxy steroid 
appears to function as an intermediate in a 
hydroxylation reaction (9) suggests that many 
unsuspected oxygenase reactions may involve 
an epoxide intermediate. If this is the case, 
knowledge concerning the formation and meta- 
bolism of the oxirane ring will assume greater 
significance. 
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ABSTRACT 

The relative per cents of  polar and 
neutral lipids and the fat ty acid profile of 
the polar and neutral lipids of nine 
thermophilic and nine mesophilic fungi 
were examined and compared. The polar 
lipids of the thermophiles contained an 
average of 0.89 double bonds per mole 
fat ty acid (unsaturation index, USI) and 
were considerably more saturated than 
the corresponding lipids of the meso- 
philes (average 1.32 USI). Within the 
thermophilic species the polar lipids were 
generally more saturated than the neutral 
lipids (average 0.95 USI) and in the 
mesophilic species the polar lipids were 
usually more saturated than the neutral 
lipids (average 1.14 USI). The mesophiles 
produced higher levels of 16: 1, 18:2 and 
18:3 fat ty  acids than the thermophiles 
and preferentially incorporated 16:1 and 
16:2 into their polar lipids. The thermo- 
philes produce higher levels of saturated 
fatty acids and 18:1 than the mesophiles 
and preferentially incorporated the satu- 
rated fat ty acids into their polar lipids. 

INTRODUCTI ON 

Two basic hypotheses have been rendered 
which a t tempt  to explain the abili ty of organ- 
isms to exist at elevated temperatures.  The first, 
which may be termed the dynamic hypothesis,  
at tr ibutes survival at elevated temperature to 
the rapid resynthesis of damaged or destroyed 
cell constituents (1). The second, the stable 
component hypothesis,  ascribes either the in- 
trinsic stability of  cellular constituents or the 
presence of protective agents as the prime 
factor imparting temperature tolerance (2). 
Although the dynamic hypothesis may appear 
attractive it suffers from several inherent defi- 
ciencies. It does not explain the inability of 
thermophilic organisms to grow at normal 

Ipresent address: Department of Biochem/stry, 
Cornell University Medical College, New York, N.Y. 

temperatures,  and, perhaps more significantly, 
it fails to take into consideration the thermal 
denaturation of proteins which are needed for 
synthesis of cellular constituents. 

A considerable body of evidence has been 
accumulated supporting the stable constituent 
hypothesis. The high thermal stability of crude 
enzyme preparations isolated from a variety of 
organisms has been reported by numerous 
workers (3-6). Work done with pure enzyme 
preparations has been less extensive but the 
data which is currently available supports the 
stable constituent hypothesis more than the 
dynamic hypothesis.  

The unique character of thermophilic fungi 
to thrive at temperatures at which many organ- 
isms perish may be based in part on the 
thermostabil i ty and functional permeabili ty of 
the membranes. It had previously been shown 
that the total  fatty acids of the thermophiles 
were more saturated than the fatty acids of 
comparable mesophiles (7-9). These differences 
(7) were not great and did not seem to aid in 
explaining thermophily.  However, if these dif- 
ferences reside in the membrane lipids they 
would be highly significant. Consequently the 
fat ty acid composition of the polar and neutral 
lipids of nine thermophilic fungi and nine 
similar mesophilic fungi were examined. 

EXPERIMENTAL PROCEDURES 

The mesophiles were grown at 25 C and 
thermophiles at 45 C. The organisms were 
cultured and extracted as previously reported 
(7). Aliquots (25 mg or less) of the total  lipid 
extracts were divided into neutral and polar 
lipid fractions by chromatography on silicic 
acid columns (ATF silicic acid, 100-200 mesh, 
Supelco, Inc.). The neutral lipids were obtained 
by elution of the column (1 x 6 cm) with 25 ml 
of CHC13 and the polar lipid with 25 ml of 
CH3OH. The fractions were evaporated to 
dryness under nitrogen in tared flasks, weighed, 
redissolved in CHC13/CH3OH (1:1) and stored 
at -25 C. 

The methyl  esters were prepared by transes- 
terification of the lipids with 12.5% BF 3 in 
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CH3OH (10) and quantitated with a Microtek 
MT 200 gas chromatograph equipped with a 
flame ionization detector. Samples were 
chromatographed on a 6 ft 15% DEGS column 
at 185 C and peak areas were computed with an 
Aerograph 471 digital integrator. 

RESULTS AND DISCUSSION 

The percentage composition of polar and 
neutral lipids are shown in Table I. The polar 
lipid varied between 10.5% and 67.1%. There 
was no correlation between the composition 
found in the thermophiles and that found in 
the mesophiles. The fatty acid profile of the 
polar and neutral lipids of the 18 fungi ex- 
amined are presented in Table II. In the 
mesophiles the concentrations of 18:0 and 18 : 1 
were substantially higher in the neutral frac- 
tions than in the polar lipid fractions. The only 
exception to this generality was Penicillium 
chrysogenum where the polar fraction con- 
tained a slightly higher level of 18 : 1. With 18:2 
the distribution pattern was substantially dif- 
ferent. The polar fractions tended to contain 
higher levels of this acid, and only in Chaetomi- 
um globosum and Humicola nigrescens were 
there any substantial reversals in this pattern. 
The low 18:2 levels in the polar fractions of 
these two organisms is paralleled by an increase 
in the concentrations of 16:0, 16:1 and 16:2. 
The distribution of the other fatty acids be- 
tween neutral and polar fractions appears to be 
entirely species dependent. 

The distribution of fatty acids between the 
neutral and polar lipids of the thermophiles 
presents a different pattern from that observed 
for the mesophiles. The distribution of 16:0, 
18:0 and 18:1 between fractions does not seem 
to follow any definite pattern. However, with 
16:1 and 18:2 there appears to be a tendency 
against incorporation into the polar lipids the 
exceptions being Chaetomium thermophile and 
Stilbella thermophila. 

The two temperature varieties demonstrate a 
distinct behavior in the synthesis and utilization 
of unsaturated fatty acids. The mesophiles 
produce higher levels of 16:1 and 18:2 than the 
thermophiles and preferentially incorporate 
these fatty acids into their polar lipids. Also the 
mesophiles produce significant amounts of 18:3 
and incorporate it into the polar lipids to 
varying degrees. The thermophiles produce high 
levels of saturated fatty acids and 18:1. The 
saturated fatty acids are preferentially incorpor- 
ated into the polar lipids. These factors com- 
bine to make the polar lipids of the thermo- 
philes much more saturated than the polar 
lipids of the mesophiles. 

The differences between the mesophiles and 
thermophiles are more readily apparent when 

o) 

e~ 

e ~  

~r~ 

e x  

o 

• 6 6 t-: ,~ t-: ,/ = 4 
g 

Z Z 

. . . .  ~ q  

Z Z 

' ~ ~  

. . . . .  ~ . ~  

z z 

e4 

ra  

585 

-g 

# 

LIPIDS, VOL. 6, NO. 8 



586 

m Z 

O 

'O 

< 

R.O. MUMMA, R.D. S E K U R A A N D C . L .  FERGUS 

i i ! ! i i i i i ! i i i ! i i ! i  i i i i i i i i i ! i i i i ~ i l  

�9 ~ i ! i i ! ! ; i i i i i i i ! i }  i ~ i i i i i ~ i ! i i i i 4 1 1 1  

0 
~ i i ; ; ; i ; i i i i ~ i i ; i ~  i ' ' i i i ! i i ! ; i ! i i i ~ i  

~ ~ i  i ~ : ~ ~ ~ . . . . . .  i i i i ! i i ; ~ i  i i ~ i  i 

:1 

�9 ~ ~ ~ ~ ~ .~ ~ ~ ~ 

0o 

O 

O 

t~  

= ~ . . ~  

, ~ . ~  ~ , ~  

LIPIDS ,  V O L .  6, N O .  8 



FATTY ACIDS OF THERMOPHILIC FUNGI 587 

i 

< 

0 

o 

N 

~ d ~  - 6 6 6 6 6  ~ 6 

d 6  6 6  . o ~ o o  

6 ~  6 ~  ~ 6 6 ~ 6 6  

~ ~.~ ~ , ~  
- ~ ~ ~ . ~  

[-. 

�9 

0 

0 

0~ 

0 

.5 
0 

LIPIDS, VOL. 6, NO. 8 



588 R.O. MUMMA, R.D. SEKURA AND C.L. FERGUS 

the  u n s a t u r a t i o n  index  (USI,  d o u b l e  b o n d s  per  
mole)  is cons idered ,  Table  III. The  neu t r a l  
l ipids of the  t h e r m o p h i l e s  are more  sa tu ra ted  
(average 0.95 USI)  t h a n  the  mesophi les  (average 
1.14 USI) .  However ,  w h e n  the  polar  f rac t ions  
are c o m p a r e d  there  is a more  signif icant  differ-  
ence,  for  the  t h e r m o p h i l e s  (average 0.89 USI)  
exh ib i t  cons iderab le  lower  levels of  unsa tu ra -  
t ion  t han  the  co r r e spond ing  mesophi les  (aver- 
age 1.32 USI) .  

The  ra t io  USI polar  l ip ids /USI  neu t ra l  l ipids 
is indicat ive  of  the  relat ive prevalence  of  un-  
sa tu ra ted  f a t t y  acids in the  two  fract ions .  When 
this  value is greater  t h a n  one  the  polar  f r ac t ion  
is more  u n s a t u r a t e d  t h a n  the  neu t r a l  f rac t ion .  
In mos t  of the  t h e r m o p h i l e s  th is  value is less 
t h a n  one,  ind ica t ing  t ha t  the re  is d i sc r imina t ion  
against  i n c o r p o r a t i o n  of  u n s a t u r a t e d  fa t ty  acids 
in to  the  polar  lipids. The mesophi les  general ly  
d e m o n s t r a t e d  a t e n d e n c y  for  greater  incorpora -  
t i on  of  u n s a t u r a t e d  fa t ty  acids in to  the  polar  
f rac t ion .  

Because the  m e m b r a n e s  mus t  be  in a l iquid- 
crystal l ine s ta te  for  g r o w t h  (11)  the  more  
sa tura ted  na tu re  of the  polar  l ipids of  the  
t h e r m o p h i l e s  provides  grea ter  t he r m os t ab i l i t y  
and  de t e rmines  the  lower  t e m p e r a t u r e  l imit  of  
f unc t i ona l i t y  of  the  m e m b r a n e s .  Perhaps  the  
t h e r m o p h i l e s  c a n n o t  p roduce  u n s a t u r a t e d  f a t t y  
acids in suff ic ient  q u a n t i t y  to  ma in t a in  the  
m e m b r a n e  in a l iquid-crys ta l l ine  s tate  at low 

t e m p e r a t u r e ,  and  consequen t ly ,  c a n n o t  grow at 
2 5 C .  
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ABSTRACT 

The lipids of the thermophilic fungus 
Humicola grisea var. thermoidea were 
qualitatively and quantitatively deter- 
mined. The polar lipids consisted of 
38.4-42.3% of the total lipids. The rela- 
tive per cent phospholipids based upon 
the total phospholipids were as follows: 
phosphatidyl choline, 32.3-33.7%; phos- 
phatidic acid, 24.5-31.7%; phosphatidyl 
ethanolamine, 15.8-20.9%; phosphatidyl 
inositol, 12.5-13.0%; phosphatidyl serine, 
2.3-5.4%; and diphosphatidyl glycerol, 
3.9-4.0%. The relatively high concentra- 
tion of phosphatidic acid may be charac- 
teristic of fungi grown at elevated temper- 
a t u r e s .  Severa l  s t e r o l  glycosides 
(3.1-6.0%) were present in the polar 
lipids. The neutral lipids consist of tri- 
glycerides, 28.6-36.0%; free fatty acids, 
5.3-13.5%; sterols, 11.4-13.9%; sterol es- 
ters, 1.8-3.0%; and diglycerides, 2.2-3.4%. 
The sterols and derivatives comprise an 
unusually large fraction of the total lipids 
(16.3-22.9%) suggesting a role in thermo- 
stability. 

INTRODUCTION 

The fatty acids of the total lipids and in 
particular the polar lipids of thermophilic fungi, 
including Humicola grisea var. thermoidea have 
been shown to be more saturated than lipids in 
similar mesophilic species (I-4). The stability of 
the membranes at the elevated temperatures is 
undoubtedly due in part to the highly saturated 
nature of the fatty acids. This stability may also 
be partly due to other chemical constituents, 
proteins, sterols, polar lipids and their inter- 
actions. Since there has not been any detailed 
study of the lipid composition and specifically 
the polar lipids of any thermophilic fungi we 
now report such a study with Humicola grisea 
var. thermoidea. 

EXPERIMENTAL PROCEDURES 

Each Ertenmeyer flask (250 ml), containing 

1present address: Department of Biochemistry, 
Cornell University Medical College, New York, N.Y. 

50 ml of medium (1,2,5), was inoculated with a 
6 mm agarmycelium disc cut from a petri dish 
culture of Humicola grisea var. thermoidea. 
Cultures were incubated at 45 C with shaking 
(100 cpm; 4 in. path length) for 12 days. When 
radiochemically labeled lipids were desired, 
cultures were grown on a medium containing 
either 50/2Ci of uniformly labeled 14C_glucose ' 
0.5 mCi of 32PO 4 or 1.0 mCi of 35SO4 for 
three to four days. 

Mycelia from three culture flasks were col- 
lected, combined and washed with 150 ml H20 
on a tared fiberglass mat, lyophilized and 
weighed. The mycelial mat was placed in a 
h o m o g e n i z i n g  f lask  w i t h  25 ml of 
CHC13/CH3OH (2:1 v/v) and homogenized for 
3 rain in an ice bath with a Virtis homogenizer. 
The mixture was filtered and the filtrate wash- 
ed according to Folch et al. (6). The lipid 
extract was evaporated to dryness under nitro- 
gen, redissolved in a minimal volume of 
CHC13/CH3OH (I:1 v/v), and stored a t -25  C. 

All thin layer analyses were performed on 
glass plates coated with a 0.5 mm layer of 
Brinkman Silica Gel HR. Polar lipids were 
analyzed by a two-dimensional system involving 
sequential development in the following sol- 
v e n t s :  A, chloroform-methanol-water-28% 
ammonia  (130:70:8:0.5 by volume); B, 
c h l o r o f o r m - a c e t o n e - a c e t i c  a c i d - w a t e r  

500 

4 0 0  

300 
(.9 

200 
Q 

Ioo 

I 

~  2 
1 L 1 L 

4. 6 8 I0  12 
DAYS OF GROWTH 

FIG. 1. Growth curve for H. grisea var. thermoidea. 
Weights were determined after lyophilization of the 
mycelia and each value is the combined weight from 
three flasks. 
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FIG. 2. Radioautogram of a thin layer chromato- 
gram of the 32p-labeled lipids of H. grisea var. 
thermoidea. The plate was developed in the x-direc- 
tion with chloroform-methanol-water-28% ammonia 
(130:70:8:0.5 v/v) and in the y-direction with 
chloroform-acetone-acetic acid-methanol-water 
(100:70:20:20:10 v/v). 

(100:40:20:10 by volume) (7). Tanks were 
fitted with paper liners. The neutral lipids were 
separated in a one-dimensional double develop- 
ment system. Plates were developed for two 
thirds of their length with ethyl ether- 
petroleum ether (30-60 C)-acetic acid (50:50:1 
v/v/v), and were dried and developed for their 
entire length with ethyl ether-hexane (6:94 
v/v). Also the Freeman-West solvent system was 
used (8). 

Both neutral and polar lipids were visualized 
by radioautography, exposure to iodine vapor, 
charring with 20% H2SO 4 and by p-toluenesul- 
fonic acid spray for steroids (9). Lipids were 
tentatively identified by comparison of the Rf's 

of the unknown lipids to the Rf's of standard 
lipids (Supelco, Inc.). The identity of the polar 
lipids was further substantiated through deacy!- 
ation experiments and by the utilization of the 
following sprays: Dragendorff (9), ninhydrin 
(9), Schiff's (10), Vaskovsky and Kostetsky 
(11 ), and pyrogallol (12). 

The 32P-labeled total lipids and the individ- 
ual 32P-labeled lipids, obtained by preparative 
thin layer chromatography (TLC), were deacyl- 
ated by the method of Dawson (13). The 
deacylated products were assayed by two- 
dimensional paper chromatography on What- 
man No. 4 filter paper. Chromatograms were 
developed with phenol-water (100:4 w/w) in 
the first direction and with 1-butanol-propionic 
acid-water (100:50:70 v/v/v) in the second 
dimension. Identity of the deacylated products 
was established by comparison of Rf's with 
those of deacylated 32p-labeled Chlorella lipids 
(14). 

The lipids were quantitated radiochemically. 
14C-lipids, from H. grisea var. thermoidea 
grown on uniformly labeled 14C-glucose, were 
separated by TLC. The radioautograms thus 
obtained were used as a template for the 
removal of the individual lipid spots. The lipids, 
including the absorbent, were removed, placed 
in scintillation vials and were counted with a 
Tr i -Carb  liquid scintillation spectrometer 
(Model 526 Packard Instrument Co.). No signi- 
ficant quenching was observed when this tech- 
nique was applied to 14C-benzoic acid stan- 
dards. 

RESULTS AND DISCUSSION 

Figure 1 shows a growth curve for H. grisea 
var. thermoidea grown under shake culture 
conditions. After the first three days of incuba- 
tion the mycelium had developed as white 
globular pellets. By the fourth day a dark 
pigment appeared in the mycelium and intensi- 

TABLE I 

Reaction of Phosphatides to Various Spray Reagents 

Vaskovsky 
and 

Spot a Kostetsky Ninhydrin Schiff's Dragendorff 12 H2SO 4 

1 +b + + + 
2 + + + + 
3 + + + + 
4 + + + + 
5 + + + 
6 + + + 
7 + + 4- + + 

8 + + + 

a32p - spo t s  f r o m  r a d i o a u t o g r a m  shown in Figure 2. 
b+,  P o s i t i v e ; - ,  N e g a t i v e .  
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FIG. 3. Radioautogram of a paper chromatogram of the deacylated 32p-lipids of H. grisea vat. thermoidea. 
The paper chromatograph was developed in the x-direction with phenol-water (100:40, w/w), and the y-direc- 
tion with 1-butanol-propionic acid-water ( 100:50:70 v/v). 

FIG. 4. Radioautogram of a thin layer chromatogram of the polar 14C-labeled lipids of 11. grisea var. 
thermoidea. The plate was developed in the x-direction with chloroform-methanol-water-28% ammonia 
(130:70:8:0.5 v/v) and with chloroform-acetone-acetic acid-methanol: water (100:70:20:20:10 v/v) in the 
y-direction. 
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- C h E  

- M E  

- TG 

- Oleic 

- t,3-DG 
- 1 , 2 - D G  

- C h  

- M G  

FIG. 5. Radioautogram of a thin layer chromato- 
gram of the neutral 14C.labele d lipids of H. grisea var. 
thermoidea. The plate was first developed for two 
thirds of its length with ethyl ether-petroleum ether 
(30-60 C)-acetic acid (50:50:1 v/v), followed by devel- 
opment for its entire length with hexane-ethyl ether 
(94:6 v/v). The right column shows the movement of 
standards: monoglyceride (MG), cholesterol (Ch), 
1,2-diglyceride (1,2-DG), 1,3-diglyceride (1,3-DG), 
oleic acid, triglyceride (TG), fatty acid methyl ester 
(ME) and cholesterol ester (ChE). 

fled as the culture aged. To avoid complicat ions 
presented by the pigment  and to insure that the 
quant i ta t ion  was conduc ted  wi th  lipids repre- 
sentative of  living mycel ium,  cultures were 
harvested be tween  the third and four th  day in 
the radiolabeled exper iments .  

In Figure 2 a rad ioautograph of  the TLC 
separat ion of  the 32P-labeled ex t rac t  is shown. 
The Rf 's  of  spots 2,3,4,7 corresponded to 
values obtained respect ively with standards 
(Supelco Inc.) phosphat idyl  inosi tol  (PI), phos- 
phat idyl  serine (PS), phosphat idyl  choline (PC) 
and phosphat idyt  e thano lamine  (PE). These 
spots exhibi ted  the appropr ia te  funct ional  
group analysis wi th  spray reagents (Table I). 
Spots  5, 6 and 8 did not  indicate the  presence 
of  any particular funct ional  group,  however,  
their  relative posit ions suggested they  might be 
phosphat idic  acid (PA) and diphosphat idyl  
glycerol  (PGPG). The total  32p-lipids and t h e  
individual 32p-lipids, isolated by preparative 
TLC,  were deacyla ted by the m e t h o d  of  Daw- 
son (13). The deacylated products  were ana- 
lyzed by two-dimensional  paper  chromato-  
graphy and compared  to standards derived f rom 
32p-Chlorella lipids (Fig. 3). On the basis of  
these data the phosphol ipid  spots in Figure 2 
are as follows: 1, lyso-phosphat idyl  choline; 2, 
PI; 3, PS; 4, PC; 5 and 6, PA (appears at bo th  
places); 7, PE plus a small amount  of  an 
unknown  (de termined  by deacylat ion);  8, 
PGPG. No phosphat idyl  glycerol  was observed. 
No significant concent ra t ion  of sulfolipids were 
de tec ted  when the culture was grown in the 
presence o f  35 SQ4. 

When the 14C-labeled extracts  were separa- 
ted by TLC in the polar  solvent system several 
spots were observed in addit ion to the  phospha- 

TABLE 1I 

Quantitative Composition of the Polar Lipid Fraction 

Relative per cent phospholipids Per cent of total lipid 

SP ota Samp leb Sample c Sample b Sample 2 c 

PA d 31.7 24.5 9.4 + 0.5 9.5 + 0.02 
PE e 15.8 20.9 4.7 _+0.1 8.1 __.0.2 
PGPG 4.0 3.9 1.2 -I-0.1 1.5 +0.01 
PC 33.7 32.3 10.0 +0.3 12.5 +0.3 
PS 2.3 5.4 0.7 +0.2 2.1 +0.2 
PI 12.5 13.0 3.7 +0.3 5.0 -I-0.5 
FA 14.2 __.0.3 4.8 +0.1 
NL 49.8 +0.6 52.9 +0.5 
a 4.7 -I-0.2 2.1 + 0 . 1  
b + c  1.3__.0.1 1.0 +0.1 

aThe spot designation used here is the same as that used in Figure 4. 
bThree-day incubation. 
Clncubation of 3Yz days. 
dAbbreviations: PA, phosphatidic acid; PE, phosphatidyl ethanolamine; PGPG, diphos- 

phatidyl glycerol; PC, phosphatidyl choline; PS, phosphatidyl serine; PI, phosphatidyl 
inositol; FA, fatty acid; NL, neutral lipid. 
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TABLE III 

Quantitat ive Composit ion of the Neutral Lipid Fraction 

Percent of  total lipid 

Spot a Identity Sample I b Sample 2 c 

A Polar lipids 38.4 + 0.8 d 42.3 +0.9  d 
B Sterol ? 10.4 +0 .2  5.9 +0 .  l 
C Sterol 3.5 +0.1 5.5 +0 .2  
D 1,2-Diglyceride 1.5 4-0.1 2.5 +0 .3  
E 1,3-Diglyceride 0.7 + 0.05 0.9 + 0.08 
F Free fatty acids 13.5 +0 .5  5.3 +0 .2  
G Triglycerides 28.6 + 0.7 36.0 + 1.0 
H Sterol ester '? 1.5 + 0.07 Trace 
I Sterol ester 1.5 + 0.01 1.8 _2-0.1 

aSpots correspond to those depicted in Figure 5. 
bThree-day incubat ion. ;  
Clncubation of  3V2 days. 
dThese percentages are somewhat  different f rom values reported for Humioola grisea var. 

thermoidea grown in stat ionary culture for four days (2). 

tides (Fig. 4). Spots a, b and c gave positive 
r e a c t i o n s  w i t h  S c h i f f ' s  r e a g e n t  a n d  w i t h  
p - t o l u e n e s u l f o n i c  ac id  s u g g e s t i n g  t h e y  p r o b a b l y  
we re  s t e ro l  g l y c o s i d e s .  T h e  s p o t s  d e s i g n a t e d  b y  
F F A  and  N L  are  c o m p o s e d  o f  f ree  f a t t y  ac ids  
a n d  n e u t r a l  l ip ids  r e s p e c t i v e l y .  

F igu re  5 s h o w s  t h e  s e p a r a t i o n  o f  t h e  n e u t r a l  
l ip ids  a n d  t h e i r  c o m p a r i s o n  to  s t a n d a r d  n e u t r a l  
l ip ids .  S p o t s  A,  B, C,  H a n d  ! gave  pos i t i ve  
r e a c t i o n s  w i t h  t h e  p - t o l u e n e s u l f o n i c  ac id  s p r a y  
s u g g e s t i n g  t h a t  t h e y  p o s s e s s e d  s o m e  c o m p o n e n t  
w h i c h  was  s t e r o i d a l  in  n a t u r e .  O n  t h e  bas is  o f  
t h e  v a r i o u s  s p r a y  r e a g e n t s ,  t h e  b e h a v i o r  t o  
a lka l ine  a n d  ac id  h y d r o l y s i s  a n d  t h e  c o m p a r i s o n  
to  s t a n d a r d s ,  t h e  n e u t r a l  l ip ids  are  i d e n t i f i e d  as 

f o l l o w s :  A,  p o l a r  l ip ids ;  B, u n k n o w n  ( p r o b a b l y  
a po l a r  s t e r o l ) ;  C,  s t e r o l ;  D, 1 , 2 - d i g l y c e r i d e ;  E, 
1 , 3 - d i g l y c e r i d e ;  F,  f a t t y  ac id ;  G, t r i g l y c e r i d e ;  H, 
u n k n o w n  ( p r o b a b l y  a p o l a r  s t e r o l  e s t e r ) ;  I, 
s t e r o l  e s te r .  

T a b l e s  II a n d  III s h o w  t h e  r e l a t ive  p e r c e n t -  
age  o f  p o l a r  a n d  n e u t r a l  l ip ids .  Whi le  t h e  
q u a n t i f i c a t i o n  p r o c e d u r e s  w e r e  h i g h l y  r ep ro -  
d u c i b l e  w i t h i n  e a c h  e x p e r i m e n t ,  s t a t i s t i c a l l y  
s i g n i f i c a n t  d i f f e r e n c e s  e x i s t e d  b e t w e e n  t h e  
c u l t u r e s  i n c u b a t e d  for  3 a n d  3 1/2 d a y s .  T h e s e  
d i f f e r e n c e s  are  m o s t  p r o n o u n c e d  in t h e  c o n c e n -  
t r a t i o n s  o f  t h e  f r ee  f a t t y  ac ids ,  t r i g l y c e r i d e s  a n d  
t h e  p r o p o s e d  p o l a r  s t e ro l  in  t h e  n e u t r a l  l ip ids ,  
a n d  w i t h  PE ,  a n d  PS in t h e  p o l a r  l ip ids .  T h e  

TABLE IV 

Temperature  Influence on Percentages of Phosphatides in Fungi 

Pythium a Tricholma c Candida d Candida d Humicola grisea Agaricusg 
ultimum, nudum, lipolytica, scottii, vat. thermoidea, bisporus, 

Incubation room 
temperature 2 0 C  3 0 C  temperature 10 C 2 5 C  10 C 45 C e 45 C f 24 C 

LPC b 3.0 6.2 ___h . . . . . . . . .  Trace i Trace i 0.0 
PA 6.2 10.7 7.0 h h h 31.7 24.5 0.0 
PC 40.8 33.7 59.0 36 41 44 33.7 32.3 47.8 
PE 22.2 24.1 20.0 29 20 24 15.8 20.9 50.2 
PI 10.1 10.7 --- 14 18 9 12.5 13.0 ~ 1 . 0  
PG 15.2 11.6 . . . . . . . . .  0.0 0.0 0.0 
PGPG 1.7 1.8 .... ~ 1  ~1 4 4.0 3.9 0.0 
PS 0.0 0.0 8.0 17 15 17 2.3 5.4 ( 1 . 0  

a lncubated in stat ionary culture for eight days.  Percentages were based on 32p activity of  componen t s  (16). 
bAbbreviations:  LPC, lyso-phosphatidyl  choline; PG, phosphat idyl  glycerol; also, per Table II. 
CGrown in shake culture for four  days. Percentages were based on fat ty  acid yields on saponif icat ion (17). 
dGrown in shake culture for 65-70 hr. Percentages were based on the phosphorus  content  of  the individual 

spots (15). 
eData calculated for the three-day-old culture. 
fData calculated for the 3�89 culture. 
g(18). 
hNot  reported.  
1Present but  no t  quanti tated.  
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actual  s ignif icance of  these  d i f fe rences  is diffi- 
cult  to  in t e rp re t ,  however ,  i t  is conceivable  t ha t  
the  var ia t ions  observed  ref lect  the  increased 
u t i l i za t ion  of free f a t ty  acids by  the  aging 
cu l ture  for  the synthes is  of  t h e  phospha t ides  
(PE and  PS) and the  tr iglycerides.  The possibil- 
i ty exists  t ha t  the  h igh levels o f  free f a t t y  acids 
in the  three-day-old  cu l ture  was t he  result  of  
deg rada t ion  of the  phospho l ip id s  and  triglycer- 
ides, however ,  this  seems un l ike ly  since there  is 
no  signif icant  increase  in ly so -phospha t ides  or 
diglycerides.  

The  phospha t i de s  of  H. grisea vat. thermo- 
idea are qual i ta t ive ly  similar to  those  r epo r t ed  
by  o t h e r  workers  for  D e u t e r o m y c e t e s  (15) .  
Quan t i t a t ive  data  on  the  p h o s p h o l i p i d s  of  fungi 
are r a the r  sparse. In Table  IV the  quan t i t a t ive  
re la t ionsh ip  of  the  phos pha t i de s  f rom H. grisea 
vat.  thermoidea and several fungi  are presented .  
E x a m i n a t i o n  of these  data  show tha t  the  
quan t i t a t i ve  compos i t i o n  of  t h e  l ipids of this 
t h e r m o p h i l e  differs f rom the  compos i t i ons  re- 
p o r t e d  for  some represen ta t ive  fungi  (15-18) .  

In  Bas id iomycetes ,  D e u t e r o m y c e t e s  and  
P h y c o m y c e t e s ,  PC and  PE are the  mos t  abun-  
dan t  phospha t ides .  In H. grisea var. thermoidea 
t he  quan t i t a t ive ly  mos t  i m p o r t a n t  phospha t ides  
were PC, PA and  PE in decreas ing  order  of  
prevalence .  The c o n c e n t r a t i o n  of  PA in H. 
grisea vat.  thermoidea far exceeds  its concen t ra -  
t ions  in the  o t h e r  fungi.  In Pythium ultimum it 
increases  subs tan t ia l ly  w h e n  the  t e m p e r a t u r e  is 
e levated f rom 20 to 30 C. This  h igh temper-  
a tu re  re la t ionsh ip  coup led  w i th  the  high con-  
c en t r a t i ons  of  PA in tile lipids of  H. grisea var. 
thermoidea suggest tha t  it m ay  be associated 
w i th  the  cul tural  cond i t ions  at e levated  temper-  
a tures .  Whe the r  the  h igh  c o n c e n t r a t i o n  of PA 
c o n t r i b u t e s  to m e m b r a n e  s tab i l i za t ion  or  is the  
resul t  of  a t e m p e r a t u r e  d e p e n d e n t  change in its 
m e t a b o l i s m  is unc lear  and  needs  f u r t h e r  eluci- 
da t ion .  

The  s terols  and  der ivat ives  comprise  an 

uausua i ly  large f r ac t ion  of the  t o t a l  lipids 
(16 .3-22 .9%)  and  m a y  also be a f ac to r  in 
s tab i l i ty  at  h igh t empera tu res .  
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Genetic Variability of Human Plasma and Erythrocyte Lipids 1 

K.W. KANG, G.E. TAYLOR, J.H. GREVES, H.L. STALEY and JOE C. CHRISTIAN, 
Department of Medical Genetics, Indiana University Medical School, Indianapolis, Indiana 46202 

ABSTRACT 

Genetic variation of fasting plasma 
lipids, lipoproteins and erythrocyte mem- 
brane lipids was studied in 67 sets of 
like-sexed twins and 3 sets of triplets. All 
of the plasma lipids were more variable in 
dizygotic twins than monozygotic twins 
with the exception of phosphatidyl 
ethanolamine, but only cholesteryl esters, 
lecithin, phosphatidyl inositol and /3- 
lipoprotein showed significant genetic 
variation. In contrast, no significant gen- 
etic variability was found in any of the 
erythrocyte membrane lipids and erythro- 
cyte phosphatidyl ethanolamine had sig- 
nificantly greater variation in mono- 
zygotic twins. Two sets of twins had an 
extra lipoprotein band (slow c~l); in one 
family the variant appeared to be segre- 
gating as a dominant trait. 

I N T R O D U C T I O N  

Current genetic theory holds that inherited 
information is passed from generation to gene- 
ration by deoxyribonucleic acid (DNA) in the 
nucleus or cytoplasm of the fertilized zygote. 
The DNA acts as a code which is transcribed 
into ribonucleic acid (RNA) and translated into 
proteins, the primary gene products. Lipids are 
not primary gene products but are genetically 
controlled through the following mechanisms: 

Enzymes 

All lipids are synthesized and degraded by a 
series of reactions catalyzed by enzymatic 
proteins. Genetic abnormalities of these path- 
ways can result in an accumulation (lipidoses) 
or deficiency of metabolic products. 

Carrier Proteins 

Lipids, being relatively insoluble in aqueous 
solutions are often made more polar and 
therefore more soluble by complexing them 
with proteins. Lipid transport by the plasma 
lipoproteins and the acyl carrier proteins are 
examples of this mechanism. 

Structural Proteins 

Biological membranes and connective tissue 
are formed from protein repeating units but 

1 p r e s e n t e d  in pa r t  a t  the  I S F - A O C S  W o r l d  Congress ,  
C h i c a g o ,  S e p t e m b e r  1 9 7 0 .  

also contain lipids that enable them to perform 
their functions. In contrast to enzymatic and 
carrier proteins little is known about genetic 
variability of structural proteins. The study of 
lipid variability, especially in cell membranes 
should provide insight into genetic changes of 
these proteins. 

It is often very difficult to separate the 
genetic variability due to enzymes, carrier 
proteins or structural proteins; for example, the 
enzyme lecithin-cholesterol acyltransferase is a 
part of plasma a-lipoprotein and interacts with 
the erythrocyte membrane lipids. 

Previous work in this laboratory revealed 
highly significant between individual variation 
in plasma and erythrocyte lipids (1). The 
present study was designed to determine which 
plasma and erythrocyte lipids have significant 
genetic variation. 

MATERIALS AND METHODS 

A total of 67 like-sexed twins and 3 sets of 
like-sexed triplets were studied ranging in age 
from 8 to 20 years. All multiple births were 
like-sexed sets to eliminate variation due to sex. 
Twin zygosity was determined by blood factors 
(2) and the probabil i ty method described by 
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FIG. 1. Thin layer chromatographic separation of 
phospholipids. 
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TABLE I 

Analysis of Variance Table for Duplicate 
Determinations of a Single Sample From Mono- 

zygotic and Dizygotic Multiple Births a 

Source of variance Degrees of freedom 

Among MZ sets nl-1 

Among DZ sets n2-1 

nl 
Within MZ sets ~ (ai-1) 

n2 
Within DZ sets ~ (bi-1) 

Duplicate laboratory 
analyses for individuals ]~ a i + ~ b i 

an 1 is the number of monozygotic twins and 
triplet sets; n2, number of dizygotic twins and trip- 
let sets; ai, number of individuals in each monozygotic 
set; b i, number of individuals in each dizygotic set. 

Gaines and Elston (3) using blood types A1, 
A2, B, O; M, N, S; C, D, E, c of the Rh series; 
Fya, Fyb; K, k; P, p; JKa, JKb ; haptaglobin and 
phosphoglyceromutase markers by starch gel 
electrophoresis (4). Using these genetic markers 
in like-sexed twins the probability of  misclass- 
ifying a set of dizygotic (DZ) twins into the 
monozygotic (MZ) groups is less than 1%. Of 
the 67 twin pairs, 31 were dizygotic and 36 
were classified as monozygotic. Two sets of 
triplets were dizygotic and the remaining set 
appeared to be monozygotic for a total of 70 
sets of multiple births (37 monozygotic and 33 
dizygotic). 

A single sample of venous blood was col- 
lected from each individual in tubes containing 
disodium ethylenediaminetetra acetic acid 
(EDTA) 1 mg/ml, following a 12-14 hr over- 
night fast. Members of each twin or triplet set 
were sampled and duplicate analyses done con- 
currently, before results of the the blood typing 
were known. The blood was immediately 
centrifuged at 4 C, 2300 g for 30 min. The 
plasma and erythrocytes were separated and the 
buffy coat was discarded along with upper 1-2 
mm of erythrocytes. The erythrocytes were 
washed three times in isotonic buffer at pH 7.4 
and lipid values expressed per milliliter of 
packed cells measured by microhematocrit  de- 
termination. All samples were kept at 1-3 C and 
analyses done within four days. 

All glassware was soaked 12 hr in nitric 
acid-water (1:1 v/v) and rinsed five times with 
distilled water. All solvents were reagent grade 
but not redistilled. 

The lipids were extracted in chloroform- 
methanol with an antioxidant, 2,6-di-tert- 
butyl-4-methylphenol (Aldrich Chem. Co., 

Milwaukee) added to the chloroform (5). The 
lipid phase of the extract was concentrated 
under nitrogen and brought to a known volume 
in chloroform for analyses. 

Phospholipid separation was done by one- 
dimensional thin layer chromatogram (TLC) on 
0.25 mm layers of Silica Gel H (Brinkman 
Instruments Inc., Westbury, N.Y.) mixed with 1 
mmole Na2CO 3 solution (6). Before use the 
plates were marked into six 3 cm lanes with 
wedge tips (Fig. 1) and activated at 110 C for 1 
hr. Lipid extract containing 0.5-1 btmole of 
phospholipid was spotted one each lane and 
extract containing approximately 0.2 gmole of 
phospholipid taken for total lipid phosphorus 
determination. The chromatograms were devel- 
oped with chloroform-methanol-acetic acid- 
water (75:45:12:6 v/v). The developed plates 
were air dried at room temperature for 20 rain 
and the spots detected by placing the dry plate 
in an iodine vapor jar for 3 to 5 min (7). After 
removal from the jar the lipid spots were 
outlined with a fine needle. Individual phospho- 
lipids were identified by the use of  standard 
phospholipids (Supelco, Inc., Bellefonte, Pa.) 
and the molybdenum blue spray of Dittmer and 
Lester (8). Using various solvent systems and 
different concentrations of extract, five phos- 
pholipid spots for plasma and four spots for 
erythrocytes were detected (Fig. 1). Phospho- 
rus determination was carried out on scrapings 
which were digested with sulfuric acid and 
hydrogen peroxide (9). 

Free cholesterol and cholesteryl esters were 
separated by TLC on Silica Gel G (Brinkmann 
Instruments, Inc.) and a solvent made of equal 
parts chloroform and cyclohexane. The choles- 
terol and cholesteryl ester spots were identified 
by iodine vapor and scraped by the same 
method as used for the phospholipids, ex- 
tracted in chloroform-methanol (2:1 v / v ) a n d  
evaporated to dryness. The dried extracts of 
plasma and erythrocytes were measured for 
cholesterol content by the method of Abell et 
al. (10). 

Quantitative plasma lipoprotein electro- 
phoresis was done by using the method and 
equipment of Gelman Instrument Co. (Ann 
Arbor, Mich.). Plasma samples (40 /11)were 
electrophoresed on Sepraphore III in a pH 8.8 
(tris-barbitol-sodium buffer with 1% bovine 
albumin and 0.001 M EDTA) for 1 1/2 hr at 20 
v and stained with Schiff's reagent. For quanti- 
tation the strips were scanned while still moist 
on a densitometer (Beckman Analytrol with a 
microzonal adaptor and a 520 m~t filter). 

Within twin set mean squares were obtained 
by the analysis of variance table shown in Table 
I (I 1 ). This analysis allowed unequal subsample 
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TABLE II 

The Means and Standard Deviations of Plasma and ErythrocyteLipids and 
Lipoproteins in 37 Sets of Monozygotic and 33 Sets of Dizygotic Twins and Triplets 
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Monozygotic Dizygotic 

Plasma 

Total cholesterol 3.96 _+ 0.52 3.90 • 0.56 
(//mole/ml plasma) 

Cholesterol fractions 
(per cent of total) 
Free cholesterol 29.94 + 7.83 28.82 _+ 6.93 
Cholesteryl ester 70.01 + 13.21 71.19 _ 17.52 

Total phospholipids 
(/2mole/ml plasma) 2.33 + 0.33 2.61 + 0.34 

In dividual phospholipids 
(per cent of total) 
Lysolecithin 5.11 + 1.78 5.08 4- 1.82 
Sphingomyelin 19.32 ___ 2.81 20.17 + 2.91 
Lecithin 66.34 _ 3.92 65.71 + 3.98 
Phosphatidyl inositol 2.87 __. 1.04 3.67 4- 1.09 
Phosphatidyl ethanolamine 6.20 • 1,42 6.12 • 1.69 

Lipoproteins 
(per cent of total) 
Alpha 28.32 +10.04 30.13+ 5.58 
Pre~Beta 20.23 • 17.40+ 9.78 
Beta 51.44• 9.45 52,46• 7.43 

Erythrocyte 

Cholesterol 
(/2mole/ml red cells) 4.25 • 0.77 3.84 • 0.46 

Total phospholipids 
(/2mole/ml red cells) 3.97 • 0.67 3.84 • 0.49 

Individual phospholipids 
(per cent of total) 
Sphingomyelin 26.79 • 3.91 25.97 + 3.84 
Lecithin 32.09 4- 5.84 32.24 + 5.92 
Phosphatidyl serine 14.37 • 2.16 15.05 • 2.40 
Phosphatidyl ethanolamine 26.02 • 3.92 27.12 • 3.71 

sizes necess i ta ted  by inclusion of  t h e  t r iplet  
data. In this s tudy only the  mean  squares for  
within twin sets and labora tory  error  were used.  
The among  twin sets mean squares were dis- 
carded because they  con ta ined  an u n k n o w n  
amoun t  of  variance due to  changes in labora- 
tory  t echn ique  over t ime. If  the within DZ sets 
mean square was signif icantly greater  t han  the  
within MZ sets mean square this was taken  as 
evidence for  genet ic  variat ion.  Because the 
within-MZ-sets  mean square is based on two 
genetically ident ical  m e m b e r s  of a twin  pair, it 
can be assumed to be an es t imate  of  environ- 
mental  variat ion.  [An excep t ion  to  ident ical  
inher i tance  of  m o n o z y g o t i c  twins  would  be 
cy top lasmic  inher i tance which may segregate 
when a single embryo  splits in to  two  embryos . ]  
The within-DZ-sets  mean square con ta ins  an 
env i ronmenta l  c o m p o n e n t  but  in add i t ion  con- 
tains genet ic  variation.  The mean squares calcu- 
lated be tween  duplicate  l abora tory  analyses 

within individuals are an es t imate  of  labora tory  
error  which is also present  in the  wi th in  twin 
sets mean  squares. 

RESULTS AND DISCUSSION 

Means and s tandard  deviat ions fo r  plasma 
and e r y t h r o c y t e  lipids and plasma l ipopro te ins  
of  m o n o z y g o t i c  and dizygotic  twins are shown 
in Table II. The individual phosphol ip ids ,  lipo- 
pro te in  fract ions,  and free and ester i f ied choles- 
terol  are expressed as a percentage of  total  
phosphol ip ids ,  plasma l ipopro te ins  and  choles- 
terol  respect ively;  however ,  statistical analysis 
was done  on the  absolute  values. The mean 
values ob ta ined  are comparab le  to previously 
r epo r t ed  results  (1,12-17),  and were no t  signifi- 
cantly d i f fe rent  be tween  MZ and DZ sets for 
any c o m p o n e n t  measured.  

Table Ill  shows the within MZ and DZ twin 
set mean squares and the labora tory  error  mean 
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T A B L E  III 

Wi th in  Twin  Set  a n d  L a b o r a t o r y  E r r o r  Degrees  o f  F r e e d o m  a n d  Mean 
S q u a r e s  o f  P lasma a n d  E r y t h r o c y t e  Lip ids  a n d  P lasma  L i p o p r o t e i n s  

L i p i d  F r a c t i o n  Mean  S q u a r e s  

D u p l i c a t e  
l a b o r a t o r y  

Wi th in  Mz Wi th in  D Z  a n a l y s e s  fo r  
tw in  sets  D F  tw in  sets  D F  ind iv idua ls  D F  

P lasma  

Free  c h o l e s t e r o l  0 . 0 5 4 7 5  38  0 . 0 5 8 7 6  35 0 . 0 0 3 9 7  143  
C h o l e s t e r y l  es ters  0 . 1 4 7 7 8  38 0 . 5 3 6 5 7  35 0 . 0 1 7 5 9  143  
L y s o l e c i t h i n  0 . 0 0 3 7 1  38  0 . 0 0 4 5 2  35 0 . 0 0 1 5 2  143  
S p h i n g o m y e l i n  0 . 0 0 9 1 0  3 8  0 . 0 1 3 3 1  35 0 . 0 0 3 4 3  143  
L e c i t h i n  0 . 0 3 8 8 9  38  0 . 1 3 9 5 3  35 0 . 0 0 5 5 7  143  
P h o s p h a t i d y l  

i nos i to l  0 . 0 0 1 3 5  38  0 . 0 0 2 9 7  35 0 . 0 0 0 4 0  1 4 3  
P h o s p h a t i d y l  

e t h a n o l a m i n e  0 . 0 0 1 5 8  38  0 . 0 0 1 2 3  35 0 . 0 0 0 4 0  143  

L i p o p r o t e i n s  

~ - l i p o p r o t e i n  50 .6  20 81 .0  20 3 9 . 5 5  80  
Pre -~- I ipopro te in  29 .2  20  55 .7  20 1 8 . 7 6  80  
f l -p ro te in  82 .5  20  1 8 6 . 6  2 0  6 6 . 2 9  80  

E r y t h r o c y t e s  

C h o l e s t e r o l  0 . 1 8 1 5 6  38  0 . 2 0 6 2 1  35 0 . 0 5 1 8 1  143  
S p h i n g o m y e l i n  0 . 0 2 3 1 2  3 8  0 . 0 3 3 2 8  35 0 . 0 0 4 9 9  1 4 3  
L e c i t h i n  0 . 0 4 0 0 1  38  0 . 0 2 9 1 0  35 0 . 0 0 3 6 2  143  
P h o s p h a t i d y l  

ser ine  0 . 0 1 3 4 2  38  0 . 0 0 8 9 8  35 0 . 0 0 1 6 9  1 4 3  
P h o s p h a t i d y l  

e t h a n o l a m i n e  0 . 0 7 0 4 2  38  0 . 0 2 2 5 1  35 0 . 0 0 6 3 9  1 4 3  

squares for the 1 5 lipid and lipoprotein compo- 
nents measured. Laboratory error makes up a 
large part of the total variation of the minor 
plasma phospholipids (lysolecithin, phospha- 
tidyl inositol and phosphatidyl ethanolamine) 
as has previously been reported for these 
methods (12). Plasma lipoproteins quantitated 
by these methods also have considerable labora- 
tory error. However, the within MZ and DZ 
twin sets mean squares were significantly 
greater than the laboratory error mean squares 
(P < 0.01) for all components except the 
lipoprotein fractions within MZ twins. 

All of the plasma lipids were more variable 
within DZ twin sets than within MZ twin sets 
with the exception of phosphatidyl ethanola- 
mine, but a significant DZ/MZ F-ratio was 
found only in cholesteryl esters (P < 0.01), 
lecithin (P < 0.01) and phosphatidyl inositol (P 
< 0.05). In contrast, none of the erythrocyte 
lipids were significantly more variable in DZ 
twins when compared to MZ twins. Phospha- 
tidyl ethanolamine which had the lowest 
DZ/MZ F-ratio of the plasma lipids (0.78) also 
had an extremely low F-ratio in the erythrocyte 
lipids (0.32). In fact, erythrocyte phosphatidyl 
ethanolamine was significantly more variable in 

MZ than in DZ twins (P < 0.01 ). 
In our analysis, we assumed that dizygotic 

twins were inherently more variable than mono- 
zygotic twins since they differ with respect to 
both genetic and environmental factors. For 
this reason, a one-tailed significance test was 
used. However, traits which are determined or 
influenced by heritable factors in the cytoplasm 
(18) (such as mitochondria) could be more 
variable in monozygotic twins. 

Lipoprotein analysis was done on only 40 of 
the 70 sets of multiple births (20 monozygotic 
and 20 dizygotic twin sets). The only fraction 
with a significant within DZ/MZ F-ratio was 
~34ipoprotein (P < 0.05), although pre-t3- 
lipoprotein approached significance (0.1 > P > 
0.05). This could be explained by the fact that 
pre-13-1ipoprotein is partially made up of /3- 
apolipoprotein, therefore, factors which cause 
genetic variation in j3-1ipoprotein could cause 
variation in pre-fl-lipoprotein. 

The quantitative electrophoresis was done 
after staining of aldehydes formed from oxida- 
tion of double bonds and therefore cannot be 
expected to be directly proportional to the 
amount of lipid present. For example, lipids 
high in unsaturated fatty acids may take up 
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more stain than saturated lipids. 
The MZ and DZ twin sets were not matched 

for age, sex or time evaluated during the 
experiment. To determine if these factors gave 
false indications of genetic variation, the intra- 
pair differences in the lipid values were regres- 
sed upon age and sex of the twin sets, but no 
significant effects were found. Laboratory error 
mean squares were calculated separately for MZ 
and DZ individuals and three lipid components 
(erythrocyte phosphatidyl serine, erythrocyte 
sphingomyelin and plasma a-lipoprotein) had 
significantly greater (P < 0.05) laboratory error 
mean squares within MZ twins when compared 
to DZ twins. None of these lipid components 
had significant genetic variation. 

In addition to the quantitative variation of 
plasma lipoproteins, 5 of the 80 individuals 
tested had no detectable pre-~-lipoprotein band 
and two sets of twins were found to have an 
extra lipoprotein band migrating between the 
pre-~ and a fraction in the area of previously 
described slow c~-lipoprotein (19) (Fig. 2). One 
of these sets, monozygotic girls had no other 
family member with the slow a band, but the 
second, dizygotic girls had a sister and their 
mother with the extra 0~ band. 

At least five previous twin studies of plasma 
lipids have been reported (20-24). Osborne et 
al. (20) studied 82 twin pairs and found that 
monozygotic female twins living apart had 
significantly greater variation in plasma choles- 
terol than similar twins living together. He also 
compared monozygotic and dizygotic twins but 
found no significant intrapair differences for 
cholesterol, cholesteryl esters and total lipid 
phosphorus. 

Chin (21) studied only 15 twin pairs and had 
a larger intrapair variation for plasma sphingo- 
myelin within dizygotic twin pairs as compared 
to monozygotic twin pairs, but only when 
sphingomyelin was expressed as a percentage of 
total lipid phosphorus. This same relationship 
was not  present when the sphingomyelin was 
expressed in absolute terms. Chin's paper is 
difficult to interpret because he arbitrarily 
classed each set of twins "A" and "B" and used 
the differences between A and B twins as an 
estimate of intrapair variance when in reality 
this variance estimate is only a random fraction 
of the intrapair variance. 

G e d d a  and  Poggi (22)  in 1960 and 
McDonough et al. (23) in 1962 both found 
significantly greater dizygotic variation in 
plasma cholesterol than monozygotic twins. 
Jensen et al. (24) in 1965 found significantly 
greater dizygotic intrapair variance for choles- 
terol, phospholipid and triglycerides when com- 
pared to monozygotic twins. These same 
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FIG. 2. Drawing of cellulose acetate lipoprotein 
electrophoresis showing slow moving Oq band. 

workers also found heterogeneity among mono- 
zygotic twin pairs which they felt was too large 
to be attributed to environment. Using Fisher's 
test for heterogeneity among twin pairs (25) 
they were able statistically to divide monozygo- 
tic twins into two groups, one with close 
intrapair agreement of lipid values and another 
with marked discrepancies. They were unable 
to postulate any biological basis for this hetero- 
geneity; however, Nance (18) has postulated 
that discordance of monozygotic twins for 
apparently inherited traits may be explained by 
segregation of cytoplasmic DNA at the time the 
single embryo splits into twins. 

The present study confirms the presence of 
significant genetic variation in plasma as re- 
ported by the previous workers (20,21,24). 
Unlike Jensen et al. (24) the present study 
found no significant genetic variation in free 
cholesterol but did find highly significant gen- 
etic variation in the plasma cholesteryl ester 
fraction. 

Previous reports of significant genetic varia- 
tion in plasma phospholipids were also con- 
firmed and in the present study this variation 
was explained by significant genetic variation in 
lecithin and phosphatidyl inositol. 

The plasma lipoprotein study revealed that 
l~-lipoprotein had significant genetic variability 
but not c~- and pre-j3-1ipoproteins. To investigate 
the possibility that all of the plasma lipid 
genetic variations was a reflection of variation 
in/3-1ipoprotein, a covariance analysis was done 
and lecithin, phosphatidyl inositol and choles- 
teryl esters were still found to have significant 
genetic variation. The present study confirmed 
the heritable nature of plasma lipids but genetic 
variability could not be detected in the erythro- 
cyte membrane. Erythrocyte membrane lipids 
are known to be in a state of dynamic 
equilibrium with the plasma lipids (26) and this 
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equilibrium is influenced by environmental 
factors (27). This brings up the possibility of 
using erythrocyte lipid content as a "genetically 
unbiased measure" of plasma lipid metabolism. 

There are many questions to be answered, 
for example, what part of the genetic variation 
in /3-1ipoprotein is due to variation in the 
amount or lipid binding capacity of its apopro- 
tein, variation in the anabolism or catabolism of 
the lipid components or interaction of these 
factors? More importantly,  methods must be 
devised to relate genetic variation in plasma 
lipids and lipoproteins to desease states, most 
notably atherosclerosis, so that persons with a 
genetic tendency twoard atherosclerosis may be 
identified early in life. 
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Metabolic Studies in Isolated Rat Liver Cells: 
I. Lipid Synthesis 
DAVID M. CAPUZZI and SIMEON MARGOLIS, Clayton Laboratories, 
Department of Medicine, and Department of Physiological Chemistry, 
The Johns Hopkins University, Baltimore, Maryland 21205 

ABSTRACT 

Rat liver ceils, isolated by chelate 
perfusion and extrusion through a tissue 
press, incorporated labeled acetate into 
cellular lipids and into lipids released into 
the suspending medium. Optimal rates of 
incorporation required supplementation 
of tris-KC1 medium with Mg ++, Mn ++, 
succinate, citrate, nicotinamide, Coen- 
zyme A, NADP and glucose-6-phosphate. 
The rate of acetate incorporat ion was 
markedly altered by changes in incuba- 
tion media; tris-KC1 was the most effec- 
tive buffer. All the major classes of 
cellular lipids were labeled. ATP, BSA, 
inorganic phosphate, Ca ++ , 2,4-dinitro- 
phenol and sodium clofibrate were potent  
inhibitors of acetate incorporation. When 
added to the incubation mixture, several 
hormones altered the rate of acetate 
incorporation into lipids. 

Studies with subcellular fractions from fiver 
have shown that fatty acid synthesis takes place 
both in mitochondria (1) and in the particle-free 
fraction (2,3), whereas complex lipid formation 
occurs in microsomes (4). The use of isolated 
subcellular fractions, however, precludes evalu- 
ation of the interplay between cellular organ- 
elles. Several studies have shown that such 
interactions play an important  role in the 
control of lipid synthesis. The addition of 
mitochondria to the soluble fraction of pigeon 
liver markedly stimulated fat ty acid synthesis, 
replaced several cofactor requirements, and 
greatly altered the composit ion of the synthe- 
sized fatty acids (5). The stimulation of fat ty 
acid synthesis by the addit ion of microsomes 
and glycerol-3-phosphate to the supernatant 
fraction of rat liver suggests that the rate of 
fatty acid formation may be regulated in part 
by the removal of fat ty acyl CoA to form 
complex lipids (6). Moreover, broken cell prep- 
arations have probably lost the level of organi- 
zation necessary to respond to physiological 
stimuli such as hormones. Hence, delineation of 
the factors which regulate hepatic lipid synthe- 
sis requires a simple tissue preparation that also 
retains enzyme localization and a high degree of 
cytoarchitectural  organization. 

Isolated liver cells may provide such a 
preparation. The present s tudy was undertaken 
to characterize the lipid biosynthet ic  capacity 
of dispersed liver cells, obtained in excellent 
yield by a rapid, simple method.  The results of 
these studies indicate that liver cells, suspended 
in a suitably supplemented incubation medium, 
incorporated 14C-acetate into fat ty acids and 
complex lipids, and that  the rate of  lipogenesis 
was altered by the addit ion of various hor- 
mones to the incubation medium. Demonstra- 
tion of cellular lipogenesis was necessary to 
indicate the feasibility of using this preparation 
for subsequent study of serum lipoprotein 
synthesis. 

MATERIALS AND METHODS 

Materials 

Glucagon, Coenzyme A (lithium salt), and 
the sodium salts of NADP, ATP and glucose-6- 
phosphate were purchased in A grade from 
Calbiochem. Puromycin dihydrochloride (grade 
lI), cycloheximide, Trizma (tris), reduced glu- 
tathione, 2,4-dinitrophenol,  17-beta-estradiol, 
L-thyroxine and ACTH were obtained from the 
Sigma Chemical Company. Cholesterol and 
nicotinamide were supplied by Eastman Organ- 
ic Chemicals. Digitonin and sodium succinate 
were obtained from the Fisher Scientific Com- 
pany; bovine serum albumin (fraction V) from 
the Mann Research Laboratories, Inc.; and PPO 
from the Packard Instrument Company. 
POPOP, 1A4C-sodium acetate (2 .0mc/mM),  
a n d  4-14C-cholesterol (57 mc/mM), were 
bought from the New England Nuclear Corp. 
S o d i u m  alpha-parachlorophenoxyisobut yrate 
(sodium clofibrate) was an investigational prod- 
uct provided by Ayerst  Laboratories. Crystal- 
line zinc insulin was obtained from E.R. 
Squibb and Sons; dexamethasone phosphate 
from Merck, Sharp and Dohme; and L-epineph- 
rine from Parke, Davis. All otlier reagents were 
products of the J.T. Baker Chemical Company. 

Preparation of Liver Cells 

A slight modification of the method of 
Ontko (7) was used to prepare liver cells from 
275 g female Sprague-Dawley rats that were fed 
Purine Laboratory Chow and lib. Rats were 
anesthetized with ether, and 50 ml of  warm (37 
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TABLE I 

Cofactor Requirements for 
Incorporation of 14C_acetat e Into Cellular Lipids a 

Relative incorporation 
Cofactor components of 14C-acetate, % 

Complete cofactor mixture b 100 
MgC12 9 
MnCI 2 70 
Sodium succinate 83 
Coenzyme A 25 
Sodium citrate 39 
Nicotinamide 34 
NADPH generating system c 65 
All cofactors 0.3 

aCells were incubated under air at 37 C for 2 hr in 
stoppered 25 ml Erlenmeyer flasks in a water-bath 
shaker at 130 oscillations per minute. Each flask 
contained 4 to 6x106 cells (0.65 ml concentrated cell 
suspension); 1-14C-acetate (1.5#c); potassium penicil- 
lin G (1 mg/ml); streptomycin sulfate (0.03 mg/ml); 
tris-HC1 (20 mM), pH 7.3 (37 C); KC1 (100 mM); and 
other components as indicated in a total volume of 
3 ml. The various cofactors were individually prepared 
and separately added to the flasks in a total volume of 
0.10 to 0.15 ml. The complete cofactor mixture was 
added as 0.1 ml of a concentrated solution of all the 
above cofactors. With each experiment one flask, 
which contained all components except the label, was 
incubated for the same period and placed on ice. Cold 
sodium acetate and labeled acetate were added; the 
cellular lipids were extracted and the radioactivity of 
this sample was subtracted from that of the other 
samples to determine acetate incorporation into lipid. 

bThe final concentration of the components of 
the complete cofactor mixture are: MgCI 2 (3.3 mM), 
MnCI 2 (0.1 mM), sodium succinate (1O mM), Coen- 
zyme A (0.03 mM), sodium citrate (3.3 mM), nicotina- 
mide (6.7 mM), NADP (0.23 mM) and glucose-6- 
phosphate (1.7 mM). 

CNADP and glucose-6-phosphate. 

C) calcium-free Locke ' s  c i t ra te  so lu t ion  was 
forc ib ly  infused in to  the  c lamped  por ta l  vein 
w i th  a 50  ml  syringe and  22 gauge need le  inser t -  
ed a b o u t  1 cm f r o m  the  fiver. Af te r  the  ini t ial  
pe r fus ion  of  a b o u t  30 ml of  warm so lu t ion  over 
a 25-35 sec per iod,  the  liver appeared  b l a n c h e d  
and  d i s tended .  The hepa t i c  veins were t h e n  
severed to decompress  the  l i ve r  and  to p reven t  
c i rcu la tory  backf low,  and  the  r ema in ing  20  ml 
was rap id ly  in jec ted .  The r insed liver was 
e x t r u d e d  t h r o u g h  a t issue press and  dispersed in 
50 ml of  cold (4 C) L o c k e ' s  c i t ra te  so lu t ion .  
This  m i x t u r e  was f i l tered t h r o u g h  100 mesh  silk 
c lo th ,  and  the  f i l t ra te  was cen t r i fuged  at  
100 x g for  5 min,  r e suspended ,  and  recent r i -  
fuged as descr ibed (7).  The  packed  cells were 
gen t ly  suspended  w i th  an equal  vo lume  o f  cold 
tris (0 .02  M) - KC1 (0.1 M), pH 7.8 at  4 C 
( subsequen t ly  t e r m e d  tris-KC1 s o l u t i o n )  to  
f o r m  the  c o n c e n t r a t e d  cell suspens ion  used  for  
s tudy .  In every e x p e r i m e n t  cells were c o u n t e d  
w i th  a h e m o c y t o m e t e r .  

Prevention of Bacterial Contamination 

Before  use, all so lu t ions  were passed t h r o u g h  
a 0 .45p  Mill ipore f i l ter  i n t o  glass vessels pre-  
h e a t e d  at  180 C for  15 min ,  and  penici l l in  (1 
rag/m1) and  s t r e p t o m y c i n  (0.03 mg/ml )  were 
rou t i ne ly  i nc luded  in t he  i n c u b a t i o n  mixtures .  
Per iodic  bac ter ia l  coun t s  on  b lood  agar plates  
revealed a m a x i m u m  o f  10 organisms per  ml  at  
the  end  of  2 hr  of  i n c u b a t i o n .  

Lipid Extraction and Determination of Radioactivity 

At the  end  of each  i n c u b a t i o n  pe r iod  the  
flasks were placed on ice, and  0.2 ml of  a 10% 
so lu t ion  of un labe led  sod ium aceta te  was added  
to every flask. Cells and  m e d i u m  were separa ted  
by  cen t r i fuga t ion  at 2000  x g for  10 rain at  4 C. 
The m e d i u m  was e i the r  d iscarded or lyoph i l i zed  
to d ryness  for  s u b s e q u e n t  lipid ex t r ac t ion .  
Packed  cells and dried m e d i u m  res idues  were 
ex t r ac t ed  by  the  m e t h o d  of  Fo lch  et al. (8). 
E x t r a c t i o n  of lipids f rom cells by  this  m e t h o d  
was at  least  95% c o m p l e t e  as d e t e r m i n e d  by 
r e e x t r a c t i o n  of  cellular residues.  A measu red  
a l iquot  of washed lower  phase c o n t a i n i n g  la- 
beled l ipids was t r ans fe r red  to a glass c o u n t i n g  
vial, gent ly  dried on  a ho t  plate,  dissolved in 
10 ml of sc in t i l la t ion  f luid (0.5% PPO, 0 .01% 
POPOP in to luene) ,  and  c o u n t e d  in an A n s i t r o n  
l iquid sc in t i l la t ion  spec t rome te r .  The  ef f ic iency 
of  the  sc in t i l la t ion  s p e c t r o m e t e r  was 58%. 

RESULTS 

Cell Yield and Morphological Characteristics 

U n d e r  op t ima l  cond i t ions ,  9.0-12.5 x 106 
cells were recovered  per  gram of  liver. The 
presence  of the  che la t ing  agent  dur ing  pe r fus ion  
was essent ia l  since r ep l acemen t  of  Locke ' s  
c i t ra te  w i th  saline resu l ted  in drast ic  r e d u c t i o n  
in cell yield and  the  pers is tence of  large cell 
c lumps.  When e x a m i n e d  e i ther  u n s t a i n e d  or  
a f te r  s ta in ing w i th  h e m a t o x y l i n  and  eosin,  the  
cells appea red  morpho log ica l ly  in t ac t  and  extra-  
cel lular  debris  was min imal .  More t h a n  90% of 
the  p repa ra t i on  cons is ted  of  single ceils wi th  
occas ional  c lumps  of  up  to four  cells. On 
e lec t ron  microscopic  e x a m i n a t i o n  of  cells f ixed 
w i th  3% g lu ta ra ldehyde  so lu t ion  fo l lowed  by 
2% osmic  acid so lu t ion ,  there  were small  
i n t e r r u p t i o n s  in the  p lasma m e m b r a n e s ,  dilata- 
t ion  of  the  c is ternae of  t he  endop lasmic  ret icu-  
lum, and  increased dens i ty  of  the  m i t o c h o n d r i a l  
matr ices .  R ibosomes  r e m a i n e d  a t t a c h e d  to  the  
m e m b r a n e s  of  the  r o u g h  endop la smic  ret icu-  
lum,  and  in t race l lu la r  m e m b r a n e s  were in tac t .  

Observations During Incubation of Cells 

In a few e x p e r i m e n t s  cells were c o u n t e d  
ini t ia l ly  and  at 20 rain intervals  for  3 hr  dur ing  
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TABLE II 

Effect of Incubation Media on 14C-Acetate Incorporation Into Cellular Lipids a 
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Relative incorporation 
Medium of 14C-acetate, % 

Tris-KCl 100 
Tris-NaCl 62 
Tris-sucrose 67 
Tris (0.001 M)-Sucrose (0.06 M) 38 
Hanks'solution (calcium-free) b 42 
Locke's citrate (calcium-free) 8 
Sodium phosphate (0.1 M) 2 
Potassium phosphate (0.1 M) 1 
Ringer's lactate c 0 

alncubation conditions are as described for the complete cofactor mixture in Table 
I, except for substitution of the indicated buffers for tris-KCl, the top three media were 
0.02 M in tris and 0.1 M in the other component. The pH at the beginning of incubation 
was 7.3 for all media. 

bcontains, per liter, 8 g NaCI, 0.4 g KCI, 0.2 g MgSO4"7 H20, 0.06 g Na2HOP 4" 2 
H20 , 0.06 g KH2PO4, and 1 g glucose. 

CContains, per l iter, 6 g NaCI, 0.3 g KCI, 0.2 g CaCI 2, and 3.1 g sodium lactate. 

i ncuba t ion .  There  was no  s ignif icant  r e d u c t i o n  
in the  n u m b e r  of  i n t a c t  cells w i t h  t ime.  
However ,  t he  cells d i sp layed  a t e n d e n c y  to  
aggregate to  a variable  degree a f te r  30 rain of  
i ncuba t i on .  Aggregat ion  was min ima l  when  t he  
osci l la t ion ra te  was m a i n t a i n e d  at 130/ ra in  and  
could be comple t e ly  p reven ted ,  even at lower  
osci l la t ion rates,  by  the  add i t i on  of  1 mM 
CaC12. Ca lc ium was n o t  used in these  s tudies  
since it comple t e ly  p r even t ed  ace ta te  incorpor -  
a t ion  when  added  in  c o n c e n t r a t i o n s  o f  1 mM or 
higher.  D e t e r m i n a t i o n  of  the  p ro t e in  c o n t e n t  o f  
the  ceils and  m e d i u m  (9)  at  the  beg inn ing  and  
end  of  i n c u b a t i o n  revealed 'an  ini t ia l  leakage o f  
20% of  cellular p ro t e in  u p o n  d i lu t ion  of  the  
c o n c e n t r a t e d  cell suspens ion  in i n c u b a t i o n  me- 
dium. "However, no  fu r t he r  leakage of  p ro te in  
occur red  dur ing  the  i n c u b a t i o n  period.  

Cofactor Requirements 

No signif icant  i n c o r p o r a t i o n  of  labe led  ace- 
t a te  occur red  in h e p a t o c y t e s  suspended  in 
tris-KC1 so lu t ion .  There fore ,  a n u m b e r  of  co- 
fac tors  f o u n d  essential  for  l ipid syn thes i s  by  
subcel lular  f rac t ions  of  liver (2 ,3)  were t e s t ed  in 
similar c o n c e n t r a t i o n s  for  the i r  e f fec t  o n  ace- 
ta te  i n c o r p o r a t i o n  by  liver cells. The  resul ts  in  
Table  I d e m o n s t r a t e  t h a t  a c o m b i n a t i o n  of  
several of  these  cofac to rs  was necessary  for  
active i n c o r p o r a t i o n  of  ace ta te  by  hepa t ocy t e s .  
Omiss ion of  Mg ++ or  C o e n z y m e  A was par t icu-  
larly d e t r i m e n t a l  to  ace ta te  i n c o r p o r a t i o n ,  b u t  
all c o n s t i t u e n t s  were requ i red  for  max ima l  
act ivi ty .  When  added  ind iv idua l ly  to  ceils sus- 
p e n d e d  in tris-KC1 m ed i um ,  n o n e  o f  the  co- 
f ac to r  c o m p o n e n t s  of  t he  comple t e  m i x t u r e  
s ignif icant ly  e n h a n c e d  the  ra te  of  l aC-ace ta te  

i nco rpo ra t i on .  G l u t a t h i o n e  (3 mM) had  no  ef- 
fect  on  cellular ace ta te  i n c o r p o r a t i o n  a l t h o u g h  
an  abso lu te  r e q u i r e m e n t  for a su l fhyd ry l  com- 
p o u n d  in f a t ty  acid synthes i s  by  t he  p igeon  
liver cy toso l  has been  descr ibed  (3).  

Effect of Removal of Kupffer Cells 

In two  expe r imen t s ,  t he  r e t i c u l o e n d o t h e l i a l  
cells were first  r e m o v e d  magne t i ca l ly  a f te r  
i n t r avenous  in j ec t ion  of  p o w d e r e d  i ron  (7). The  
resu l t an t  p a r e n c h y m a l  cell p r e p a r a t i o n  incor-  
po r a t ed  ace ta te  as act ively  as ra t  liver cells 
p repa red  w i t h o u t  such  p r e t r e a t m e n t .  This  da ta  
e l imina t ed  the  necess i ty  of r o u t i n e  pr ior  re- 
moval  of the  Kupf fe r  cells, as did t h e  f ind ing  
(10)  t ha t  m e t h o d s  t h a t  use a c o m b i n a t i o n  of  a 
che la t ing  agent  and  mechan ica l  d isaggregat ion 
yield p r e d o m i n a n t l y  p a r e n c h y m a l  cells. 

Effect of Cell Washes 

Cell p r epa ra t i ons  were r o u t i n e l y  sub jec t ed  to  
a resuspens ion  s tep in o rder  to  r educe  t issue 
debris  and min imize  the  poss ib i l i ty  of  ace ta te  
i n c o r p o r a t i o n  by  ex t race l lu la r  e n z y m e s  or  free 
subcel lu lar  part icles.  This  wash p r o c e d u r e  had  
l i t t le  effect  on  the  cellular capaci ty  for  l ipid 
synthes is .  Nor  did the  add i t i on  of  the  ini t ia l  
tris-KC1 s u p e r n a t a n t s  to  the  washed  cells st im- 
ula te  ace ta te  i n c o r p o r a t i o n .  Hence,  l i t t le  or  
n o n e  of  the  measu red  i n c o r p o r a t i o n  resu l ted  
f rom the  act iv i ty  of  soluble  e n z y m e s  or  subcel-  
lular  par t ic les  released f rom damaged  cells. 
Similarly,  in our  o t h e r  s tudies ,  a d d i t i o n  o f  
d ispers ion or  wash  fluid to  washed  cells had  no  
s ignif icant  ef fec t  on  ra tes  of  amino  acid incor-  
po ra t i on  i n to  cellular p ro t e in .  
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TABLE III 

Effect of Inhibitors on 14C-Acetate Incorporation Into Cellular Lipids a 

Inhibition of 14C-acetate 
Inhibitor incorporation, % 

KHCO3(2.5 raM) 58 
ATP (0.8 mM) 15 

(3 mM) 87 
(4 mM) 9"7 

Puromycin (2 mM) 21 
Cycloheximide (1.7 mM) 45 
Sodium clofibrate (3 mM) 96 
Phosphate (10 mM) 59 

(12 raM) 66 
2,4-Dinitrophenol (0.25 mM) 100 
Fat-poor BSA (4%) 99 
Calcium (1 mM) 100 

alncubation conditions are as described for the complete cofactor mixture in Table I. 

Incubation Media 

Acetate incorporation into lipids was com- 
pared in various media supplemented with the 
lipid cofactor mixture (Table II). Tris-KC1 was 
clearly superior to the other buffers tested. The 
inability of equimolar tris-NaC1 or tris-sucrose 
solutions to match tris-KC1 in support of 
cellular lipid synthesis illustrates the impor- 
tance of K § to this process. As further shown in 
Table II, reduction in the ionic strength of the 
tris-sucrose solution was accompanied by a 
decrease in acetate incorporation by liver cells. 
Acetate incorporation in Hanks' solution was 
comparable to that in hypotonic tris-sucrose 
medium, while cellular acetate incorporation 
was minimal in Locke's citrate solution, 0.1 M 
phosphate buffer, or Ringer's lactate. These 
findings demonstrate the marked dependence 
of cellular acetate incorporation upon the 
composition of the incubation medium. 

Inhibitors of Acetate Incorporation 

Certain substances tested as potential co- 
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FIG. 1. Time course of 1-14C-acetate incorpora- 
tion into lipids of the cells and of the extraceUular 
medium. Incubation conditions are as described for 
the complete cofactor mixture in Table I. 

factors for lipid synthesis proved instead to be 
inhibitory (Table III). The inhibitory effect ot 
ATP was not reversed by the addition of Mg++, 
and therefore was not due simply to Mg ++ 
chelation. The inhibition by bicarbonate and 
ATP is consistent with the observation that low 
concentrations of cofactors enhanced acetate 
incorporation in subcellular liver fractions while 
higher concentrations had the opposite effect 
(1 1). Bicarbonate was present in the preparative 
media while ATP is endogenously generated by 
mechanically prepared liver cells (12). Puro. 
mycin and cycloheximide were moderately 
inhibitory, while phosphate, Ca ++, BSA, 2,4 
dinitrophenol and clofibrate markedly inhibitec 
acetate incorporation. 

Time Course of Acetate Incorporation 

As shown in Figure 1, isolated liver cell, 
incorporated 14C-acetate into cellular lipids al 
a rapid rate during the first 30 min of incuba 
tion. The rate of incorporation then fell pro. 
gressively and reached a plateau by 2 hr 
Labeled lipids appeared in the medium durin~ 
the first 5 rain of incubation and were releasec 
at a rapid linear rate for the next 25 min. Aftel 
30 min the rate of release of labeled lipid~ 
slowed but remained linear for an additiona 
150 min. After 1 hr of incubation, the labelec 
lipids in the extracellular medium constitutec 
20% to 25% of the total labeled lipids in th( 
incubation mixture, and probably representec 
the lipid portion of serum lipoproteins releasec 
by the liver cells (13). 

Distribution of Label in Subeellular Fractions 

The results of subcellular fractionation (14 
of the liver cells demonstrate that more thai 
80% of the labeled lipids were recovered in. th~ 
nuclear and mitochondrial fractions (Table IV) 
The microsomal fraction contained only abou 
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TABLE IV 

Distribution of Radioactivity in Subcellular Fractions a 

605 

Total Relative 
Cell fraction radioactivity distribution, % 

Nuclei, cell debris 4566 49.5 
Mitochondria 3177 34.4 
Microsomes 893 9.7 
Supernatant 5g 1 6.3 

alncubation conditions are as described for the complete cofactor mixture in Table I. 
After 2 hr of incubation, the cells from an entire liver were homogenized in 6 ml of fresh 
tris-KCl buffer, 2 ml of 1 M sucrose solution was added, and subcellular fractions were 
separated by the method of Hogeboom et al. (14). 

10% of  the labeled lipids. However ,  subcellular 
f ract ions  ob ta ined  f rom lower  speed centr i fu-  
gat ions conta in  significant quant i t ies  o f  at- 
tached microsomes  (15). 

Distribution of Label Among Lipid Classes 

It was impor t an t  to  define the d i s t r ibu t ion  
of  incorpora ted  acetate  among the major  lipid 
classes. A combina t ion  of  hexane-d ie thy l  e ther-  
glacial acetic acid (70:20:1 by volume)  was 
used to separate the  labeled lipids of  cells and 
med ium by thin layer c h r o m a t o g r a p h y  (TLC). 
The results in Table V present  the  typical ,  
reproducib le  d is t r ibut ion  of  label among  the  
lipid classes of liver cells and med ium using this 
solvent system. The percentage of  label in 
phosphol ip ids ,  monoglycer ides ,  choles terol  and 
fa t ty  acids was very similar for b o t h  ceils and 
medium,  while the p r o p o r t i o n  of  label in 
1,2-diglycerides was much  higher in the  medi-  

um than  in the cells. The quan t i ty  of  labeled 
tr iglycerides and choles terol  esters in the medi-  
um was ex t remely  small. 

Since the 1,3-diglyceride and choles te ro l  
s tandards  c o c h r o m a t o g r a p h e d  by this  m e t h o d ,  
the incorpora t ion  of  label in to  cellular choles- 
terol  was co r robora ted  by  digi tonin precipita-  
t ion,  using a modi f ica t ion  of  the m e t h o d  of 
Crawford  (16). The data in Table VI show tha t  
choles terol  radioact ivi ty  de t e rmined  by TLC 
correlated well wi th  tha t  ob ta ined  by digi tonin  
precipi ta t ion.  In ano ther  rat used for compari-  
son of  these two me thods ,  the  pe rcen t  o f  to ta l  
lipids as choles terol  was 8.2% by digi tonin 
prec ip i ta t ion  and 5.8% by TLC. 

Effect of Hormones 

Several ho rmones ,  when  added  individually 
to liver cell incubat ions ,  a l tered the  rate of  
14C-acetate incorpora t ion  in to  cellular lipids 

TABLE V 

Distribution of Radioactivity Among the Various Lipid Classes a 

Distribution of radioactivity 

Cells, 79% Medium, 21% 

Lipid classes cpm % cpm % 

Phospholipids 3847 35 998 35 
Monoglycerides 1875 17 478 16 
1,2-Diglycerides 619 6 522 18 
Cholesterol 958 9 195 7 
Fatty acids 2524 23 626 22 
Triglycerides 938 9 29 1 
Cholesterol esters 275 2 7 0 
Total 11036 2855 

aIncubation conditions and concentrations of cells and cofactors were unchanged from 
those described in Table I except that the quantity of incubation material was five times 
that usually employed and the concentration of label was doubled. Cells and medium were 
separated, extracted and washed as described in Methods. The cellular and medium lipids 
were resolved by TLC using hexane-diethyl ether-glacial acetic acid (70:20:1 by volume) 
into the above fractions, listed in the order of their distance from the origin. The spots were 
identified, scraped from the same plate, and counted as before. The radioactivity in the 
table represents that derived from 3/10 of the entire incubation mixture. Total lipid 
radioactivity present in the aliqt~t of extracted cellular lipid applied to the coated plate was 
16,416 cpm. 
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TABLE VI 

Comparison of Digitonin Precipitation and TLC 
for Determination of Labeled Cholesterol in Liver Cells 

Method 

1-14C-acetate incorporation into cholesterol a 

Radioactivity Proportion of 
Corrected for total labeled lipids 

Observed, cpm recovery, epm as cholesterol, % 

Digit onin precipitation 986 2380 b 14.5 

TLC 958 1475 c 9.0 

aCholesterol label was determined by both digitonin precipitation using carrier 
cholesterol and TLC in identical aliquots of the extracted cellular lipids. Total lipid 
radioactivity present in each aliquot of cellular lipid extract was 16,416 cpm as in Table 
VI. 

bThe recovery of cholesterol was determined by control samples in which a known 
amount of labeled cholesterol was added to carrier cholesterol prior to addition of 
digitonin. 

CCalculation of recovery of labeled cholesterol was made by division of the total lipid 
cpm recovered after TLC by the quantity of radioactivity applied to the plates (16,416 
cpm). 

(Table VII). Dexamethasone  and L- thyroxine  
s t imulated acetate incorpora t ion ,  while epi- 
nephrine and 17-beta-estradiol were inhibi tory.  
Insulin was usually mildly inhibi tory  while 
ACTH and glucagon were wi thou t  measurable 
effect.  The changes in labeled lipid in the 
medium paralleled the incorpora ted  label in 
cellular lipid for bo th  dexamethasone  and 
epinephrine.  This finding indicates that  these 
hormones  did no t  change the quant i ty  of  la- 
beled lipid present in cells by altering rates of  
lipid secret ion by the cells. 

DI SCUSSI ON 

Isolated liver cells have several dist inct  
advantages as a preparat ion for metabol ic  
studies. Hepa tocytes  are sufficiently organized 
to respond to physiological  st imuli  such as 
hormones  (17); yet  they are less complex  than 
liver slices and have a larger exposed surface 
area. Moreover,  the availability of  a large 
number  of identical  cell al iquots  f rom a single 
liver and of  techniques  for separat ion of  retic- 
u loendothel ia l  cells f rom parenchymal  cells 
(7,18) provide fur ther  advantages in metabol ic  
studies. 

However ,  suspended liver cells do present 
certain inherent  drawbacks for the s tudy of  
biochemical  regulation.  Their  principal  disad- 
vantages stem from damage to the  plasma 
membrane  incurred during cell separation.  The 
resulting al terat ion in membrane  permeabi l i ty  
leads to leakage of  various soluble enzymes,  
cofactors  and ions in to  the preparative and 
suspending media (19). The loss o f  soluble 
g lycolyt ic  enzymes impairs endogenous  respir- 

ation by hepa tocytes  and prevents the utiliza- 
t ion of glucose (19). However ,  because part icu- 
late mi tochondr ia l  enzymes  are retained,  the 
addi t ion of  succinate markedly  st imulates cellu- 
lar oxygen consumpt ion  (20) and probably 
results in enhancement  of  lipid synthesis by its 
ut i l izat ion as a respiratory substrate.  Finally,  
there are ul trastructural  changes which vary in 
degree with  the gentleness of the me thod  
selected for cell preparat ion.  

Leakage is not  conf ined to isolated cells 
since the egress of intracellular prote in  also 
occurs during incubat ion  of  liver slices, bo th  
from damaged cells at the surface of  the slice 
and f rom ~ntact celis within the tissue (2 i ) .  In 
contrast ,  the loss of soluble protein f rom liver 
cells occurs during the dispersion step of  the 
preparat ion (22), and we have found,  as did 
others  (23), that  no fur ther  leakage o f  protein 
into the med ium occurs during incubat ion.  

The capaci ty of  dispersed liver cells to 
incorpora te  14C-acetate in to  lipids demon-  
strates that they retained sufficient  soluble 
enzymes  to allow investigation of  processes 
media ted  in part by enzymes  of the  soluble 
phase. Further ,  the s t imulatory effects  o f  co- 
factors demonst ra tes  the feasibility of  adding 
back missing substances under  control led condi-  
tions for assessment of  their  relat ive impor- 
tance. 

Repor ts  of  fa t ty  acid synthesis in subcellular 
fractions of  liver (1-6) have out l ined various 
requi rements  for active lipogenesis. In general, 
it was observed that  as crude soluble extracts  o f  
pigeon liver underwent  successive pur i f ica t ion 
steps, several new requi rements  emerged (3), 
and very lit t le synthesis occurred when any of  
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TABLE VII 

Effects of Hormones on 14C-Acetate Incorporation Into Cellular Lipids a 

Final concentration, Relative incorporation of 
Hormone present M x 105 1-14C-acetate into cellular lipids 

None 1.00 
Dexamethasone 2.0 1.53 -+ 0.22 b (5) c 
L-thyroxine 3.9 1.20 (2) 
Epinephrine 1.8 0.62 -+0.08 (3) 
17-beta-estradiol 0.25 0.71 + 0.04 (3) 
ACTH 0.063 0.97 (1) 
Glucagon 0.34 0.98 (2) 
Insulind 8.3 microunits/ml 0.86 - 0.14 (4) 

aFinal dilutions of hormones were carried out just before incubation of cells. Hormones 
were individually added to mixtures of cofactor-supplemented medium and liver cells which 
were kept at 4 C until incubation was begun. The complete cofactor mixture and label were 
present from the beginning of incubation. Cells were incubated for 2 hr as described under 
Table I. 

bMean -+ standard deviation. 
CNumber of animals studied in parentheses. 
dSodium pyruvate (0.3 raM) was used together with insulin. 

these cofactors was omitted. The formation of 
fatty acids in suspended rat liver mitochondria 
also required certain cofactors (1). 

Cytoplasmic preparations of liver have con- 
sistently required Coenzyme A, NADPH, and 
Mg § or Mn ++ for fatty acid synthesis. In the 
present work the combination of  Mg § and 
Mn ++ was more stimulatory to acetate incor- 
poration than either ion alone. The combina- 
tion of NADP and glucose-6-phosphate pro- 
vided an NADPH-generating system for fatty 
acid production. Coenzyme A was required for 
synthesis of fatty acids, complex lipids and 
cholesterol. The beneficial effect of nicotina- 
mide on lipid synthesis probably resulted from 
its sparing action on residual intracellular NAD 
since nicotinamide is known to inhibit splenic 
NADase at similar concentrations (24), and 
dispersed liver cells are deficient in nicotina- 
mide nucleotides (19). 

The superiority of tris-KCl over equimolar 
tris NaC1 in support of lipogenesis parallels its 
supportive role in cellular respiration (7), and 
may result from the enhanced rate of mito- 
chondrial ATP synthesis in the presence of 
potassium (25). Although unfortified tris-KCl 
promoted ketogenesis by liver cells (7) the 
presence of cofactors in the present study may 
channel acetate into the assembly of  fatty acids 
instead of into ketone bodies. The lipogenic 
effect of K + may be simply due to replacement 
of intracellular K + which has leaked from the 
cells during their preparation (26). 

The adverse effects of Ca ++ and phosphate 
on lipid synthesis probably result from their 
abnormal entry into the cell because of loss of 
selective permeability of the plasma membrane. 
Both ions can interfere with 02 utilization by 

liver cells (7,19,20) perhaps by an uncoupling 
of mitochondrial oxidative phosphorylation 
(27). The failure of cells suspended in Ringer's 
lactate to incorporate acetate is probably relat- 
ed to the Ca ++ ion content of this medium. 
Inhibition by 2,4-dinitrophenol demonstrates 
the need for continuous generation of high 
energy phosphate despite the inhibition by 
externally added ATP. 

The inhibitory effect of exogenous ATP on 
acetate incorporation by liver cells is similar to 
that reported in subcellular hepatic prepara- 
tions (2,28). ATP may prevent the activation of 
acetyl CoA carboxylase by citrate (28) or may 
reverse the cytoplasmic stimulation of long 
chain fatty acyl-CoA synthetase in rat liver 
(29). 

The anti-lipogenic effects of sodium clo- 
fibrate deserve further careful study since a 
specific inhibitor of lipid synthesis might pro- 
vide an important tool for elucidation of the 
role of lipid synthesis in cellular metabolism. 
Moreover, the dramatic inhibition of  14C-ace- 
tate incorporation by this agent suggests that 
dispersed fiver cells may be useful for testing 
the effectiveness of pharmacologic agents 
whose site of action is the liver. 

The present finding that radioactive choles- 
terol accounted for 6% to 9% of the total label 
in all lipid classes contrasts with the conclusion 
of Lata and Reinertson (30) that incubated 
liver cells were unable to synthesize cholesterol 
despite the addition of CoA, ATP and NADH 
and with the data of Ichihara et al. (17) who 
reported that labeled cholesterol constituted 
only 1.6% of the total radioactivity in cellular 
lipid. 

Large amounts of labeled diglyceride and 
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minimal quantities of labeled triglyceride were 
present  in the incuba t ion  medium,  bu t  in the  
cells similar a m o u n t s  of  label were found  in 
diglyceride and tr iglyceride.  The large propor-  
t ion of  labeled diglyceride in the i ncuba t ion  
med ium is diff icult  to explain since hepat ic  
glyceride is normal ly  e x p o r t e d  in to  t he  plasma 
as tr iglyceride.  It is possible that  a lipase 
present  in the plasma membrane  of  rat  hepa to-  
cytes (31) hydro lyzed  tr iglyceride to  diglycer- 
ide during incubat ion .  The absence o f  labeled 
choles terol  esters in the incuba t ion  m e d i u m  is 
cons is tent  wi th  recen t  evidence (32) tha t  circu- 
lating choles terol  is largely es ter i f ied in the  
plasma itself by an acyl t ransferase  reac t ion  
ra ther  than  in the tissues. 

The changes in cellular rates  of  l ipogenesis  in 
response  to ho rmona l  addi t ions  provide  evi- 
dence for the func t iona l  integri ty  o f  isolated 
fiver ceils. The inh ib i t ion  of  aceta te  incorpora-  
t ion observed wi th  ep inephr ine  is in agreement  
with previous f indings in slices (33). The 
reduc t ion  in incorpora t ion  found  wi th  17-beta- 
estradiol  concurs  wi th  the r epor ted  inh ib i t ion  
of  choles terol  synthes is  in mic rosomes  f rom 
es t rogen- t rea ted  rats (34).  The s t imula t ion  of  
lipid synthesis  f o u n d  wi th  L- thyrox ine  was 
cons is tent  wi th  a similar e n h a n c e m e n t  tha t  
occurred  in hepa t ic  slices o f  rats p re t rea ted  
with L- thyrox ine  (35). The l ipogenic effect  o f  
dexame thasone  on aceta te  i nco rpo ra t i on  is in- 
terest ing in view of  the  protec t ive  act ivi ty of  
this h o r m o n e  on the  plasma m e m b r a n e  of  
isolated hepa tocy t e s  (22). In the p resen t  s tudy,  
the addi t ion of  dexame thasone  may have pro- 
mo ted  r e t en t ion  of  the soluble fa t ty  acid-syn- 
thesizing enzymes  wi thin  the  cellular cyto-  
plasm. The ha rm ony  of  these results  on  hor- 
monal  ef fec ts  on lipid synthesis  wi th  those  
ob ta ined  using o the r  prepara t ions  of  liver f rom 
hormone- in j ec t ed  rats suggests the  po ten t i a l  
uti l i ty of the isolated liver cell p repa ra t ion  for 
future  metabol ic  studies.  
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Metabolic Studies in Isolated Rat Liver Cells: II. 
Biosynthesis of Serum Low Density Lipoproteins 
and its Regulation 

DAVI D M. CAPUZZl and SIMEON MARGOLIS, Clayton Laboratories, 
Department of Medicine and Department of Physiological Chemistry, 
The Johns Hopkins University, Baltimore, Maryland 21205 

ABSTRACT 

Dispersed rat liver cells were used for 
study of protein and serum lipoprotein 
synthesis. Cellular leucine incorporation 
was tested in the presence of various 
cofactors, buffers and inhibitors. 14C- 
leucine was incorporated into cellular 
protein at an active rate for 1 hr. Incor- 
poration was more rapid in the presence 
of succinate, MgC12, phosphate and nico- 
tinamide, but these cofactors were not 
absolutely required. The liver cells also 
incorporated labeled leucine into lower 
density lipoproteins (1DL) and released 
the newly labeled 1DL into the incubation 
medium. Puromycin strongly inhibited 
the production of cellular protein and 
1DL. The mode of cellular regulation of 
1DL synthesis was examined. The rate of 
1DL production was selectively enhanced 
by short term alimentation with dietary 
triglyceride or by the addition of a 
mixture of lipogenic cofactors to incu- 
bated liver cells. The utility of isolated 
liver cells as a preparation for metabohc 
control studies is discussed. 

Studies of serum lipoprotein synthesis have 
utilized fiver preparations that ranged in organi- 
zational complexity from subcellular particles 
(1,2) to the perfused intact organ (3). Product 
identification has been verified by peptide 
mapping (4) and by immunochemical tech- 
niques (2). 

The present work was undertaken to define 
the characteristics of an hepatic preparation 
that would be suitable for study of serum 
lipoprotein formation and the metabolic regula- 
tion of this process. Isolated liver cells respire 
(5) and retain subcellular organization and the 
biochemical capacity for synthesis of lipids (6), 
proteins (7,8) and RNA (7). Previous work had 
shown that the metabolic properties of liver 
cells varied with the method of cell preparation 
(9). Therefore, it was necessary to determine 
the characteristics of general protein synthesis 
in hepatocytes isolated by our method prelimi- 
nary to study of the synthesis of serum lower 

density fipoproteins (1DL). We define the term 
1DL to include both very low density lipopro- 
teins (VLDL) and low density lipoproteins 
(LDL). 

The present report describes optimal condi- 
tions for protein synthesis and indicates that 
suspended liver cells synthesized lipoproteins 
with the ultracentrifugal and immunological 
properties of rat 1DL. Moreover, the rate of this 
process was altered by in vivo and in vitro 
manipulations. A preliminary report of this 
work has been presented (10). 

MATERIALS AND METHODS 

Materials 

Ediol (Lipostrate-CB) and GTP (sodium salt) 
were purchased from Calbiochem; trisodium 
phospho(enol) pyruvate and pyruvate kinase 
(type II) from Sigma; and Triton X-100 from 
Rohm and Hass, Inc. U-14C-L-leucine (273 
mc/mM) and 1 -laC-sodium acetate (2 mc/mM) 
were products o f  the New England Nuclear 
Corp. Freund's complete adjuvant and Difco 
special noble agar were obtained from Difco 
Laboratories; agarose from Fisher Scientific 
Company; rabbit antiserum to whole rat serum 
and goat antiserum to rabbit gamma globulin 
from Hyland Laboratories; and crystalline egg 
albumin from the Nutritional Biochemical 
Corp. The sources of all other reagents have 
been described (D.M. Capuzzi and S. Margolis, 
submitted to Lipids), 

Preparation of Liver Cells 

Liver ceils were prepared as described previ- 
ously (D.M. Capuzzi and S. Margolis, submitted 
to Lipids). Similar precautions against bacterial 
contamination were taken. 

Isolation of Rat Serum IDL 

The density of serum or of incubation 
medium was raised to the desired nonprotein 
solvent density by addition of a concentrated 
salt solution according to the formula of Havel 
et al. (11). Rat serum was adjusted to d 1.063 
and centrifuged at 100,000 x g for 16-18 hr in a 
Model L Spinco preparative ultracentrifuge. 
The top 1.5-2.0 ml of each tube was removed 
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TABLE I 

Effect of Various Additions on 
14C-leucine Incorporation Into Cellular Protein a 

Relative incorporation 
Additions of 14C-leucine, % 

None 100 
Succinate 139 
Magnesium chloride 245 
Phosphate 138 
Nicotinamide 120 
Combined cofactors 338 

aCells were incubated under air at 37 C for 2 hr in 
stoppered 25 ml Erlenmeyer flasks in a water bath 
shaker at 130 oscillations/min. Each flask contained 4 
to 6 x 106 cells (0.65 ml of concentrated cell 
suspension); 14C-L-leucine (1.25 /~c); potassium peni- 
cillin G (1 mg/ml); streptomycin sulfate (0.03 mg/ml); 
tris-HCl (20 mM), pH 7.3 at 37 C; KCI (1 00 mM), and 
other components as indicated in a total volume of 4 
ml. Where indicated, additions were made to give the 
following final concentrations: MgCI 2 (7.5 mM); 
potassium phosphate (10 mM); nicotinamide (7.5 
mM); sodium succinate (12 mM). Combined cofactors 
consisted of all four additions. In each experiment one 
flask, which contained all components except the 
label, was incubated for the same period and placed on 
ice. Cold leucine and labeled leucine were then added. 
The amount of radioactive protein in this sample was 
subtracted from that of the other samples to deter- 
mine leucine incorporated into protein. Results are 
averages of five experiments. 

by  careful  asp i ra t ion  wi th  a Pas teur  pipet .  For  
use as carr ier  1DL, this  u p p e r  f rac t ion  was 
d ia lyzed  for  3 hr  against  0.15 M NaC1 so lu t ion  
con ta in ing  0 .01% d isod ium EDTA at pH 7.4. 
Fo r  r abb i t  inocu la t ions ,  the  dens i ty  of  the  
mater ia l  was read jus ted  to d 1.035 and  recentr i -  
fuged for  16 hr  at 100 ,000  x g. The  t op  1.5 ml 
were r emoved  and  used for  i nocu la t i on .  

Inoculation of Rabbits 

Rabb i t s  received weekly s u b c u t a n e o u s  injec- 
t ions  of  1DL isola ted at  d 1.035. Each  an t igen  
inocu la t i on  con t a ined  a b o u t  2 mg 1DL pro te in  
emuls i f ied  wi th  F r e u n d ' s  ad juvant .  The  ant i-  
se rum ob t a ined  a f t e r  four  to  six in jec t ions  was 
s tored  at  -20 C u n t i l  use. Ant i se ra  against  
ch i cken  ova lbumin  were o b t a i n e d  f rom o the r  
in jec ted  rabbi t s .  

Separation of Medium From Cells and Determination 
of Labeled Cellular Protein 

I n c u b a t i o n  cond i t ions  are descr ibed  under  
Table  I. Five m i n u t e s  before  the  end  o f  each  
i n c u b a t i o n  per iod ,  0.2 ml  of  a 2% so lu t ion  of  
un labe led  L-leucine and  1 ml of  ra t  carr ier  
l i pop ro t e in  (2 mg  p ro t e in )  were added  to every 
flask. The  c o n t e n t s  of  each  flask were  centr i -  
fuged at 100 x g for  5 min  at 4 C. The  packed  
cells were gent ly  washed  and  dispersed in a 

Pas teur  p ipe t  c o n t a i n i n g  0.5 ml of  saline.  Then  
the  cells and  m e d i u m  were separa ted  by  recen- 
t r i fuga t ion  at  2 0 0 0  x g for  30 min.  

The  packed  cells were lysed by  the  add i t i on  
of  0.1 ml of 10% Tr i ton  and  0.3 ml of  0.15 M 
NaC1. Cell lysates  were indiv idual ly  appl ied 
w i th  Pasteur  p ipe ts  to  f i l ter  paper  disks (12) .  
The  disks were dr ied wi th  a hair  dryer ,  placed 
in a beaker  of cold 10% t r i ch lo race t i c  acid 
(TEA) ,  and  washed  by  the  m e t h o d  of  R o b i n s o n  
and  Harris (13) .  A 15 min,  37 C i n c u b a t i o n  
w i th  95% e t h a n o l - e t h e r - c h l o r o f o r m  ( 2 : 2 : 1 )  was 
added  just  pr ior  to  the  e thano l - ace tone  (1 :1)  
washes  to ensure  f u r t h e r  the  removal  o f  lipids. 
Washed disks were dried,  placed in vials con- 
t a in ing  10 ml of  sc in t i l la t ion  f luid (0.5% PPO, 
0 .01% POPOP in to luene) ,  and c o u n t e d  in a 
l iquid  sc in t i l la t ion  s p e c t r o m e t e r  t h a t  had  an 
ef f ic iency of 58%. 

Isolation of Labeled IDL by Ultracentrifugal Flotation 

For  each  sample  an a l iquot  of  m e d i u m  with  
carr ier  was ad jus ted  to d 1063;  1 ml of rat  
s e rum at d 1.063 was added ;  and  the  resu l t an t  
so lu t ion  was cen t r i fuged  at 100 ,000  x g for  
16-18 hr. The top  3 ml was r emoved  by  tube  
slicing and placed in a n o t h e r  cellulose ace ta te  
t u b e ;  1 ml of  rat  serum at d 1.063 was added 
and  the  t ube  was filled wi th  1.6 M NaC1 
so lu t ion  (d 1.063),  and  recent r i fuged  as before.  
The  top  1.5 ml af te r  the  second cen t r i fuga t ion  
was t hen  appl ied  to f i l ter  disks for  T e A  
prec ip i t a t ion  (12) .  

Immunoprecipitation of Labeled IDL and Carrier IDL 
From Incubation Medium 

Labeled  IDL and  carr ier  1DL were harves ted  
f rom the  m e d i u m  by prec ip i t a t ion  wi th  an 
equiva len t  a m o u n t  of  specific an t i - lDL anti-  
serum. The i m m u n e  prec ip i ta tes  were i n c u b a t e d  
at  37 C for  45 min ,  shaken ,  s tored at 4 C for  15 
hr,  and  t h e n  col lec ted  by cen t r i f uga t i on  at  
2000  x g for  30 min  at 4 C. The p rec ip i t a t ed  
complexes  were washed  twice wi th  0.02 M 
tris-0.15 M NaC1 so lu t ion  (pH 7.6),  a n d  a l lowed 
to s tand  b e t w e e n  cen t r i fuga t ions  at 4 C for  30 
min  to p r o m o t e  aggregat ion.  The washed  pre- 
c ipi ta tes  were solubi l ized at pH 11.0 in 0.5 ml 
of  0.02 M t r i s - l .6  M NaC1 solu t ion  (14) ,  and  
were individual ly  appl ied  to fi l ter pape r  disks, 
washed  and  c o u n t e d  as descr ibed for  cell 
lysates.  

Immunochemical and Electrophoretic Studies 

L i p o p r o t e i n  i m m u n o d i f f u s i o n  and  i m m u n o -  
e lec t rophores is ,  the  l a t t e r  modi f ied  by  the  use 
of  agarose and  an e l ec t rophore t i c  d u r a t i o n  of  
60 rain,  were carr ied ou t  accord ing  to the  
m e t h o d  of  Levy and  F red r i ckson  (15) .  The  gels 
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were then  stained for  lipid wi th  oil red O. 
Elec t rophores i s  of  rat serum l ipopro te ins  was 
carried out  on cellulose aceta te  str ips by the  
m e t h o d  of  Briere and Mull (16) and the  strips 
were s tained for pro te in  wi th  Ponceau S dye.  

RESULTS 

Effect of Cofactors 

In contrast to the absolute requirement of 
added cofactors for acetate incorporation into 
cellular lipids (D.M. Capuzzi  and S. Margolis, 
submi t t ed  to Lipids,  and 17), leucine was 
inco rpo ra t ed  into cellular pro te in  in un fo r t i f i ed  
buffers .  However,  as ind ica ted  in Table I, the 
add i t ion  of  Mg ++, n ico t inamide ,  phospha t e  and 
succinate p roduced  a 3 1/2-fold s t imula t ion  of  
leucine incorpora t ion .  Each cofac to r  contr ib-  
u ted  a significant s t imula t ion  of  leucine incor- 
po ra t ion  when added  individually,  but  Mg ++ 
was clearly the mos t  i m p o r t a n t  r e q u i r e m e n t  for  
this e n h a n c e m e n t .  All four  cofac to rs  were 
rout ine ly  used in studies of  leucine incorpora-  
tion. The effect  o f  Mg ++ on leucine incorpo-  
ra t ion was tes ted at concen t r a t i ons  t ha t  varied 
f rom 2.5 mM to 10 raM, the  op t imal  range for  
r ibosomal  pro te in  synthesis  (18).  The Mg ++- 
induced  s t imula t ion  of  leucine i nco rpo ra t i on  
peaked  at a concen t r a t ion  of  7.5 mM. 

A n u m b e r  of cofactors  tha t  are necessary  for  
p ro te in  synthesis  in liver h o m o g e n a t e s  (18) 
were tes ted  for their  e f fec ts  on leucine incorpo-  
ra t ion  in liver cells. The results  in Table II 
indicate  that  the addi t ion  of  ATP, ATP + GTP, 
and an unlabeled amino  acid mix ture  fu r ther  
s t imula ted  leucine incorpora t ion .  But the  pH 5 
enzymes  and ATP-generat ing sys tem were 

TABLE II 

Effects on Cellular 14C-leucine 
Incorporation of Cofactors Required 

for Protein Synthesis in Liver Homogenates a 

Relative 14C-leucine 
Additions incorporation, % 

None 100 
ATP 133 
ATP, GTP 140 
ATP, GTPkATP-generating 

system u 97 
ATP, GTP, ATP-generating 

system, pH 5 enzymes 77 
Unlabeled amino acid mixture c 131 

alncubation conditions were as described for com- 
bined eofactors in Table I. Where indicated, additions 
were made to give the following final concentrations: 
ATP (1.2 raM); GTP (0.1 raM); phosphoenolpyruvate 
(6.4 mM); pyruvic kinase (0.05 mg/ml); pH 5 enzymes 
(0.6 mg/ml). Results are based on three experiments. 

bphosphoenolpyruvate and pyruvic kinase. 
CThe amino acid mixture contained the following 

L-amino acids in a final concentration of 0.025 mM 
each: alanine, glycine, methionine, cysteine, threo- 
nine, serine, valine, isoleucine, aspartic acid, glutamic 
acid, proline, histidine, lysine, arginine, phenylalanine, 
tyrosine, and tryptophan. 

mildly inh ib i to ry  to  this process.  Moreover,  
ATP caused rapid c lumping of  cells and  inhibi-  
t ion of  ace ta te  i nco rpo ra t ion  in to  cellular lipids 
(D.M. Capuzzi  and S. Margolis, submi t t ed  to  
Lipids),  and these cofac tors  were no t  rou t ine ly  
inc luded in subsequen t  incubat ions .  

Incubation Media 

The capaci ty  of  various incuba t ion  media  to  
suppor t  p ro te in  synthesis  d e p e n d e d  o n  w h e t h e r  

TABLE III 

Effect of Incubation Media on 
14C-leucine Incorporation Into Cellular Protein a 

Relative incorporation of 14C_leucine, % 

Medium Cofactors absent Cofactors present 

Tris-KCl 100 (830 cpm) 100 (2250 cpm) 
Tris-NaCl 99 70 
Tris-sucrose 57 68 
Tris (0.001 M)-sucrose (0.06 M) 33 73 
Ringer's lactate 204 106 
Locke's citrate b 109 21 
Sodium phosphate (0.1 M) 86 56 
Rat serum 65 15 

alncubation conditions were as described in Table I except for substitution of the 
indicated buffers for tris-KCl. Comparison of relative effects of medium composition on 
leucine incorporation were made in the presence and absence of the combined cofactors 
listed in Table I. All media were at pH 7.3 (37 C). The top three media listed were 0.02 M in 
tris and 0.1 M in the other component. 

bContains, per liter, 9.5 g Na CI, 0.075g KC1, 0.150 g NaHCO 3, 1.0 g glucose and 7.9 g 
sodium citrate. 
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TABLE IV 

Comparison of Methods of IDL Isolation a 

14C.leucin e incorporation 
Experiment into IDL b, cpm Isolation method 

1 124 Flotation 

146 Immune precipitation 

2 89 Immune precipitation 

82 "Cleared" immune 
precipitation c 

aEach flask contained 4 to 6 x 106 cells, 14C-leucine (3.75 #c), tris-HCl (20 mM), pH 
7.3 (37 C), KCI (100 mM), MgCI 2 (7.5 mM), potassium phosphate (10 mM), nicotinamide 
(7.5 mM), sodium succinate (12 mM), penicillin (1 mg/ml), and streptomycin (0.03 mg/ml) 
in a total volume of 4.0 ml. The cells were incubated at 37 C in 25 ml Erlenmeyer flasks for 
2 hr in a water bath shaker set at 130 cycles/rain. The separation of medium from cells after 
incubation and the techniques for isolation of labeled IDL from the medium are described in 
Methods. Each value in the table represents an average of duplicate samples. For each 
isolation method, an additional flask which contained all components except the label, was 
incubated for 2 hr and placed on ice. Cold leucine, labeled leucine, and carrier IDL were 
then added in that order. The radioactivity in the 1DL of zero time samples was subtracted 
from that of samples incubated with label to determine leucine incorporation into IDL. 

bResults are expressed as counts/min per 4 x 106 cells. 
Cprior to IDL assay the medium was first "cleared" with chicken ovalbumin-anti- 

ovalbumin. 

the four  cofactors  were present  (Table 2II). 
Cellular leucine inco rpo ra t ion  was t w o  t imes 
greater in Ringer 's  lactate solut ion than  in any 
o the r  unfor t i f ied  m ed ium tes ted .  Solut ions  of  
tris-KC1, tris-NaC1, sodium phospha t e  (0.1 M), 
and Locke ' s  ci trate were roughly  comparab le  in 
activity in the  absence of  cofactors .  

The addi t ion  of  the four  cofac tors  substan-  
tially enhanced  leucine incorpora t ion  excep t  in 
the case of  rat  serum and Locke ' s  ci trate.  The 
cofac to r  e n h a n c e m e n t  was greatest  in tris-KC1 
medium.  In fact,  the  rates  of  cellular p ro te in  
synthesis  in tris-KC1 and Ringer 's  lactate  media  
were similar af ter  cofac to r  addi t ion  (Table III). 
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FIG. 1. Time course of leucine incorporation into 
cellular proteins and extracellular 1DL. Incubation 
conditions were the same as those described'under 
Table I. 

Reliability of IDL Isolation Techniques 

To s tudy  the synthesis  o f  IDL by isolated 
liver cells, it was necessary to  employ  an assay 
t echn ique  specific for rat 1DL. Initially, 1DL 
was isolated by the s tandard  t echn ique  of  
u l t racentr i fugal  f lo ta t ion.  No con t amina t i on  of  
the 1DL wi th  HDL was f o u n d  by cellulose 
aceta te  e lect rophores is .  However ,  for  technical  
s implici ty ,  a rapid i m m u n o p r e c i p i t a t i o n  tech-  
n ique,  using a rabbi t  an t i b o d y  against 1DL, was 
developed for  specific isolat ion of  labeled 1DL 
f rom the incuba t ion  medium.  The pur i ty  of  t he  
1DL ant igen and anti-lDL an t i b o d y  were dem-  
ons t ra ted  by  i mmu n o d i f fu s i o n  and i m m u n o -  
e lect rophores is .  On i m m u n o d i f f u s i o n ,  a single, 
dis t inct  precipi t in  line fo rmed  be tween  the  
central  anti- lDL ant iserum well and per ipheral  
wells tha t  con ta ined  e i ther  1DL isolated at 
d 1.063, 1DL isolated at d 1.035, or whole  rat  
serum. No precipi t in  line fo rmed  b e t w een  
anti-lDL and rat serum pro te ins  of  d >1 .0 6 3 .  
The pur i ty  of  an tMDL was also conf i rmed  by  
e lec t rophores i s  o f  IDL carrier or  rat serum 
fol lowed by gel diffusion against anti-lDL. In 
b o t h  cases a single precipi t in  line which  occu-  
pied the entire beta  region was observed.  The 
presence  of  a single precipi t in  line in each case 
es tabl ished the  suitabili ty of  anti- lDL prepared  
against d ~ 1 . 0 3 5  rat serum l ipopro te ins  fo r  
specific isolat ion of  labeled rat 1DL. The soli- 
tary immunoprec ip i t i n  line that  f o rmed  on  
Ouch te r lony  double  di f fus ion b e t w een  the  1DL 
ant igen and ant i -whole  rat  se rum d e m o n s t r a t e d  
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TABLE V 

Incorporation of 14C-leucine Into IDL Isolated in the Absence of Carrier IDL a 

613  

Radioactivity in immune precipitate b 

Rabbit antiserum tested Experiment 1 Experiment 2 

Anti-rat IDL 95 219 

Anti-ovalbumin c 70 134 

alncubations were carried out under the conditions listed in Table I, except for the 
absence of 1DL carrier. After removal of the cells, 0.Z ml of rabbit antiserum was incubated 
with the medium at 37 C for 1 hr. Then 0.1 ml of Hyland anti-rabbit gamma-globulin goat 
serum was added and the incubation was continued for an additional hour. The precipitates 
were refrigerated for 16 br at 4 C. The precipitates were then collected by centrifugation, 
dissolved, applied to filter paper disks, washed, and counted as outlined in Methods. Each 
value represents an average of duplicate samples, obtained by subtraction of the zero time 
c o n t r o l  value for each experiment. 

bResults are expressed as total 1DL cpm per sample. 
CThis antiserum was a control antiserum from rabbits that had been immunized using 

chicken ovalbumin antigen. 

the  p u r i t y  of  this  an t igen .  
When  labeled 1DL was isola ted w i t h  carr ier  

f rom the  m e d i u m  the  resul ts  s h o w n  in Table  IV 
ind ica te  close ag reemen t  b e t w e e n  the  values 
o b t a i n e d  by  f l o t a t i on  and  i m m u n o p r e c i p i t a -  
t ion .  In a r e f i n e m e n t  of  the  i m m u n o p r e c i p i t i n  
t e c h n i q u e ,  ch i cken  o v a l b u m i n  a n d  anti-oval-  
b u m i n  were first added  to  the  m e d i u m  in order  
to  " c l e a r "  i t  by  p rec ip i t a t i on  and  r em ova l  of  
nonspec i f i c  labeled  p ro te ins  (19).  As s h o w n  in 
Table  IV, this  p rocedu re  caused no  s igni f icant  
decl ine  in the  rad ioac t iv i ty  r ecove red  in 1DL. 
The  i m m u n o p r e c i p i t a t i o n  m e t h o d  was used in 
all f u r t h e r  s tudies  of  IDL p r o d u c t i o n  f rom 
14 C-leucine.  

Time Course of Leucine Incorporation Into Liver Cells 
and Rat Serum IDL 

The  t ime  course  dep ic ted  in Figure  1 shows 
t ha t  14C-leucine i n c o r p o r a t i o n  i n t o  cellular 
p r o t e i n  was rapid  at  first ,  bu t  gradual ly  r eached  
a p l a t eau  by  2 hr.  In con t ras t ,  a f te r  a 10 min  lag 
per iod ,  labeled 1DL appeared  in the  ex t race l lu-  
lar  m e d i u m  and  was re leased at a l inear  ra te  for  
3 hr. The  rad ioac t iv i ty  in 1DL r ep r e s en t ed  15% 
to  20% of  t he  label  i n c o r p o r a t e d  i n to  to ta l  
m e d i u m  pro te ins .  P u r o m y c i n  (2 r a M ) c a u s e d  a 
90% decl ine in the  i n c o r p o r a t i o n  of  label  i n to  
b o t h  cellular p ro t e in  and  1DL. 

Isolation of IDL Without Carrier 

Since n o  visible prec ip i t in  r eac t ion  occur red  
w i t h o u t  added  carrier ,  1DL was p r ec i p i t a t ed  b y  
the  add i t i on  of  an t i - ra t  1DL fo l lowed  by  ant i-  
r a b b i t  gamma  globul in .  P rec ip i t a tes  wh ich  
f o r m e d  w h e n  the  r a b b i t  a n t i s e r u m  c o n t a i n e d  
ant i - lDL were more  h ighly  labeled  t h a n  those  
f o r m e d  w h e n  the  a n t i s e r u m  lacked  a n t i b o d i e s  
to  ra t  1DL (Table  V).  However ,  t he  omis s ion  o f  

carr ier  1DL resul ted  in  a m a r k e d  decl ine  in 1DL 
recovery  and  poo r  ag reemen t  b e t w e e n  dupl ica te  
samples  regardless of  the  m e t h o d  of  1DL isola- 
t ion .  Never theless ,  labeled  1DL could  indeed  be  
isola ted in the  absence  o f  carrier.  

Effect of Hepatic Lipogenesis and Triglyceride 
Feeding 

The  fol lowing g roup  of  e x p e r i m e n t s  was 
designed to de t e rmine  w h e t h e r  the  ra te  of  1DL 
p r o d u c t i o n  f rom leucine  could  be changed  b y  
in vi t ro  or in vivo man ipu l a t i ons .  The  in vi t ro  
m od i f i c a t i on  was the  add i t i on  of  the  l ipogenic  
cofac tors  (D.M. Capuzz i  and  S. Margolis,  sub- 
m / t t e d  to Lipids)  to  the  i n c u b a t i o n  m e d i u m ;  
the  in vivo mod i f i c a t i on  involved  s h o r t  t e r m  
a l i m e n t a t i o n  of  cer ta in  ra ts  w i th  a t r ig lycer ide  
suspension.  The resul ts  in  Table  VI show t h a t  
b o t h  m a n i p u l a t i o n s  a u g m e n t e d  the  r a t e  of  1DL 
f o r m a t i o n .  The  add i t i on  of  the  l ipid cofac to rs  
more  t h a n  doub l ed  1DL p r o d u c t i o n ,  while  
cellular leucine  i n c o r p o r a t i o n  was on ly  50% 
greater  t h a n  con t ro l  values.  This  s t i m u l a t i o n  b y  
co fac to r  add i t ion  was ident ica l  in b o t h  ad lib. 
and  t r iglycer ide-fed an imals ,  and  suggests t h a t  
1DL p r o d u c t i o n  was s t imu la t ed  b y  the  concomi -  
t an t  syn thes i s  of new  lipids. As f u r t h e r  shown ,  
t r ig lycer ide feeding was i t se l f  r e spons ib l e  for  a 
m a r k e d  i n c r e m e n t  in labe led  1DL p r o d u c t i o n .  
The  increase in 1DL release was obse rved  b o t h  
in the  presence  and  absence  of  l ipid cofac tors .  
This  e f fec t  was no t  a t t r i b u t a b l e  to  a chance  in 
a m i n o  acid poo l  size since the re  was c o n c u r r e n t  
decl ine in cellular p ro t e in  syn thes i s  in  t he  
t r ig tycer ide-fed  animals .  The  resul t s  in  Table  VI 
are m e a n  values based  on  e x p e r i m e n t s  w i th  12 
rats;  the  d i f fe rences  are s ignif icant  at  t he  5% 
level of  p robab i l i t y  by  the  S t u d e n t ' s  t - tes t  
analysis.  
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TABLE VI 

Effects of the Lipogenic Cofactors and Dietary 
Triglycerides on 14C-leucine Incorporation Into IDL and Cellular Protein a 

Leucine incorporation b 
Cofactors for lipid 

Diet synthesis added Cellular protein, cpm IDL, cpm c 

Ad lib. 0 2841 - 278 7'7 _ 4 
+ 4153-1-253 153__. 29 

Triglyceride fed 0 1435 _ 313 168 + 44 
+ 2070 +461 3 8 3 + 1 3 0  

aEach incubation mixture of 4 ml contained 4 to 6 x 106 cells, tris-HCl (1 mM), pH 6.9 
(37 C), and sucrose (6 mM). Other incubation conditions are indicated in Table I. Where 
indicated, lipid cofactors were added as 0.15 ml of a solution containing MgCI 2 (100 raM), 
MnCI 2 (3 raM), sodium succinate (300 raM), Coenzyme A (1 mM), sodium citrate (100 
mM), nicotinamide (200 raM), NADP (7 raM), and glucose-6-phosphate (50 mM). The ad 
lib.-fed group (six female rats) were maintained on Purina Laboratory Chow. The 
triglyceride-fed group (four female and three male rats) received 4 ml of Ediol-olive oil (1 "l) 
by stomach tube 13 and 4 1]2 hr prior to sacrifice. 

bResults are expressed as cpm per 4 x 106 ceils +the standard deviations of the means. 
ClDL were isolated by immune precipitation. 

Effect of Inhibition of Lipogenesis 

Since IDL p r o d u c t i o n  appea red  to  be accel- 
e ra ted  by  the  f o r m a t i o n  of  new lipids,  it was 
logical, in converse  fashion ,  to  p reven t  l ipid 
syn thes i s  and  to observe the  e f fec t  of  this  o n  
the  gene ra t ion  of  1DL. I t  was f o u n d  t h a t  the  
an t i -hype r l i pemic  drug, c lof ibra te ,  added  in 
v i t ro  to  dispersed liver cells, i n h i b i t e d  label  
i n c o r p o r a t i o n  in to  cellular l ipid by  95%, i n to  
cellular p ro t e in  by  16%, and  in to  ex t race l lu la r  
1DL by  9%. Thus  the  ra te  of  1DL p r o d u c t i o n  
was no t  s igni f icant ly  a l te red  by  c lof ibra te .  
Pe rhaps  the  ra te  of  synthes is  of  on ly  the  V L D L  
f rac t ion  of  1DL was responsive  to  a l t e r a t ions  in 
the  ra te  of  l ipogenesis ,  while  IDL synthes i s  was 
una f f ec t ed .  

DISCUSSION 

A m i n o  acid i n c o r p o r a t i o n  i n to  p r o t e i n s  has  
been  s tud ied  in h e p a t o c y t e s  p repared  by  Ca ++ 
che la t ion  (7 ,8 ,21) ,  K + che la t ion  (8,9) ,  and  by  
e n z y m a t i c  d iges t ion (9 ,20) .  However ,  scant  
i n f o r m a t i o n  is available on  the  r e q u i r e m e n t s  for  
op t ima l  p ro t e in  synthes is  in i so la ted  liver ceils. 
Moreover ,  l i t t le  is k n o w n  a b o u t  the  b i o s y n t h e -  
sis of  specific p ro te ins  by  these  cells or  a b o u t  
the  cel lular  con t ro l  mechan i sms  t h a t  govern  
the i r  ra te  of  p r o d u c t i o n .  

E x p e r i m e n t s  w i th  bepa t ic  r i b o s o m e s  and  
mic rosomes  t h a t  f o u n d  Mg ++ (I  8 ) a n d  K + (22)  
essent ia l  for  o p t i m a l  ra tes  of  p ro t e in  synthes is ,  
may  expla in  the  i m p o r t a n c e  of  these  ions  for  
op t ima l  leucine i n c o r p o r a t i o n  in liver cells. The  
presence  of  K + in Ringer ' s  l ac ta te  a n d  tris-KC1 
buf fe r s  may  a c c o u n t  for  the i r  obse rved  effec-  
t iveness  in view of  the  p r o f o u n d  cellular leakage 
of  K + t ha t  occurs  dur ing  cell p r e p a r a t i o n  (23)  

and  the  inab i l i ty  of  i so la ted  liver cells to  
accumula t e  K + f rom the  m e d i u m  (24).  The  
s t imu la to ry  e f fec ts  of  n i c o t i n a m i d e  and  succi- 
na t e  on  leucine i n c o r p o r a t i o n  p r o b a b l y  reflect  a 
benef ic ia l  e f fec t  on  basic m e t a b o l i c  processes  in 
the  cells as descr ibed  (D.M. Capuzz i  and  S. 
Margolis,  s u b m i t t e d  to  Lipids).  

Conf l ic t ing  r epo r t s  on  h igh  energy  require-  
m e n t s  (7,8)  for  p ro t e in  synthes i s  u n d o u b t e d l y  
ref lect  var iance in the  b iochemica l  charac ter -  
istics or qua l i ty  of  the  par t icu lar  h e p a t o c y t e  
p repa ra t i on  used.  F r i e d m a n  and  Epste in  (8)  
r epor t ed  a s t r ik ing  s t imu la t i on  o f  leucine  incor-  
po ra t ion  by  inc lus ion  of  ATP,  GTP,  ATP-gener-  
a t ing system,  and  the  pH 5 enzymes ,  and  
m a r k e d  i n h i b i t i o n  w i t h  s t r e p t o m y c i n .  However ,  
the i r  r epo r t  does  n o t  ind ica te  w h e t h e r  the i r  
crude cell p r epa ra t i ons  were washed  free of  
subcel lular  debr is  be fore  i n c o r p o r a t i o n  s tudies  
were begun.  In the  p resen t  s tudy ,  leucJne 
i n c o r p o r a t i o n  was e n h a n c e d  30-40% by t he  
add i t ion  of  ATP and  GTP,  bu t  the  ATP-gener-  
a t ing sys tem and  pH 5 e n z y m e s  were inhibi-  
to ry .  F u r t h e r m o r e ,  there  was n o  i n h i b i t i o n  of  
leucine i n c o r p o r a t i o n  in t he  presence  of  penicil-  
lin and  s t r e p t o m y c i n  even w h e n  an t ib io t i c  
c o n c e n t r a t i o n s  were increased fou r fo ld  over  
those  t ha t  we r o u t i n e l y  employed .  The  brisk 
ra te  of  p ro te in  syn thes i s  dur ing  the  f irst  h o u r  of  
i n c u b a t i o n  observed  in the  present  work was 
cons i s ten t  w i t h  the  resul t s  of  o t h e r  workers  
(7 ,8 ,21) .  In  add i t ion ,  the  "ce l l  c o n c e n t r a t i o n  
e f fec t , "  or ig inal ly  descr ibed by  Bhargava and  
Bhargava (21) ,  was con f i rmed  in o u r  experi-  
men t s ,  and cell c o n c e n t r a t i o n s  of  1-1.5 x 106 
per  ml were f o u n d  o p t i m a l  for  leuc ine  incorpo-  
ra t ion .  

Very  l i t t le  r e p o r t e d  data  exists  on  t he  
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TABLE VII 

Effect of Clofibrate on 14C-acetate Incorporation Into 
Cellular Lipid and 14C-Leucine Incorporation Into Cellular Protein 

615 

Incubation conditions Radioactivity in products a 

Lipid b, epm Protein c, cpm IDL e 

Control 2217 (100%) 2168 (100%) 98 (100%) 
Incubated with clofibrate 108 (5%) 1819 (84%) 89 (91%) 

aResults are expressed as cpm per 4 x 106 cells. 
bCells were incubated in tris-KCl medium with 1.5 pc of 1-14C-sodium acetate and the 

lipid cofactor mixture as described under Table VI. Incubations were carried out at 37 C for 
2 hr at 130 oscillations per minute. At the end of the incubation period, the cells and 
medium were separated by centrifugation; the labeled cellular lipids were extracted and 
counted as previously described (32). Clofibrate concentration was 3 raM. 

Clncubation conditions for 14C-leueine incorporation are described in Table I. The 
combined cofactors were used. 

formation of  specific proteins by liver cell 
suspensions. After incubation with radioactive 
leucine, Friedman and Epstein (8) isolated 
labeled rat albumin from liver ceils dispersed 
with sodium tetraphenylboron, but the specific 
activity of the albumin was much lower than 
that of total cellular protein. Ranhotra and 
Johnson (25) found that dispersed liver cells 
elaborated the activities of clotting factors 
VII-X into the incubation medium. The produc- 
tion of these factors was inhibited by the in 
vitro addition of warfarin. Enzymatically pre- 
pared hepatocytes were shown to incorporate 
14C-leucine into the cellular fatty acid synthe- 
tase complex (20). 

The present investigation demonstrates the 
in vitro synthesis and release of labeled rat 1DL 
from 14C-leucine by isolated rat liver cells. 
Results agreed closely when this serum lipopro- 
tein was isolated from the medium either by 
immunoprecipitation or by ultracentrifugal flo- 
tation. To ensure freedom of the antiserum 
from contaminating higher density lipoproteins 
(26,27), the rabbits used for preparation of 
anti-rat 1DL were injected with (d<1.035) rat 
lipoproteins. The resultant antiserum produced 
only a single precipitin line when whole rat 
serum was allowed to interact with the anti- 
serum by immunodiffusion and immunoelectro- 
phoresis. This anti-lDL antiserum was employed 
for the bulk of our studies on lipoprotein 
synthesis. Since rat HDL does not cross-react 
with anti-lDL (15), immunoprecipitation by 
this method is a reliable means for the isolation 
of labeled 1DL. Absence of a reduction in 1DL 
radioactivity after application of the "clearing 
technique" provided additional evidence for 
product identity (2,19). In principle, the initial 
clearing precipitate shoutd adsorb nonspecific 
labeled contaminants that might otherwise co- 
precipitate during addition of the specific anti- 

serum. 
In early experiments, ultracentrifugal flota- 

tion was employed to a limited extent for 
labeled IDL isolation, but the time required for 
repeated ultracentrifugations severely curtailed 
the accumulation of data. Moreover, the lipo- 
protein fraction, 1.035-1.063, reportedly has 
slight contamination with lipoprotein species 
other than VLDL or LDL (26,27). This contami- 
nation was probably not quantitatively signifi- 
cant in the present studies in view of the close 
agreement found using flotation at d 1.063 and 
immunoprecipitation with the ant i -d<l .035 rat 
serum fraction. Other methods tested, but 
found unsatisfactory because of nonspecific 
contamination, included precipitation of 1DL 
with dextran sulfate-Ca ++ (28) and by sodium 
phosphotungstate (29). 

As in most previous studies of lipoprotein 
synthesis, carrier 1DL was added to ensure a 
consistent recovery of labeled 1DL. Diminished 
recovery of labeled 1DL and disparity between 
duplicate samples in the absence of carrier is 
probably due to variable adherence of the 
product to glassware during the transfers in- 
volved in its isolation. Nevertheless, the amount 
of label in 1DL clearly exceeded that in control 
incubations. This result further defined the 
labeled product as 1DL since there was no 
opportunity in this instance for binding of a 
labeled contaminant to carrier 1DL. The addi- 
tion of  carrier prior to separation of  cells from 
medium considerably improved the recovery of 
1DL, perhaps by displacement of  labeled 1DL 
from binding sites on the plasma membrane. 
Such binding sites for chylomicrons have al- 
ready been demonstrated on the surface of 
dispersed hepatocytes (30). 

The inhibition of 14C-leucine incorporation 
into 1DL by puromycin is evidence for true de 
nero  peptide bond formation rather than mere 
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add i t i on  of  amino  acid groups  to  p r e f o r m e d  
pep t ide  chains.  There  was an  in t e re s t ing  correla-  
t ion  b e t w e e n  the  90% r e d u c t i o n  o f  14C-leucine  
i n c o r p o r a t i o n  observed  w i t h  2 mM p u r o m y c i n  
and  the  90% i n h i b i t i o n  of  the  release of  
p re labe led  lipid f r o m  liver cells i n c u b a t e d  w i th  
1.5 mM p u r o m y c i n  (31) .  Thus,  the  e x p o r t  of  
hepa t i c  l ipids r equ i red  c o n c u r r e n t  p r o t e i n  
synthes is .  

We have d e m o n s t r a t e d ,  b y  in v i t ro  and  in 
vivo man ipu la t ions ,  cer ta in  fac to rs  w h i c h  m ay  
par t ly  con t ro l  the  ra te  of  1DL synthes is .  A 
di rec t  re la t ion  b e t w e e n  t he  ra te  of de novo  
fa t ty  acid synthes is  and  the  ra te  of  release o f  
l i pop ro t e in s  of  d < l . 0 1 6  by  per fused  ra t  l ivers 
has been  observed  (32) .  Our  resul ts  c o n f i r m  this  
f ind ing  since the  add i t i on  o f  a m i x t u r e  o f  
l ipogenic  cofac tors  to  l iver cells m a r k e d l y  s t im-  
u la ted  the  synthes is  of  l ipid f rom 14C-ace ta te  
and  1DL f rom 14C-leucine.  These changes  in the  
ra te  of  syn thes i s  of  1DL were p r o b a b l y  in large 
measure  due to  changes  in t he  V L D L  par t  of  
1DL, since V L D L  is t he  pr inc ipa l  glyceride 
carr ier  in the  ra t  (33) ,  and  LDL is a m i n o r  
f rac t ion .  However ,  because  of  the  i m m uno l og i -  
cal cross-react ivi ty b e t w e e n  V L D L  and  LDL and  
the  c o n s e q u e n t  d i f f icu l ty  of sepa ra t ing  these  
l i pop ro t e in s  by  i m m u n o c h e m i c a l  m e t h o d s ,  t hey  
were isola ted toge the r  as 1DL. The  l ipogenic  
cofac to rs  may  pr ime the  g e n e r a t i o n  of  all 
l ip id -con ta in ing  molecules  by the  ceils or  may  
s t imula te  p r o d u c t i o n  of  1DL-peptide s econda ry  
to  an increased f o r m a t i o n  of  t r ig lycer ide  cargo. 

Die ta ry  t r iglyceride may  be a n o t h e r  impor-  
t a n t  d e t e r m i n a n t  of  the  ra te  of 1DL synthes is .  
Thus ,  the  e n h a n c e m e n t  of  1DL syn thes i s  and  
the  r e d u c t i o n  in synthes is  of  cel lular  p ro t e in  
observed  in cells p repa red  f rom t r ig lycer ide- fed  
rats  may  ref lect  increased u p t a k e  of f a t t y  acids 
by  the  liver cells by  l ipolysis of  c h y l o m i c r o n  
t r iglycer ide.  This i n t e r p r e t a t i o n  gains suppor t  
f rom the  obse rva t ion  (34)  t h a t  rat  livers per- 
fused w i th  media  con ta in ing  f a t t y  acids exhibi -  
ted  an  acce le ra t ion  of  amino  acid i n c o r p o r a t i o n  
in to  V L D L  and o f  V L D L  release i n to  the  
per fusa te ,  bu t  a depress ion  of  i n c o r p o r a t i o n  
in to  o t h e r  liver p ro te ins .  

The  present  data  d e m o n s t r a t e  the  feasibi l i ty  
of  using isola ted liver cells for  s t u d y  of  the  
synthes is  of  specific hepa t i c  p ro t e in s  and  the  
fac tors  tha t  regulate  the i r  ra te  of  p r o d u c t i o n .  
These  results  may  ref lect  phys io logica l  mecha-  
nisms t ha t  con t ro l  IDL p r o d u c t i o n  since they  
are cons i s t en t  wi th  per fused  liver da ta .  Thus,  
i sola ted liver cells may  play an i m p o r t a n t  fu tu re  
role in e luc ida t ion  of  the  r egu la to ry  de te rmi-  
nan t s  involved in cellular b iosyn thes i s .  
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Oxygenated Trans-3-Olefinic Acids in a 
Stenachaenium Seed Oil 1 

R. KLEIIVIAN, G,F. SPENCER, L.W. TJARKS and F.R. EARLE, 
Northern Regional Research Laboratory, 2 Peoria, Illinois 61604 

ABSTRACT 

Interesting differences were found in 
oils from two samples of Stenachaenium 
macrocephalum (Compositae) seed with 
dissimilar storage histories. One contained 
significant amounts of epoxy acids (6.5%) 
and hydroxy conjugated dienoic acids 
(5.6%), but the other contained no more 
than 1% of these oxygenated acids. Char- 
acterization of components in the former 
oil established that the principal epoxy 
acid (4.0%) is the previously unknown 
cis-9 ,10-e pox y-trans-3,cis-I 2-octadeca- 
dienoic acid. The conjugated dienols in- 
clude two additional new acids with A3 
unsaturation (2.5%): 9-hydroxy-trans-3,- 
trans-10,cis-1 2-octadecatr ienoic and 
1 3 -hy d r o x  y- tra ns-3,cis-9,trans-11 -octa- 
decatrienoic acoids. The nonoxygenated 
acids, except for the large amount (40%) 
of trans-3,cis-9,cis-12-octadecatrienoic, 
are those that commonly occur in seed 
oils. 

INTRODUCTION 

Seed oil of Stenachaenium macrocephalum 
(DC.) Benth. & Hook. f. contains as its major 
fatty acid trans-3,cis-9,eis-12-octadecatrienoic 
acid (1), first characterized in the seed oil of 
Calea urticaefolia (2). Our original sample of S. 
maeroeephalum seed (No. 44843) from Uru- 
guay provided oil with only 1% of material 
(calculated as epoxyoleic acid) capable of react- 
hag with HBr under the conditions of the 
oxirane oxygen determination (3). Oil from a 
second Uruguayan sample, No. 47294, stored 
two years at 5 C before analysis, contained 12 
times as much of the reactive material. Investi- 
gation of this difference in composition has led 
to the identification of seven oxygenated acids, 
four of which have been reported in other seed 
oils (4). The other three contain trans-3 unsatu- 
ration and have not  been described previously. 

MATERIALS AND METHODS 

S. macrocephalum seed was prepared for 

1presented at the AOCS Meeting, San Francisco, 
April 1969. 

2No. Utiliz. Res. Dev. Div., ARS, USDA. 

analysis and analyzed for oil content and 
characteristics as previously described (5). 
Methyl esters were prepared from the oil by 
methanolysis catalyzed by sodium methoxide 
(6). A Perkin-Elmer IR-137 spectrophotometer 
was used to measure IR absorption of CS2 
solutions in 1 mm NaC1 cells. UV spectra were 
obtained from solutions in USP absolute etha- 
nol in 1 cm cells on a Beckman DK-2A 
spectrophotometer.  

Gas liquid chromatography (GLC) of methyl 
esters was carried out in a Packard Model 7401 
chromatograph equipped with two glass col- 
umns. One, 12 ft x 1/4 in., was packed with 5% 
LAC-2-R 446 on 60/80 mesh Chromosorb W; 
the other, 4 ft x 1/4 in., with 5% Apiezon L on 
60/80 mesh Chromosorb W. The oven was held 
at 200 C. This same equipment was used to 
chromatograph oxidation products, but the 
temperature was programmed from 40 to 200 C 
at 7 C/min. 

NMR spectra were obtained with a Varian 
HA-100 spectrometer. Samples were dissolved 
in deuteriochtoroform or carbon tetrachloride, 
and tetramethyl silane was added as an internal 
standard. 

Epoxy esters were ozonized in dichloro- 
methane in a dry ice :acetone bath and the 
ozonides were reduced with triphenylphosphine 
(7,8). Esters containing hydroxyl groups were 
ozonized at room temperature with methanol 
as solvent (9). Epoxy groups were located by a 
modification of a method described by Maerker 
and Haeberer (10). In the modified procedure, 
2/~1 of ester, 200/~1 of purified dioxane, and 40 
/al of a 40% solution of periodic acid (tt5106) 
in water were combined in a 12 ml certrifuge 
tube. The solution was shaken mechanically for 
15 min before 1 ml water and 0.5 ml petroleum 
ether were added. The tube was shaken several 
times to extract the oxidation products into the 
petroleum ether layer. Fifteen-microliter por- 
tions of the petroleum ether layer were injected 
into the GLC for analysis. 

Thin layer chromatographic (TLC) plates 
with Silica Gel G layers, 275 tt thick, were used 
for analyses. The solvent system was hexane 
and ether, 80/20. As a test for epoxides, picric 
acid was applied to TLC plates according to the 
method developed by Fioriti and Sims (11). 
Preparative TLC plates with 1 mm layers of the 
same absorbent were used with the developing 
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Mixed Methyl Esters 

H e~e:2E~]her Esters 1 

20% AgNO3 
Benzene:CHCI3:Ether 

150:50:2) 

20% AgN03 
Benzene:CHCl3:Ether 

(50:50:151 

F I G .  1. T L C  s e p a r a t i o n  o f  m e t h y l  es te r s  p r e p a r e d  
f r o m  Stenachaenium macrocephalum seed  oil. 

solvent to fract ionate the esters. Oxygenated  
esters were separated according to number  of  
double  bonds on 1 mm thick Silica Gel G layers 
impregnated with 20% silver nitrate.  The sol- 
vent for separat ion of the epoxy-conta in ing  
esters was benzene,  ch loroform and ether  
(50/50/2) .  t t yd roxy  esters were separated with 
the same solvents but  with a 50 /50 /15  mixture.  

A 12 mg sample of diunsaturated epoxy  
ester was reduced in 2 ml of  e thanol  with 0.01 
ml of  64% hydrazine.  The react ion was run at 
room tempera ture  for 72 hr during which 
oxygen  was slowly bubbled through the mix- 
ture. The react ion products  were separated by 
preparative TLC as above for epoxy-conta in ing  
esters. 

RESULTS AND DISCUSSION 

TLC of tile methyl  esters f rom the oil which 
had the greater t tBr t i t rat ion (No. 47294)  
indicated three different  classes of compounds :  
I. nonoxygena ted  esters; I1. esters with mobi l i ty  

similar to, but  slightly slower than, methyl  
vernolate  (methy l  cis- 12,13-epoxy-cis-9-o ct  a- 
decenoate)  (4 ) and  giving a positive picric acid 
test indicative of  an epoxy  funct ional  group 
(11);  and III. esters wi th  the same mobi l i ty  as a 
m o n o h y d r o x y  ester. These three groups of  
esters were isolated by preparative TLC. Class I 
received no addi t ional  study. Classes II and III 
were fur ther  separated by silver nitrate- 
impregnated  TLC to give fractions:  II-1, II-2, 
and II-3 and III-1, III-2, and III-3 (Fig. 1). 

Esters With an Epoxy Functional Group 

Monoenoic  E p o x y  Ester. GLC of 1I-2 gave a 
componen t  (97%) with equivalent  chain lengths 
(EEL)  (12) of  19.0 when analyzed on an 
Apiezon L co lumn and 23.5 upon analysis with 
a LAC-2-R 446 (Resof lex)  column.  These 
E e L ' s  are similar to those found for methy l  
vernolate  (12). This fract ion also conta ined 1% 
of II-3. 

The IR spec t rum of II-2 was similar to that  
of known methy l  vernolate ;  the 11.9 and 12.1 
/J bands characteris t ic  of epoxy esters were in 
evidence.  Also, NMR spectra in CDC13 of II-2 
and methyl  vernolate  were similar Both curves 
have a mult iplet  at 4.6 7. (13) representing two 
olefinic protons  and a mult iplet  at 7.10 or 7.28 
7. (13) (Table I) representing the protons  on the 
carbon atoms of an epoxy  group. The 7.10 7. is 
similar to the 7.11 7" found for the cis and 
distinctly different  than the 7.36 7" found for 
the trans isomer of  methyl  9,10-epoxystearate .  
The chemical  shifts for the cis and trans epoxy 
esters are in good agreement  with those report-  
ed by Aplin and Coles (14). Other bands in the 
spectra of II-2 are those commonly  found for 
methy l  esters. 

Ozonolysis  of  II-2 and subsequent GLC of the 
reduced mixture  resulted in one recognizable 
fragment.  6A (31%). [Number  equals chain 

T A B L E  I 

C h e m i c a l  Sh i f t s  o f  Se lec ted  P r o t o n s  in N M R  Ana lys i s  

P r o t o n s  on  
e p o x y  g r o u p  

C o m p o u n d  CCI 4 ,  7" CDCI3 ,  7. CC14, 

P r o t o n s  O~ to  
c a r b o x y l  g r o u p  

7" CDCI3,  T 

1 6 : 1 3  N A  a N A  7 .09  7.01 
1 8 : 3 3 , 9  ,12 NA N A  7 .09  7 .01 
Methy l  v e r n o l a t e  NI) a 7 .13  ND 7 .74  
Cis-9, I 0 - e p o x y  s t ea ra t e  N D 7.11 ND 7.71 
Trans-9,10-epoxy s t ea ra t e  ND 7 .28  N D  7.71 
Vract ion I1- I ND 7 .13  N D  7 .74  
F rac t ion  11-2 7 .28  7 .10  7 .78  7 .74  
F r a c t i o n  I1-3 7 .28  7 .13  7 .09  7 .00  
F rac t ion  Ill-1 N A  N A  N D  7 .74  
F r a c t i o n  III-2 N A  N A  N D  7.01 

a A b b r e v i a t i o n s :  NA,  n o t  a p p l i c a b l e ;  ND,  n o t  d e t e r m i n e d .  
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H �9 H /0, H 4O 
CH3--(CH2 h--C=C--CH2--C--C--[CH2 h--C=C--CHz--C\ 1 

H H H OCH 3 

~ ~"'-- I +~,r 
H /+0 --OCIt3 

j ' , ,  C=~--C--C~, 0 

~+,.,)A-L+H,-++ ~ . 
H H OCH3 

--CH2- H zg 
C=C_C--C ~ 

, "o I~ / 
H ~0 H ' .  :=c-c-( i [ ,o, c-:=cl, c7c,+ 

H 0 i ~ ,C,--C H p] j j :  , 
I , ~ - c = c - c  i ,'+ P;" ~ + : 

FIG. 2. NMR spectra of epoxy and trans-3 unsatu- 
rated esters: (I) eis-9,lO-epoxy-trans-3,cis+12-octadec- 
adienoate; (II) cis-9,10-epoxy-cis-12-octadecenoate; 
(III) olefin absorption of trans-3-hexadecenoate; (IV) 
olefin region of spectrum I after irradiation of doublet 
at7.1 ~. 

length of fragment; letters represent type of 
fragment (A, aldehyde; AE, aldehyde-ester; E, 
ester; EE, diester; AA, dialdehyde) (8).] Several 
other peaks were observed, but none with 
ECL's of expected ozonolysis products (8). 
When methyl vernolate was subjected to ozono- 
lysis under the same conditions, only the 9AE 
(30%) was recognized. Presumably either ozon- 
lysis, triphenylphosphine, or both, destroy or 
alter the epoxide-containing fragment. In any 
event, the olefinic bond in II-2 is located at the 
12,13 position. 

Maerker and Haeberer (10) showed that 
oxidative cleavage of ep0xides results from 
reaction with periodic acid in dioxane and 
water. The products are aldehydic in nature. 
When applied to methyl oleate, this reagent did 
not cleave the olefinic bond. When it was 
applied to I1-2 only two significant products, 
9 : l A  (40%) and 9AE (35%), were observed by 
GLC. These products locate the epoxy group at 
the 9,10 position. Collectively, the chromatog- 
raphic, spectroscopic, and chemical results 
show that II-2 is methyl cis-9,10-epoxy-cis-12- 
octadecenoate, the ester of an acid originally 
discovered in Chrysanthemum coronarium oil 
and named coronaric acid (4). 

Dienoic Epoxy Ester. GLC of fraction II-3 
showed a component (96%) with ECL's of 18.9 
(Apiezon L) and 24.0 (Resoflex). These ECL's 
are consistent with those of a methyl ester 
having an epoxy functional group and two 
double bonds (12). The remaining 4% of this 
fraction was the epoxy-monoene (II-2). 

IR absorption of II-3 included bands at 11.9 
and 12.1 g associated with the epoxy func- 

tional group. In addition to these bands, a 
strong band at 10.4/J indicated the presence of 
isolated trans unsaturation equivalent to 78% 
methyl elaidate, as calculated by the method of 
Allen (15). 

Ozonolysis of II-3 gave only two recogniz- 
able products, 3AE and 6A, which place the 
double bonds at the 3,4 and 12,13 positions. 
Since GLC after periodic acid oxidation re- 
vealed two major components, 9 : IAE (36%) 
and 9:1A(53%), the epoxy functional group is 
on the 9,10 carbon atoms. 

In deuteriochloroform, NMR of II-3 revealed 
a doublet at 7.00 r (Table I) indicative of two 
deshielded protons on the carbon atom a to the 
carboxyl group (13) and confirming the pres- 
ence of 3,4 unsaturation. Usually a-carbon 
protons in fatty acids are represented by a 
triplet at 7.74 r (13). The protons on the 
epoxide ring produced a multiplet at 7.13 7" (2 
protons) indicative of cis geometry. Another 
multiplet (Fig. 2, spectrum I), representing four 
olefinic protons, is centered at 4.5 ~- and is 
derived from overlapping peaks attributable to 
the double bonds at the 12,13 and 3,4 posi- 
tions. For comparison, the spectrum of the 
cis-12,13-olefinic protons from the compound 
in fraction II-2 is shown (Fig. 2, spectrum II). 
Similarly, the spectrum of just the 3,4, protons 
(Fig. 2, spectrum II1 is from methyl trans-3- 
hexadecenoate isolated from Grindelia oxylepis 
(16). If spin-spin decoupling is accomplished in 
the analysis of II-3 by irradiating the doublet at 
7.00 T (protons between the 3,4 double bond 
and the carboxyl group), the bands representing 
the 3,4 olefinic protons are converted to a 
singlet and the bands representing the coupled 
olefinic protons at the 12,13 position become 
evident (Fig. 2, spectrum IV). The latter bands 
appear very similar to the cis olefinic proton 
absorption in spectrum II, Fig. 2. IR analysis 
indicates only one trans bond, and the location 
of this bond was established as the 3,4 position 
by examination of the products of hydrazine 
reduction of II-3. Three products were isolated 
after the reduction: a saturated epoxy ester and 
two monoenoic esters, one of which was shown 
to have a trans bond by its IR absorption at 
10.36/J. NMR analysis of this fraction showed 
the presence of the double bond (nmlliplet at 
4.5 z) in the 3,4 position (doublet at 7.0 T 
resulting from deshielded protons a to the 
carboxyl group). Therefore. the major compo- 
nent in 1I-3 is methyl cis-9,10-epoxy-trans-3- 
cis- 12-octadecadienoate. 

Saturated Epoxy Ester. GLC of ll-1 showed 
a component with ECL's of 19.2 (Apiezon L) 
and 23.0 (Resoflex) which are consistent wilh 
those reported for 9, l 0-epoxystearate (12). N ot 
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c m - I  

OH O 3850 2780 1000 910 
H r tH I Ht H /p i c ~-Ic0~),-c=c-c=c-c-lc,,),-c=c-c-c. ~ J 

H H H H H H "OCH3 I V  c~ 
OH and [ I  (I 

-00,  ! / 
H i t  I I I I 
C=C H zO 2.6 3.6 10 11 

i ..... A I C=C--C-C~. ,u 
H 50 / H 0 CH2 

C=C-C-C 0 , \ H *~ 

~ _ ~ j ~ _ _ _ _ L j L _ F , ~  '+ ~/~+ 
~ ~ . . . .  ~ ~ ~ ~ 

. . . . . . . . . . . . .  , . . . . .  , , ,  , , , , l j 0  
T 

FIG. 3. NMR spectrum of hydroxy-conjugated 
dienes with trans-3-unsaturation (fraction III-2, see 
text and Fig. 1) with significant IR bands shown in 
inset. 

enough sample was available for a satisfactory 
IR analysis. NMR analysis of II-1 in CDC13 was 
similar to that of methyl stearate except for a 
peak at 7.1 r indicative of the protons on the 
cis epoxy group. Because oxidation with peri- 
odic acid yielded just two components,  9A 
(57%) and 9AE (43%), the epoxy ring must be 
at the 9,10 position. GLC and TLC (including 
positive picric acid test) analyses coupled with 
other results show that II-1 is methyl cis-9,10- 
epoxystearate. The occurrence of cis-9,10- 
epoxystearic acid in seed oils has previously 

been reported. (4). 

H y d r o x y - E s t e r s  

Fraction III-1. Fraction III-1 had UV absorp- 
tion characteristic of fatty methyl esters with a 
conjugated diene functional group (~krnax = 233 
m/l) (16) and equivalent to 74% of methyl 
coriolate (methyl 13-hydroxy-cis-9,trans-1 l- 
octadecadienoate, e 27,063) (17). The IR spec- 
trum of III-I was identical with that of known 
methyl coriolate, which shows hydroxyl 
absorption at 2.8/1 and cis-trans conjugation at 
10.2 and 10.6/a (16). NMR analysis of III-1 was 
the same as that reported by Tallent et al. (17). 
The multiple peaks representing the four ole- 
finic protons were present in the 3.4-4.8 r 
region of the spectrum. The spin-spin decoupl- 
ing experiments described by Tallent et al. (17) 
were performed on 111-1 and showed that the 
trans double bond was adjacent to the hydrox- 
ylated carbon atom as it is in coriolic acid (17). 

Direct GLC of products of ozonization in 
methanol of an ester containing a conjugated 
diene system with an adjacent hydroxyl group, 
as in methyl dimorphecolate ( 1 8 ) a n d  methyl 
coriolate, defined adequately the location of 
the hydroxyl group and the olefinic bonds (9). 
Ozonolysis of 1II-1 in this manner formed all 
the products that would be found from both 
methyl coriolate and its positional isomer, 
methyl a-dimorphencolate (19): 6A (20%), 6E 
(2%), 9AE (51%), and 9EE (13%). These 
results locate the hydroxy-conjugated diene 
system and show that two isomeric esters make 

T A B L E  I1 

Stenachaenium macrocephalum Oil 

Sample  Sample  
Ana ly t i ca l  data  No.  4 4 8 4 3  No. 4 7 2 9 4  a 

Oil per cen t ,  dr~ basis 28 24 
HBr  equ iva l en t  u 1.0 12.3 
Iod ine  value (Wijs) 195 187 
Per cen t  c o n j u g a t i o n ,  uv c 0 5.8 
Fa t ty  acid  c o m p o s i t i o n ,  % 

14:0  --- 0.1 
16:0 3.6 4.9 
18:0  2.5 2.1 
18:1 6.3 4.8 
18:2  38.0  35.8 
18 :33 ,9 ,12  48 .6  40 .0  
20:1 0.7 G.I 
Cis-9,10-epoxy- 18 :0  --- (1.6 
Cis-9,10-epoxy-18:112 --- 1.9 
Cis.9,10.epoxy_18:23,12 --- 4.0 
C o n j u g a t e d  dienols  .... 3.1 
Trans-3-Conjugated dienols  --- 2.5 
Un k n o w n  0.3 0.2 

aS to red  for  t w o  years  at 5 C. 

bAs  e p o x y o l e i c  acid. 

CAs cor iol ic  acid.  

L I P I D S ,  V O L .  6, NO.  8 



TRANS-3-ACIDS IN A STENACHAENIUM OIL 621 

up fraction III-1: methyl 9-hydroxy-trans-lO, 
c i s - 1 2 - o c t a d e c a d i e n o a t e  and m e t h y l  
1 3-Hydroxy-cis-9.trans-11-octadecadienoate. 
These are methyl esters of acids previously 
found in other oils (4). 

Fraction 111-2. UV analysis of fraction III-2 
also showed strong absorption at 233 m~, 
equivalent to 92% methyi coriolate. Bands at 
10.2 and 10.6 p in the IR analysis (Fig. 3, inset) 
showed cis-trans conjugation. In addition, a 
strong band at 10.4 # showed the presence of  
isolated trans bonds equivalent to 105% trans 
methyl ester calculated as above (15). Absorp- 
tion at 2.8 g indicated a hydroxyl group. 

NMR analysis (Fig. 3) of III-2 supported the 
structures indicated by IR. The peaks represent- 
ing the protons on the conjugated olefinic 
bonds were the same as in fraction III-1. Again, 
spin-spin decoupling (17) showed that the 
system contains a hydroxyl  group adjacent to a 
conjugated diene system with the trans bond in 
this diene system closer to the hydroxyl  group. 
In addition, a multiple peak at 4.5 ~" represent- 
ing two additional protons shows the presence 
of an isolated double bond. The location of this 
bond is shown to be at the 3,4 position by a 
doublet at 7.0 z (deshielded protons a to the 
carboxyl group) and the absence of  peaks at 7.7 
T (shielded protons ot to carboxyl group). 

Ozonolysis of III-2 in methanol resulted in 6A 
(36%), 6E (4%), 3AE (10%), 3EE (4%), 6AA 
(7%), 6EE (2%), and 6AE (17%).Theseozono- 
lysis products would result from a mixture of  
the A3 analogs of the esters in fraction III-1, 
and therefore, III-2 consists of methyl 
9-hy drox  y- trans-3,  trans-  10,cis-12-octadec- 
atrienoate and methyl 13-hydroxy-trans-3,cis- 
9 ,trans-1 l-octadecatrienoate. 

Fraction 11[-3. GLC of 111-3 showed one well 
formed peak from both the Apiezon L column 
(ECL = 19.7) and the Resoflex column (ECL = 
27.4) while GLC of fractions 111-1 and III-2 
showed only broad, ill defined peaks. IR 
analysis of III-3 revealed a 2.8 p band (hydrox- 
yl) and two strong bands at 6.1 and 10.2 /~. 
These bands seem to be indicative of  trans-2 
unsaturation. Hopkins and Chishohn (20) re- 
ported that a strong band at 6.05 /~ was 
associated with trans-2 unsaturation and S. 
Koritala (private communication) found the 6.1 
and 10.2 bt bands from known methyl trans-2- 
octadecenoate and methyl trans-2-dodecenoate. 
No absorption indicative of conjugation was 
observed in the UV analyses. 

NMR analysis supported the proposed A2 
structure with peaks at 2.6-3.2, 3.9 and 4.1 ~- 
(13). No peaks representing protons c~ to the 
carboxyl group were observed. Also, four pro- 
tons at 4.7 ~- show t h e  presence of two 

additional double bonds which are methylene 
interrupted (two protons at 7.3 ~'). Hydroxyl 
was also indicated in the NMR. Since only 1-2 
mg of III-3 was collected, no rigorous character- 
ization of this ester was at tempted,  but a 
structure such as methyl hydroxy-trans-2,cis-9,- 
cis-12-octadecatrienoate fits the special data. 
Whether a trans-2 compound was originally 
present in Stenachaenium oil or was formed 
during alkaline transesterification remains un- 
known. 

Composition of Stenachaenium macrocephalum 0 i l 

The ester compositions derived from both 
samples of S. macrocephalum oil (No. 44843 
and 47294), as well as analytical data on the 
otis, are given in Table II. The percentage of 
total A3 esters (46.5%) in oil from No. 47294 is 
nearly the same as the percentage of 18:33,9,12 
(48.6%) in oil from No. 44843 that did not 
have a significant amount of HBr reactive 
material. A similar relationship is found with 
respect to 18:2; No. 47294 contains 40.8% of 
18:2 plus oxygenated acids without A3 bonds 
while No. 44843 contsin almost an equivalent 
amount of 18:2 (38.0%). On the basis of these 
data the oxygenated acids are probably formed 
from the oleic, linoleic, and the 18:33,9,12 
acids, and only the 9,10 and 12,13 sites of 
unsaturation are affected. 

The reason for the difference between the 
two samples is unknown. It may result from 
genetic differences or from conditions under 
which they were grown. The parallelism be- 
tween the oxygenated acids fround in Sample 
47294 and those formed in sunflower seed 
(21,22) during storage suggest that these, too, 
may have been formed during storage. This 
possibility is strengthened because Sample 
47294 was stored for two years before analysis, 
even though storage temperature was main- 
tained at 5 C to minimize changes. 
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SHORT COMMUNICATIONS 

The Iodination of Methyl Sterculate and Deiodination 
of the Product to Reform the Cyclopropenoid R ing 

ABSTRACT 

Unlike the addition of iodine to al- 
kenes, the radical addition of iodine to 
methyl sterculate has been shown to be 
facile at room temperature. The 1,2-di- 
iodocyclopropanoid material produced 
has been deiodinated to regenerate the 
cyclopropenoid ring. 

Fawcett and Smith (1) prepared the diiodide 
of methyl sterculate by the addition of bromine 
to sterculie acid, followed by esterification and 
heating under reflux with sodium iodide in 
acetone. Subsequent treatment of the resulting 
diiodide with base or zinc dust failed to reform 
cyclopropenoid material (as determined by IR 
spectroscopy) but gave conjugated and noncon- 
jugated dienes. The diiodide was presumably 
formed via the dibromide because of the in- 
herent difficulties associated with the direct 
iodination of alkenes. 

We have shown that the addition of iodine 
to methyl sterculate in carbon tetrachloride or 
benzene solution is a facile reaction when car- 
ried out in daylight. Quantitative yields of the 
diiodocyclopropanoid compound are obtained 
at room temperature in 150 min in diffuse day- 
light, and in approximately 45 rain when the 
reaction mixture is exposed to sunlight. Forma- 
t ion of  the diiodocyclopropanoid was con- 
firmed by vapor pressure osmometry, which 
gave a molecular weight of 571 (C20H360212 = 
562) and IR absorption spectroscopy [Pmax 

< CH2  c_ 
1040 cm -1 ( i J )]" NMR spectroscopy 

g a v e  n e w  r e s o n a n c e s  a t  r 8 . 3 1  

( - C H 2 - ~ t - C H 2 - ) ,  8.61 [shoulder on the side 

of  the aliphatic chain methylene resonance 
(trans-diiodocyclopropanoid (2)] and 9.05 [a 
small resonance attributable to the presence of 
the  cis-diiodocyclopropanoid (2)]. Mass spec- 
trometry gave ions of m/e 127 (I+), 128 (HI +) 
and 254 ([2+); no parent ion was observed 
when electron beam energies in the range of 
30-70 ev were used. Differential scanning calori- 

metry showed that the product decomposed at 
190 C with the release of iodine. Gas chromato- 
graphy gave a number of peaks, probably due 
to the elimination of iodine and rearrangement 
at the operating temperature. The recovered di- 
iodo product gave a single spot when chromato- 
graphed on thin layers of silicic acid, and was 
shown to be free from alkenyl or other spurious 
material by IR and NMR spectroscopy. Elemen- 
tal analysis of the product gave: C, 42.64; H, 
6.39; I, 45.01. (Calculated for C20 H36 02 I2: 
C, 42.73; H, 6.46; I, 45.14.) 

We have also shown that it is possible to 
reform the cyclopropenoid ring by treatment of 
methyl diiodosterculate with base. Heating at 
50-60C for 36 hr with 10% potassium hy- 
droxide in ethanol (a procedure which has been 
used previously to remove vicinal iodine atoms 
(3)), followed by acidification, resulted in the 
formation of 30% of the cyclopropenoid acid, 
as determined by NMR spectroscopy, by com- 
parison of the area of the resonance at 79.26 

( - c " C H ~ ' c - )  with that of the acidic proton 
resonance. The presence of an absorption band 
at Pmaxl009 cm-I in the IR spectrum of the 
products and a positive Halphen test confirmed 
the presence of cyclopropenoid material. 
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624 SHORT COMMUNICATIONS 

Homo-gamma-linolenic Acid" A Major Polyunsaturated 
Fatty Acid of Swine Adrenal Cholesteryl Esters 

ABSTRACT 

Homo-gamma-l inolenic  acid is a major  
p o l y u n s a t u r a t e d  cons t i tuent  o f  the  
cholesteryl  esters isolated f rom swine ad- 
renals. The ident i ty  of  this acid was con- 
f i rmed by hydrogenat ion ,  reduct ive  ozo- 
nolysis and a combina t ion  of  thin layer 
and gas l iquid chromatographic  tech- 
niques. 

A characterist ic feature of  rat adrenal  choles- 
teryl  esters is the high con ten t  of  docosate-  
t raenoic acid (22:4co6) first character ized in 
dog adrenal  lipids by Chang and Sweeley (1). 
The rat is unusual  in this respect  since the adre- 
nals of  most  species conta in  somewha t  lower 
concent ra t ions  of  this acid and arachidonic  is 
usually the major  polyunsatura ted  fa t ty  acid 
present (2). In the course of  recent  investiga- 
t ions on the  effects of  cold stress on swine, 
homo-gamma- l ino len ic  acid (20:3co6) was 
found  to be a major polyunsatura ted  acid in the  
adrenal cholesteryl  esters of  this species. 

Young pigs of  the Yorkshire breed, five 
weeks of  age, were maintained for six weeks on 
a corn-soy diet containing 10% corn oil. The 
animals were killed by inject ion of  pentabar-  
bital,  the  adrenals were excised, freed f rom 
perirenal fat,  weighed, homogen ized  and ex- 
t rac ted with  ch lo roform-methano l  (2 : 1 v/v) (3). 
Af te r  f rac t ionat ion  of  the lipids by thin layer 
ch romatography  on silica gel G (pe t ro leum 
ether-die thyl  ether-acetic acid, 90 :10 :1) ,  the 
choles teryl  esters were etuted f rom the  gel with 
die thyl  ether,  esterified with BF3-CH3OH and 
purified as previously described (3). The esters 
were subjected to gas l iquid ch roma tog raphy  
(GLC)  (3); the significant points  of  this analysis 
are presented in Table I. 

Unlike rat adrenals, the mono-  and dienoic  

TABLE I 

Fatty Acid Composit ion 
of Swine Adrenal Cholesteryl Esters 

Acid Weight %a 

16:0 9.1_/-0.7 
18:0 6.74-0.7 
18:1 20.1_+0.6 
18:2 28.7_+2.5 
20 : 3~o6 11.6--+1.3 
20:4t.o6 9.7_+1.1 
22:4~6 1.1_--/-0.3 

aMean of eight analyses + SEM; minor constituents 
omitted from the Table. 

acids accounted  for  the largest f rac t ion of  the 
unsaturated acids in the adrenal choles teryl  es- 
ters of  this species. Arachidonic acid accounted  
for  less than 10% of the to ta l  fa t ty  acids and 
22:4co6 for less than 2%. The major acid con- 
taining more than two double  bonds was the 
componen t  ident i f ied as 20:3co6, which ac- 
counted  for a slightly greater p ropor t ion  of  the 
cholesteryl  esters than did arachidonic acid. 

To conf i rm the ident i ty  of  this acid, an ali- 
quo t  of the me thy l  esters was f rac t ionated  by 
thin layer argenta t ion ch romatography  and the 
tr ienoic ester f ract ion isolated. The tr ienoic es- 
ters were subjected to GLC on a polar  and non- 
polar co lumn to conf i rm the number  of  double 
bonds in the major  componen t .  The chain 
length was conf i rmed by hydrogena t ion  and the 
locat ion of  the double  bonds de termined  by re- 
duct ive ozonolysis.  These techniques have been 
detailed elsewhere (4). The major polyunsatu-  
rated acid in the adrenal cholesteryl  esters f rom 
swine was thus shown to be homo-gamma-l ino-  
lenic acid, 20:3cd6. 

Al though the presence of  this acid as a major 
cons t i tuent  of  tissue lipids is somewhat  un- 
usual, it is not  unique.  The cholesteryl  esters 
isolated f rom human adrenals have also been 
repor ted  to conta in  substantial  amounts  of  this 
acid (5). Unlike pig lipids, the human variety 
also contained substantial  concent ra t ions  of  
22:4co6. 
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The Phospholipid Composition of Pig Lung Surfactant 
D.R. BODY, Applied Biochemistry Division, Department 
of Scientific and Industrial Research, Palmerston North, New Zealand 

ABSTRACT 

Surface active material (surfactant), 
which contained 80% lipid material, was 
isolated from pig lungs by the saline 
perfusion procedure. The lipids were ana- 
lyzed by column, thin layer and paper 
chromatography,  followed by gas liquid 
chromatography to determine the fatty 
acid composit ion of the major phospho- 
lipid fractions. It was found that this pig 
lung surfactant contained the phospho- 
lipid constituents known to be present in 
mammalian tissues and in addition, phos- 
phatidylglycerol (1.5%) and lyso-bis- 
phosphatidic acid (2.0%) were also found. 
These two components occurred in higher 
proport ions in the surfactant lipids than 
in the lipids of the whole lung tissues. 

INTRODUCTION 

The alveoli of normal mammalian lungs are 
lined with a material which was observed by 
Pattie (1,2) to have high surface tension proper- 
ties. This surfactant is essential for normal lung 
function (3-5) and in the case of infants 
suffering from respiratory distress syndrome, 
the absence of it can account for the observed 
cardiopulmonary abnormalities of the disease 
(6). 

Although some workers (7-9) have described 
lung surfactant as a l ipoprotein,  others (10-12) 
have questioned if this material functions as 
part of a protein complex. In the lat ter  case, no 
protein was detected in the isolated mammalian 
lung surfactant under examination. However in 
either case, the surfactant has been fully estab- 
lished to have a high lipid content.  The major 
lipid component  has been identified as phos- 
phatidylcholine containing two molecules of 
palmitic acid (13-19). 

Investigations by Body and Gray (20) on the 
lipid content of  pig lung's surface active sub- 
stance indicated the phospholipid nature of the 
material and also revealed the presence of two 
minor phospholipids which were tentatively 
described as phosphatidylglycerol isomers. Sub- 
sequently, these two components  were isolated 
from whole pig lung tissue lipid extract and 
identified as phosphatidylglycerol and lyso-bis- 
phosphatidic acid (21). The present communi- 
cation establishes that  these two phosphatidyl-  
glycerol isomers are present in pig lung surfac- 

tant and at levels higher than those in whole pig 
lung tissue (22,23). 

METHODS 

Analytical Procedu res 

The determination of  phosphorus, aldehyde 
and fat ty  acid ester groups was carried out as 
previously described (23). Phosphorus at mi- 
cro-level also was estimated by the method 
developed by Bartlett (24). 

The identification of the phospholipids was 
carried out  by the following methods. Peri- 
odate-oxidation procedures (25) detected and 
calculated the proport ion of any nonacylated 
glycerol moiety within the molecular structure. 
Further  confirmation was provided by the 
analyses of the intact phospholipid acetolysis 
products by thin layer chromatography (TLC) 
(26), and the mild alkaline hydrolysates,  water 
soluble phosphate esters by paper chromatog- 
raphy (27). All details of these methods have 
been outlined earlier (21). In addition, the 
phospholipid components were compared with 
authentic standards using TLC and silicic acid 
impregnated paper chromatographic tech- 
niques, which have been described elsewhere 
(21). The fatty acid composit ion of the various 
phospholipids was determined by gas liquid 
chromatography (GLC) (21). 

Preparation of Surfactant 

Fresh, undamaged pig lungs with associated 
hearts were obtained from T. Wall and Sons 
(Meat and Handy Foods)  Ltd., London. The 
alveolar linings were extracted within 2 hr of 
death by perfusing the lungs with physiological 
saline through the pulmonary vasculature by 
insertion through the heart. The principle of 
this perfusion technique has been described by 
Bondurant and Miller (28). It yielded surfactant 
as a stable foam. This foam was continuously 
washed with distilled water to eliminate salts, 
then frozen and lyophilized to give an off-white 
fine powder which was stored in vacuo at 2 C. 
Surface tension measurements (29) on the flesh 
surfactant were made with a modified Wel- 
helmy balance (3). 

Extraction of kipids 

Freeze-dried surfactant (500 rag) was ex- 
tracted once with 10 volumes of chloroform- 
methanol (1:1 v/v) and twice with 5 volumes of 
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chloroform-methanol (2:1 v/v). The combined 
extracts were washed twice with 0.2 volumes of 
0.I M potassium chloride to remove nonlipid 
contaminant (30). The chloroform phase was 
dried under reduced pressure at 40 C and the 
total lipid (440 mg) was dissolved in hexane. 
The rubber membrane dialysis technique (31) 
fractionated the lipids into neutral lipids (50 
rag) and phospholipids (390 mg). 

RESULTS 

The surfactant material contained 80% (by 
weight) lipid of which 85% (by weight) was 
phospholipid. A minimal surface tension mea- 
surement of 7 dynes/cm showed the surfactant 
was surface active. 

The phospholipid fraction (11.9 mgP)was 
dissolved in chloroform and applied to a chro- 
matographic column (2 cm i.d.) of silicic acid 
(24 g, Mallinckrodt, A.R.). To minimize lipid 
oxidation (32), 4-methyl-2, 6-di-tert-butyl- 
phenol (0.005 w/v) was added to the solvents 

,~ used for the preparation and elution of the 
x 

column. The phospholipids were eluted from 
the column with chloroform-methanol mixtures 

.= and finally with methanol only, as shown in 

.~ Table I. Fractions were monitored by TLC and 

.~ appropriated bulked fractions (A2 + A3, de- .r- 
noted B) were further chromatographed into 
two bands (B1 and B2) by preparative TLC as 
described previously (21). 

-~ The resultant substances, B1 and B2, were 
chemically assayed by acetolysis (26). B1, the 

c~ faster TLC running fraction, yielded only one 
=~ glycerylacetate, namely monoacylglyceryldiace- 
.e = tate. On the other hand, the slower moving 

fraction, B2, yielded equal amounts of two 
major "acetates." These were identified by TLC 
as diacylglycerylmonoacetate and glyceryltri- 
acetate. When mild alkaline hydrolysis (27) was 

=e applied to both fractions (B1 and B2), glyceryl- 
phosphorylglycerol was the only water soluble 
phosphate ester produced. However, under the 
p e r i o d a t e - o x i d a t i o n  reaction conditions 

.,~ (21,25), only fraction B2 produced formalde- 
hyde which indicated that this fraction had two 
free adjacent hydroxyl groups on the intact 
phospholipid structure. These chemical and 
chromatographic properties observations con- 
firmed that they were identical with those 
phospholipid components isolated during previ- 
ous investigation of the total pig lung tissue 

,~ lipid extract (21). Hence, B1 represented lyso- 
bis-phosphatidic acid and B2, phosphatidytglyc- 

O 
�9 ~ erol. A. comparison of the phospholipid com- 

position of the pig lung surfactant with that of 
the whole lung tissues (21) is presented in Table 
II. 
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PIG LUNG SURFACTANT PHOSPHOLIPIDS 

TABLE II 

Comparison of the Phospbolipid Composition of the Surfactant 
and Whole Lung Tissue, Expressed as a Percentage of the Total Lipid Weight 

627 

Whole tung 
Phospholipid composition Surfactant tissue a 

Neutral lipids, % t 5 

Phospholipids, % 85 

Cardiolipin 
Ly so-bis-ph osphatidic acid t.5 
Phosphatidylglycerol 2.0 
Phosphatidylethanolamine "7. ] 
Phosphatidylserine 
Lysophosphatidylethanolamine 0.8 
Phosphatidylinositol 3.3 
Phosphatidylcholine 67.1 
Sphingomyelin 2.q 
Lysophosphatidylcholine 0.5 

Plasmalogen, per cent of to ta l  
iipid extract 1.2 

60 

4 0  

0.6 
0.3 
0.3 

14.4 

19.6 
4.8 

Trace 

4.8 

aThese results for total pig lung tissue lipids have been extrapolated from previous work. 
(21) 

The fatty acid composition of the phospho- 
lipids is given in Table III. These results show 
that the major fatty acid associated with 
phosphatidylcholine is palmitic acid. The level 
(73.4%) is evidence of the dipalmitoyl structure 
of phosphatidylcholine. The other phospho- 
lipids contained an equivalent ratio of saturated 
to unsaturated fatty acids. 

DI SCUSSI ON 

Although phosphatidylcholine was the major 
individual lipid component of the surfactant, 
the surfactant also contained substantial 
amounts of acidic phospholipids, namely phos- 
phatidylglycerol and lyso-bis-phosphatidic acid. 
The role of these unusual phospholipids is not 
fully understood. It has been suggested (33) 
that the acidic type of bis-phosphatidic acid 
derivatives, with a rapid metabolic turnover, 
take part as carriers of the required palmitic 
acid for the synthesis of dipalmitoyllecithin by 
various enzymatic reactions (34-36). Therefore, 
it appears that the phosphatidylglycerol isomers 
do not only take part as intermediaries in the 
biosynthesis of cardiolipin (37-39). A compari- 
son of the lipid composition of pig lung 
surfactant and total lung tissues shows that the 
quantity of phosphatidylglycerol and lyso-bis- 
phosphatidic acid in both cases are approxi- 
mately proportional to the final quantity of 
phosphatidylcholine. 

Radiochemical (40-42) and histochemical 
studies (43) on alveolar ceils indicate that the 
phospholipids are synthesized by the alveolar 
cell wall mitochondria and transferred to the 

alveolar space to be incorporated with the 
surfactant. The physical properties of surfac- 
tant are provided by the main associated lipid, 
namely dipalmitoyllecithin (11). The minor 
constituents, particularly the acidic phospho- 
lipids, have little effect on the surface activity 
of the alveolar lining material. They are only 
secreted from the alveolar cells with their main 
surfactant end product, dipalmitoyllecithin. 
Therefore, the lipid composition of the surfac- 
tant need not correspond to that of the total 
lung tissues. 

Conclusive studies by Watkins (44) illustrate 
that the surface tension properties of alveolar 
linings are attributed to the molecular structure 
of dipalmitoyllecithin. The bulkiness of the 
choline base resists the collapse of the molec- 
ular thin layer film during periodical compres- 
sions. This however, only applies if saturated 
fatty acids are combined with the polar end 
group since they have linear structures and fit 
closely together in the monolayer film. Minor 
phospholipids containing 50% unsaturated fatty 
acids could not take part in the surface active 
alveolar linings because these unsaturated fatty 
acids are nonlinear in structure. 

Earlier investigations on the phospholipid 
composition of the mammalian lung alveolar 
linings have not revealed the presence of either 
phosphatidylglycerol isomers. Phosphatidyldi- 
methylethanolamine, in contrast, was identified 
and isolated from dog lung tissues and alveolar 
surfactants (18). It has been suggested (21) that 
this latter phospholipid appearance might only 
apply to particular species. However, further 
studies (42,45-47) have also reported that 
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TABLE III 

Fat ty  Acid Composi t ion of  Pig Lung Surfactant  
Phospholipids Expressed as Percentage of Total Methyl Esters by GLC 

Phospholipids a 

Fat ty  acid b PG LBPA PE PC 

12:0 0.3 0.2 
13: 0 Trace c 
14:0 2.5 2.3 1.5 5.4 
15:0 0.3 0.7 0.7 
16:0 br Trace 0.5 
16:0 39.5 42.5 25.7 73.4 
16:1 4.8 3.6 2.7 6.3 
17:0 0.8 0.8 0.7 Trace 
17:1 0.4 0.2 0.5 Trace 
18:0 8.5 11.8 27.1 3.0 
18:1 37.8 30.4 22.4 10.4 
18:2 4.2 4.9 7.6 0.8 
20:4 0.9 2.1 11.6 

Ratio, saturated:  I : 1 1 : 1 1 : 1 5 : 1  
unsatura ted 

aAbbreviatons: PG, phosphatidylglycerol;  LBPA, lyso-bis-phosphatidic acid; PE, phos- 
phat idyle thanolamine;  PC, phosphat idylchol ine;  br, branched-chain.  

bDesignations: First number ,  chain length; second number ,  number  of  double bonds.  
CTrace, less than  0.1%. 

p h o s p h a t i d y l d i m e t h y l e t h a n o l a m i n e  is p r e s e n t  
in  s o m e  o t h e r  m a m m a l i a n  l u n g  t i s sue s .  C a r e f u l  
e x a m i n a t i o n  o f  t h e s e  l a t t e r  s t a t e m e n t s  s u g g e s t  
t h e s e  w o r k e r s  c o u l d  h a v e  b e e n  s l i gh t l y  m i s l e d .  
U n d e r  t h e  T L C  c o n d i t i o n s  t h e y  e m p l o y e d ,  
p h o s p h a t i d y l d i m e t h y l e t h a n o l a m i n e  w o u l d  h a v e  
s im i l a r  c h r o m a t o g r a p h i c  p r o p e r t i e s  to  p h o s p h a -  
t i d y l g l y c e r o l  (33 ) .  T h e y  d id  n o t  u n d e r t a k e  a n y  
c h e m i c a l  a n a l y s e s  o f  th i s  u n u s u a l  c o m p o u n d .  

In  s u p p o r t  o f  t h e  p r e s e n t  w o r k ,  B a x t e r  e t  al. 
( 48 ) ,  w h o  t h o r o u g h l y  a n a l y z e d  the l ip id  c o n -  
t e n t  o f  t h e  t o t a l  l u n g  t i s s u e s  o f  f ive d i f f e r e n t  
spec ies ,  d id  n o t  d e t e c t  p h o s p h a t i d y l d i m e t h y l -  
e t h a n o l a m i n e  b u t  d id  C o n f o r m  t h e  p r e s e n c e  o f  
b o t h  p h o s p h a t i d y l g l y c e r o l  i s o m e r s .  I n  a d d i t i o n ,  
A b r a m s  a n d  W i g g l e s w o r t h  ( 4 9 )  a lso  gave  evi- 
d e n c e  fo r  t h e  o c c u r r e n c e  o f  p h o s p h a t i d y l g l y c -  
e ro l  i s o m e r s  in  t h e  l ip id  p a r t i c i p a n t  o f  r a b b i t  
l u n g  s u r f a c t a n t  m a t e r i a l  u n d e r  i n v e s t i g a t i o n .  
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The Component Triglycerides of Palm-Kernel Oil 
JEAN A. BEZARD, Laboratoire de Physiologie Animale 
et de la Nutr i t ion, FacultE~ des Sciences, 21-Dijon, France 

ABSTRACT 

Triglycerides of palm-kernel oil were 
fractionated by gas liquid chromatog- 
raphy into 13 groups based on their 
carbon number of 30 to 54. These groups 
represent 99.9% of the total glyceride 
content. The proportion of triglyceride 
types in each group was calculated from 
the component fatty acids. These groups 
are defined by the nature of their constit- 
uent fatty acids but the position of the 
acids on glycerol is unknown. These 87 
types, 24 of which are given in detail, 
were found. The two major components 
are trilaufin (19.8%) and dilauromyristin 
(14.1%). Only 18 types, occurring in an 
amount greater than 1%, together repre- 
sent 80% of the total glycerides. Compari- 
son of the glyceride content with that of 
coconut oil revealed many similarities 
between the two oils. 

INTRODUCTION 

The glyceride content of palm-kernel oil was 
first studied by Bomer and Schneider (1), 
Cottin and Hilditch (2), and Dale and Meara (3) 
using fractional crystallization. Dale and Meara 
succeeded in isolating 10 fractions and by 
determining the component fatty acids deduced 
a possible triglyceride composition of palm- 
kernel oil. 

As shown in a previous paper for coconut oil 

36 

32 34 

220 240 

38 

2&o 28o 3oo" 
remper-o#uPe C 

FIG. h GLC elution pattern of palm-kernel oil 
triglycerides. The triglycerides are denoted by their 
carbon number (total acyl carbon atoms). Operating 
conditions: 1/8 in. x 2.5 ft stainless steel column (JXR 
on 100/120 mesh Gas-Chrom Q) programmed at 3 
C/rain from 220 C to 320 C. Other conditions as 
reported in Experimental l~ocedures. 

(4), gas liquid chromatography (GLC) fraction- 
ation of triglycerides (5) and determination of 
the component fatty acids of the fractions 
obtained, give more accurate results than the 
method of fractional crystallization. 

In the present paper, GLC fractionation is 
applied to palm-kernel oil. 

EXPERIMENTAL PROCEDURES 

Materials 

The refined palm-kernel oil was provided by 
the Astra-Calve Society. 

The triglyceride fraction was isolated by 
silicic acid column chromatography (6) before 
GLC fractionation. 

Meth od 

Fractionation of Triglycerides. Collection 
of triglyceride peaks was performed according 
to the technique referred to above (5). A 
Girdel 75CD/PT chromatograph was used with 
a Packard modified gas fraction collector 
(model 852) and with a Girdel post-column 
stream splitter (Split ratio, 1:6). Analyses 
were carried out on a single stainless steel 
column (3/16 in. x 5 ft) packed with 1001120 
mesh Gas-Chrom Q (Apphed Science Labora- 
tories) coated with JXR (Applied Science Lab- 
oratories) as described by Homing et al. (7). 
Since the proportion of phase is less than 1% 
it cannot be determined by experiment; how- 
ever coating may be reproduced to a sufficient 
degree of accuracy under the following experi- 
mental conditions: JXR (0.8 g) was dissolved 
in 400 ml of methylene chloride (CH2Clz); 25 
g 100/120 mesh Gas-Chrom Q were added. 
The mixture was left to stand for 1 min; it 
was then submitted to progressive vacuum for 
3 min. Again, it was left to stand for 1 min 
and was then filtered through fritted glass. 

Analyses were made on quantities of 1 to 2 
mg. Operating conditions were as follows: 
linear temperature programming from 240 C to 
350 C at a rate of 5 C/rain; nitrogen flow, 90 
ml/min; injector temperature, 375 C; collector 
temperature, 350 C. 

Analysis of Triglycerides. Triglycerides of 
palm-kernel oil were analyzed and the purity 
of collected peaks monitored by the previ- 
ously described method (5,8). A Girdel chro- 
matograph was used with dual flame ioniza- 
tion detector and with two stainless steel 
columns (1/8 in. x 2.5 ft) packed with JXR 
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TABLE II 

Determination of Component Triglyceride Types of Group 42 a 

Fatty acid composi t ion of group 42, mole % 
Determination of triglyceride type 

composition of group 42 

Triglyceride 
Fatty acids Experimental Calculated c types Mole % Equation system d Solution 

6:0 0.5 1.0 6, 18, 18 a a=0.Sx3 a= 3 
8.0 2.1 4.0 8, 16, 18 b b=2.1x3 b = 12 

10:0 1.3 2.0 10, 14, 18 c c+d=l.3x3 c = 4 
12:0 39.8 39.7 10, 16, 16 d 2e+f=39.8x3 d = 2 
14:0 15.2 15.0 12, 12, 18 e c+f+3g=15.2x3 e = 42 
C16 b 16.6 17.0 12, 14, 16 f b+2d+f=16.6x3 f = 35 
C18 b 24.5 21.3 14, 14, 14 g 2a+b+c+e=24.Sx3 g= 2 

aFor definitions of groups and types see results section. 
bFatty acids with the same number of carbon atoms. C16 comprises mainly 16:0 and 18:1 represents the 

major component bf C18. 
CCalculated from the component triglyceride types as determined in the last four columns. 
dThese equations were derived by taking the fatty acid composition of group 42 (whose triglyceride compo- 

sition is a, b . .  ,g) to be identical to the experimentally determined fatty acid composition. Number 3 figures in 
the second member because 100 moles of triglycerides include 300 moles of fatty acids. 

on  100 /120  mesh  Gas -Chrom Q. Coa t ing  con-  
d i t ions  were as fol lows:  1.5 g J X R  was dis- 
solved in 400  ml  CH2C12; 25 g Gas-Chrom Q 
were added ;  the  mix t u r e  was gent ly  shaken  
w i t h o u t  v a c u u m  for  1 min ,  w i th  progressive 
v a c u u m  for 3 min ,  and  w i t h o u t  v a c u u m  for  1 
min ,  t h e n  f i l tered t h r o u g h  f r i t t ed  glass. 

Analyses  were p e r f o r m e d  w i t h  l inear  t emper -  
a tu re  p r o g r a m m i n g  f r o m  220  C to  320  C at 3 
C /min ,  w i th  a n i t rogen  f low ra te  of  40  m l / m i n .  
I n j ec to r  and  d e t e c t o r  t e m p e r a t u r e s  were 350  C. 

U n d e r  these  cond i t i ons  the  co r rec t ion  f ac to r  
for  peak 54 was 2 .32 ( the  f ac to r  r e l a t ed  to  peak  
30 be ing  t a k e n  as 1.00). 

Analysis of Fatty Acids. The c o m p o n e n t  
f a t ty  acids of  the  col lec ted  peaks  were deter -  
m ined  b y  GLC of  the i r  b u t y l  esters (8 ,9) ;  
these  esters  were p repa red  in sealed tubes  
( in te rna l  vo lume ,  0.5 to  1 ml)  to  p reven t  loss 
of  sho r t  chain  f a t t y  acids. 

The  b u t y l  es ters  were ana lyzed  in a Girdel  
c h r o m a t o g r a p h  w i t h  dual  f l ame ion i za t i on  de- 
t e c t o r  and  two stainless s teel  co lumns  (118 in. x 
4 f t )  packed  w i th  20% DEGS (Appl ied  Science 
Labora to r i e s )  on  ac id-washed 8 0 / 1 0 0  mesh  
C h r o m o s o r b  W (Johns-Manvi l le ) .  Opera t ing  
cond i t i ons  were:  l inear  t e m p e r a t u r e  program-  
ruing f rom 100 to  190 C at 3 C/ ra in ;  n i t rogen  
flow, 25 m l / m i n ; i n j e c t o r  and  de t ec to r  t e m p e r a -  
ture ,  200  C. 

RESULTS AND DISCUSSION 

Palm-Kernel Oil Triglycerides 

Figure 1 shows a charac te r i s t i c  GLC e lu t ion  
p a t t e r n  r e c o r d e d  dur ing  analysis  of  pa lm-kerne l  
oil t r iglycerides.  Each  peak  groups  t o g e t h e r  

those  t r iglycerides  having the  same n u m b e r  of  
c a r b o n  a toms  a n d  is re fe r red  to  by  its c a r b o n  
n u m b e r  ( to ta l  acyl  c a r b o n  a toms) .  The tr iglyc- 
eride group  c o m p o s i t i o n  of  the  oil as deter -  
m ined  f rom the  c h r o m a t o g r a m  is r e p o r t e d  in 
Table  I (l ine two) .  F o u r t e e n  peaks  (or  g roups)  
appea r  on  the  c h r o m a t o g r a m .  Peak 36 (25 .7%)  
and  peak  38 (16 .8%)  are the  major  c o m p o n e n t s  
and  six peaks  (32  to  42)  t o g e t h e r  represen t  
78.2% of  the  t o t a l  t r iglycer ides .  Trace a m o u n t s  
of  peak  26  a n d  peak  28 (0.1%) were f o u n d .  

Fatty Acid Composition of the Fractionated Peaks 

The 14 peaks  (28 to 54)  which  appear  on  
the  c h r o m a t o g r a m  were co l lec ted  and  the i r  
pu r i ty  con t ro l l ed  by r e c h r o m a t o g r a p h y .  The  
c o n t a m i n a t i o n  of  peak 28 was very  h igh  (more  

t h a n  50%) and  t oo  l i t t le  ma te r i a l  was avai lable 
for  pur i f i ca t ion  to be  possible.  The  pur i ty  of  
the  o t h e r  peaks  r anged  b e t w e e n  92% (peak  30) 
and  99% (peak 32).  These  13 peaks  (30  to 54),  
t oge the r  r ep resen t ing  99.9% of  t he  to ta l ,  were 
ana lyzed  for  c o m p o n e n t  f a t t y  acids w i t h o u t  
f u r t h e r  pur i f i ca t ion .  

The  fa t ty  acid c o m p o s i t i o n  of  these  peaks  is 
r e p o r t e d  in Table  I. U n d e r  each  peak the  
c a r b o n  n u m b e r  ca lcu la ted  f r o m  the  f a t t y  acid 
c o m p o s i t i o n  can  be c o m p a r e d  w i t h  the  t heo re t -  
ical c a r b o n  n u m b e r ;  the  d i f fe rences  are ex- 
pressed as percentages .  The  last  two  co lumns  
give respect ive ly  the  expe r imen t a l l y  d e t e r m i n e d  
f a t t y  acid c o m p o s i t i o n  of  the  t o t a  ! t r iglycer ides  
and  t h a t  ca lcu la ted  f r o m  the  f a t t y  acid c o m p o -  
s i t ion  of  peaks  30 to  54. 

There  is a close co r re l a t ion  b e t w e e n  the  
ca lcula ted  and  theore t i ca l  c a r b o n  n u m b e r s  (ex- 
cept  for  peak  30) and  b e t w e e n  the  ca lcula ted  
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TABLE III 

Component Triglyceride Groups and Types in Palm-Kernel Oil a 

Moles into Moles % into Moles % into 
the oil d Groups the oilb Types the groups c 

6, 12, 12 50 0.6 
30 1.3 8, 10, 12 20 0.3 

32 8.6 6, 12, 14 11 0.9 
8, 12, 12 75 6.4 

8, 12, 14 37 3.6 
34 9.8 10, 12, 12 48 4.7 

36 25.7 12, 12, 12 77 19.8 

38 16.8 12, 12, 14 84 14.1 

12, 12, 16 37 3.5 
40 9.5 12, 14, 14 39 3.6 

8, 16, 18 12 0.9 
42 7.8 12, 12, 18 42 3.3 

12, 14, 16 35 2.7 

8, 18, 18 17 1.0 
44 5.8 12, 14, 18 60 3.5 

12, 16, 16 14 0.8 

46 4.0 12, 16, 18 68 2.7 
14, 14~ 18 16 0.6 

48 4.4 12, 18~ 18 65 2.9 
14, 16, 18 28 1.2 

50 2.2 14, 18, 18 SS 1.2 
16, 16, 18 39 0.9 

52 2.2 16, 18, 18 86 1.9 

54 1.8 18, 18, 18 70 1.3 

aGroups: Triglycerides with the same carbon number (number of carbon atoms of the 
fatty acid moiety) corresponding to the peaks as they appear on the chromatogram (Fig. 1). 
Types: Triglycerides defined by the three coostituent fatty acids considering only their chain 
length; fatty acid position in the molecule is unknown. Only those triglyceride types repre- 
senting more than 10% of their group are given. 

bTraces of groups 26 and 28 (0.1 mole per cent) were found. 
CAs determined according to the method reported in Table II. 
dAs calculated from the trigiyceride type composition of groups and from the triglyc- 

eride group composition of palm-kernel oil. 

and  e x p e r i m e n t a l  f a t t y  acid com pos i t i ons  of  
t o t a l  t r iglycer ides  ( n o t a b l y  for  the  ma jo r  com- 
p o n e n t s ,  12:0 ,  14 :0  and  18:1) .  

As an t i c ipa t ed ,  the  shor t  cha in  f a t t y  acids 
(6 :0  to  10:0)  are f o u n d  in  the  low molecu la r  
weight  peaks  30, 32 an d  34 and  the  long  chain  
f a t ty  acids ( 1 6 : 0  and  18:1)  in the  h igh  molecu-  
lar weight  peaks  40 to  54. Med ium chain  f a t t y  
acids ( 1 2 : 0  a n d  14:0)  are p resen t  in  every  peak ;  
12 :0  occurs  more  par t icu la r ly  in  peaks  30 to 48 
(81% in peak 36) while  14 :0  is f o u n d  especial ly 
in peaks  34 to  50 (30% in peak  40) .  

The  fa t ty  acid c o m p o s i t i o n  of  to t a l  tr iglyc- 
erides d e t e r m i n e d  in the  pa lm-kerne l  oil u n d e r  
inves t iga t ion  accords  closely w i t h  t h a t  r e co rded  
by  Cars ten  et  al. (10) .  There  are some d i f fe ren-  
ces w i th  the  data  o b t a i n e d  by  Dale and  Meara  
(3)  e.g., t he  laur ic  acid c o n t e n t  is s o m e w h a t  
h igher  (52% as c o m p a r e d  w i t h  45% f o u n d  by  
these  au tho r s ) ;  th is  ma y  be due to  the  origin of  

the  two  oils. 

Component Triglyceride Types 
A tr igiyceride t ype  is def ined  here  by  its 

c o m p o n e n t  f a t t y  acids (degree  of  u n s a t u r a t i o n  
is no t  cons idered) ;  pos i t ion  of  the  acids on  
glycerol  is u n k n o w n .  

F r o m  the  f a t t y  acid c o m p o s i t i o n  i t  was 
possible to  calculate  the  t r ig lycer ide  t ype  com- 
pos i t ion  of  each peak  and  c o n s e q u e n t l y  of  
pa lm-kerne l  oil. 

This  c o m p o s i t i o n  was ca lcu la ted  as previ-  
ously descr ibed  (4).  An example  (peak  42)  is 
given in Table  II. In  these  t r ig lycer ide  types ,  
C16 is ma in ly  r e p r e s e n t e d  by  pa lmi t i c  acid,  and  
C l 8 by  oleic acid.  

I t  will be n o t i c e d  t h a t  i f  t he  values l is ted 
u n d e r  " s o l u t i o n "  are s u b s t i t u t e d  back  in to  the  
equa t i ons  l is ted u n d e r  " e q u a t i o n  s y s t e m "  some 
d i sc repancy  appears  in equa t ions  1, 2, 3 and  7. 
This is because  shor t  cha in  f a t t y  acids are 
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underestimated, or long chain fatty acids are 
overestimated, or both (the calculated carbon 
number of peak 42 is 42.9). On the other hand 
we note good correlation in equations 4, 5 and 
6. It follows that only the proportion formed 
by the main triglycerides is estimated with 
accuracy (12,12,18 and 12,14,16 for peak 42). 
Consequently we have considered only those 
triglyceride types which form more than 10% 
of their group. The data thus obtained are 
reported in Table III. 

The table shows that each glyceride group 
contains one or, sometimes, two major com- 
ponents. For instance, group 30 comprises 50% 
caprodilaurin (6,12,12), group 32, 75% caprylo- 
d i l a u r i n ,  g r o u p  34, 48% caprodilaurin 
(10,12,12) and 37% caprylolauromyristin, 
group 36, 77% trilaurin, group 38, 84% dilauro- 
myristin. Group 40 has an almost identical 
content of dilauropalmitin (39%) and laurodi- 
myristin (37%); group 42 has 42% ditauro-olein 
and 35% lauromyristopalmitin. Lauromyristo- 
olein comprises 60% of group 44, lauro- 
palmito-olein, 68% of group 46, laurodiolein, 
65% of group 48. Group 50 has a high content 
of myristodiolein (55%) and dipalmito-olein 
(39%). Palmitodiolein (86%) is the chief com- 
ponent glyceride of group 52 and triolein (70%) 
the major component of group 54. 

Palm-kernel oil is seen to consist of a 
complex mixture of glycerides. Of the 87 types 
found in our investigation, only 18 types, 
found in amounts greater than 1%, together 
represent 80% of the total content, and only 
two of these components, namely trilaurin 
(20%) and dilauromyristin (14%), together 
form one third of the oil. 

The presence of compounds containing lau- 
tic acid deserves note. Monolauroglycerides 
constitute one quarter, dilauroglycerides one 
third, and trilaurin one fifth of the glyceride 
content of the oil. 

If we compare these results with those 
obtained by Dale and Meara (3) there appears 
one marked difference, namely, the amount  of 
trilaurin found in the oil, 0.8% by these authors 
and nearly 20% by this investigation. The 
dilauromyristin content recorded by Dale and 
Meara is significantly higher (27%) than that 
determined here (14%). Nevertheless the pro- 
portion of fully saturated glycerides found 
(73%) is reasonably close to those reported by 
Dale and Meara (61.6%) and Collin and Hilditch 
(63%) (2). 

Our data do not confirm the presence of 
monounsaturated glycerides (18%) to the ex- 
tent reported by Dale and Meara (37%). The 
content of diunsaturated glycerides (7.4%) is 
significantly higher than that recorded by these 
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authors (1.2%) but is lower than that recorded 
by Collin and Hilditch (12.3%). Triunsaturated 
glycerides (triolein) occur only in low propor- 
tion (1.3%). 

It is of interest to compare the component 
glycerides of palm-kernel oil with those of 
coconut oil (4) since these oils both contain a 
high proportion of saturated acids of relatively 
low molecular weight (mainly lauric and myris- 
tic acids). 

Coconut oil contains four major component 
glycerides, namely: caprylodilaurin, caprylolau- 
romyristin, trilaurin and dilauromyristin. The 
proportion formed by each of these is in the 
order of 10%. Palm-kernel oil contains only two 
major components: trilaurin (20%) and dilauro- 
myristin (14%). The presence in both oils of 
relatively high amounts of trilaurin is particu- 
larly significant. The same major component 
glycerides (those forming more than 1% of the 
oil) are present in both oils, with certain 
differences in proportion: capryloglycerides 
(chiefly caprylodilaurin and caprylolauromy- 
ristin) are more abundant in coconut oil (21%) 
than in palm-kernel oil (10%), whereas the 
oleoglyceride content in coconut oil is lower. 
These differences relate to variations in the 
component fatty acids of the oils; the caprylic 
acid level in coconut oil is higher and the oleic 
acid level lower than in palm-kernel oil. 

Nevertheless, in spite of these minor quanti- 
tative variations, the glyceride contents of 
palm-kernel and coconut oils show a close 
resemblance, as was to be anticipated from the 
similarity of their component fatty acids. 
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Pyrolysis of Some Acetoxynonenesl 
G.R. LIST, C.D. EVANS, E. SELKE, C.A. GLASS, R.L. H O F F M A N N  
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ABSTRACT 

Current studies on odor thresholds of 
h y d r o c a r b o n s  autoxidatively derived 
from fats required the preparation of 1,3- 
and 2,4-nonadienes. The pyrolysis of 3- 
acetoxy-l-nonene (I) and 4-acetoxy-2- 
nonene (II) was investigated as a route to 
1,3- and 2,4-nonadienes, respectively. The 
acetates were pyrolyzed over pyrex heli- 
ces at 400 C. Distilled pyrotyzates were 
characterized by mass, UV, IR, and NMR 
spectroscopy, along with gas chromatog- 
raphy. Since II gave approximately a 
50:50 mixture of the 1,3- and 2,4- 
isomers, an earlier observation was con- 
firmed that allylic esters may rearrange 
before elimination. Ester I gave about 
85% of the 1,3-isomer and 15% of the 
2,4. Presumably the 2,4-isomer arises 
from thermal rearrangement. In pyrolysis, 
both I and II give conjugated products 
almost exclusively. UV spectroscopy 
shows e values in the 24,000 to 28,000 
range. 

I NTRODUCTI  ON 

Current studies on odor threshold of hydro- 
carbons autoxidatively derived from fats re- 
quired samples of 1,3- and 2,4-nonadienes. In 
1963, 1,3-nonadiene was prepared by the Wittig 
reaction in 34% yield (1). The preparation of 
2,4-nonadiene has never been reported. 

Certain organic compounds fragment on 
heating to yield an olefin and other products. 
Pyrolyses of xanthates and tetraalkylammo- 
nium hydroxides are known as the Chugaev and 
Hofmann elimination reactions, respectively. A 
third class of compounds to undergo pyrolysis 
is composed of organic esters, particularly 
acetates and benzoates. Pyrolysis of esters has 
been studied extensively from both a mechan- 
istic and synthetic aspect. But only since the 
advent of gas chromatography has the reaction 
been well understood. DePuy and King (2) 
reviewed pyrolysis reactions to 1960. 

Although pyrolysis of saturated aliphatic 
acetates is well known, it has limited synthetic 

1presented at the AOCS Meeting, Minneapolis, 
October 1969. 

2North. Market. Nutr. Res. Div., ARS, USDA. 

utility because mixtures of olefins are pro- 
duced. Esters of secondary and tertiary alcohols 
give mixtures of olefins, whereas esters of 
primary alcohols give 1-olefins (3). 

Rarely has the pyrolysis of unsaturated 
esters as a route to conjugated dienes been 
recorded. In 1941, Van Pelt and Wibaut (4) 
reported that the pyrolysis of 4-acetoxy-2- 
hexene gave 2,4-hexadiene as the only olefin 
from the reaction. Later, Greenwood (5) 
showed that the pyrolysis of 4-acetoxy-2- 
heptene gave a mixture of 1,3- and 2,4-hepta- 
dienes. He was able to isolate an ester fraction 
from the reaction products, which had under- 
gone isomerization but not elimination. Similar 
isomerizations have been reported by Marvel 
and Brace (6) and by Grummitt  and Mandell 
(7). 

Although nonconjugated nonadienes have 
been prepared by ester pyrolysis, no references 
were found for conjugated nonadienes. Esters 
containing terminal unsaturation cannot rear- 
range via classical mechanisms during pyrolysis, 
and should offer a simple route to conjugated 
diolefins; however, little work has been done in 
this area. The report summarizes the first 
preparation of 1,3- and 2,4-nonadienes by 
pyrolysis of unsaturated acetates. 

MATERIALS A N D  METHODS 

Pyrolysis Equipment 

A pyrolysis column was prepared by sealing 
14/20 ground glass joints to a 375 x 12 mm 
Pyrex glass tube. The outside was wrapped with 
heating wire (10 ft of 1.2 ohms/ft), asbestos 
and glass tape. Column packing consisted of 1/4 
in. Pyrex helices purchased from Scientific 
Glass Apparatus Co., Bloomfield, New Jersey. 
A thermocouple was placed at the middle of 
the tube and was monitored by a MiniMite 
potentiometer. Heating was accomplished by 
routing 1 10 v house current first through an 
ammeter and then through a large Variac. The 
pyrolysis column was mounted vertically and 
held by burette clamps. 

Spectroscopic Techniques 

UV spectra were recorded on a Cary spectro- 
photometer. The spectra were taken in spectro- 
quality isooctane over the 200-400 nm range. 

IR spectra were obtained in a carbon disul- 
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TABLE I 

NMR Data for Whole Pyrolyzate 
From Pyrolysis of 4-Aeetoxy-2-nonene 

Proton Calculated a Found 

a-Methyl 3.0 1.5 
a-Methylene 2.0 2.5 
Olefinic 4.0 4.0 

aFor 2,4-nonadiene. 

fide solution on a Perkin Elmer Model 621 IR 
spectrophotometer.  

NMR spectra were recorded on a Varian 
Model HA 100 spectrometer. Deuterated chlo- 
roform was the solvent and tetramethylsilane 
(TMS) the internal standard. Chemical shifts 
were measured as parts per million from TMS. 

Mass spectra were taken on a Bendix Time- 
of-Flight mass spectrometer equipped with a 
heated inlet and in tandem with a gas chroma- 
tograph. The data were normalized and plotted 
with the aid of an 1130 IBM digital computer. 

Alcohols 

Non-2-ene-4-ol. n-Amylmagnesium bromide 
was prepared from 24.3 g of magnesium (1.0 
mole) and 151.0 g of 1-bromopentane (1.0 
mole), trans-2-Butenal (74 g, 1.0 mole) was 
dissolved in I00 ml of dry ether and added to 
Grignard reagent at 0 C. The intermediate was 
decomposed with saturated ammonium chlo- 
ride, extracted with ether, washed with water 
until neutral, and dried over sodium sulfate. 
The solvent was removed under reduced pres- 
sure and the crude product distilled under 
reduced pressure to yield a fraction boiling at 
57 C at 0.8 mm Hg. The yield was 80.0 g, 
56.5% of theory. Analysis: C, 75.98; H, 12.76. 
Found: C, 76.88; H, 12.91. 

A phthalate ester was prepared according to 
Airs et al. (8). The derivative was recrystallized 
from EtOH-CS 2 (1:1); nap 80-81 C. Analysis: 
C, 70.30; H, 7.64. Found: C, 70.58; H, 7.58. 
The neutral equivalent was 284; theory, 290. 

Non-l-ene-3-ol. It was purchased from Ald- 
rich Chemical Co. and was 99+% pure by gas 
liquid chromatography (GLC). 

Authentic 1,3-Nonadiene. This was pur- 
chased from Chemical Samples Co. and was 
97% pure. 

4-Acetoxy-2-nonene. Heating unsaturated 
alcohols in the presence of acetic anhydride is 
said to cause rearrangement (9). For this reason 
mild reaction conditions were chosen for the 
preparation of acetoxynonenes. The possibility 
that rearrangement of  the acetates occurred 
during synthesis must be considered. However, 
NMR spectroscopy showed that no rearrange- 

ment occurred during synthesis. Acetic anhy- 
dride (18.0 g, 0.18 mole) was added dropwise 
(at 25 C) to a solution of 25.0 g (0.18 mole) 
non-2-ene-4-ol and 8 ml of dry pyridine. After 
the mixture stood for three days at room 
temperature, the ester was extracted into petro- 
leum ether, washed with dilute hydrochloric 
acid, and dried over sodium sulfate. Removal of 
solvent under reduced pressure gave 32.75 g 
product. GLC indicated the presence of two 
small unidentified impurities. Analysis: C, 
71.67; H, 10.94. Found: C, 71.31 ;H, 11.39. 

3-Acetoxy-l-nonene. To a stirred solution 
containing 40.0 g (0.281 mole)non-l -ene-3-ol  
dissolved in 100 ml chloroform, 23.0 g (0.295 
mole) pyridine was added. A solution con- 
taining acetyl chloride (24.6 g, 10% excess) 
dissolved in 50 ml chloroform was then added 
dropwise at 25 C. The crude ester was purified 
in the manner described for 4-acetoxy-2- 
nonene. Despite the excess acetyl chloride, 
capillary GLC on DEGS revealed unreacted 
alcohol. 

The alcohol was removed by passage through 
alumina as follows: Alumina (Fisher chroma- 
tographic grade 80-200 mesh) was packed into 
a 38 x 1.2 cm glass column fitted with a 500 
ml reservoir. The crude ester (54.0 g) was 
dissolved in 50 ml hexane and poured on top of 
the column packing. Nitrogen was used to force 
the ester through the column until the solvent 
level was just to the edge of the adsorbent. 
Hexane (500 ml) was added to elute the ester 
from the column. The solvent was stripped off 
on a rotating evaporator, and 49 g (90.7%) of  
ester was recovered. Gas chromatography on a 
6 ft x 1/4 in., 3% JXR column showed 
complete removal of unreacted alcohol. The 
crude ester was distilled through a 6 in. Vigreux 
column to give a product boiling at 57-60 C at 
0.70 mm Hg. Overall yield was 78%. NMR 
supported the structures as 3-acetoxy-l-nonene. 
Analysis: C, 71.67; H, 10.86. Found: C, 70.74; 
H, 10.80. 

Pyrolysis Reactions 

Pyrolysis of  4-Acetoxy-2-nonene. 4-Ace- 
toxy-2-nonene (13 g, 0.071 mole) was placed in 
a dropping funnel fitted with a joint  adapted to 
the pyrolysis column. The ester was allowed to 
pass dropwise through the column maintained 
at 400 C. Nitrogen (30 ml/min) was used to 
sweep the pyrolyzate through the column. The 
pyrolyzate was collected in a U-trap cooled 
with dry ice and methyl Cellosolve. The pyro- 
lyzate (10.0 g) was washed with bicarbonate, 
then with water until neutral, dried over sodi- 
um sulfate, and distilled under reduced pres- 
sure. A 3.06 g fraction boiling at 61-64 C at 3 
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mm was collected. Analysis: (Calculated for 
2,4-nonadiene) C, 87.00; H, 13.00. Found: C, 
87.11;H, 12.99. 

Pyrolysis of 3-Aeetoxy-i-nonene. 3-Ace- 
toxy-l-nonene (21.14 g, 0.115 mole)was pyro- 
lyzed at 400 C. The pyrolyzate was treated in a 
manner similar to the pyrolyzate from 4-ace- 
toxy-2-nonene. Distillation of the pyrolyzate 
(8.67 g) at 10 mm gave 4.13 g of dienes boiling 
at 83-85 C. 

Hydrogenation of Dienes From Pyrolysis of 
4-Aeetoxy-2-nonene. The pyrolyzate (0.103 g) 
was hydrogenated in 3 ml of ethanol with 10 
mg of 10% palladium catalyst (Matheson, Cole- 
man and Bell). The apparatus consisted of a 
small, magnetically stirred hydrogenation flask 
connected to a mercury leveling bulb manom- 
eter. The hydrogenation was conducted at 
room temperature for 1 hr during which the 
major portion of hydrogen was taken up in 15 
min. Hydrogen uptake after 1 hr was 36 ml; 
theory, 41.8 ml corrected to STP. 

RESULTS A N D  D ISCUSSION 

The dienes prepared from the pyrolysis of 
4-acetoxy-2-nonene were characterized by GLC 
on squalane and/3fl '-oxydipropionitrile. A ho- 
mologous series of both conjugated and non- 
conjugated diolefins was chromatographed iso- 
thermally on the squalane column at 100 C to 
aid in identifying pyrolysis products. 

Two major peaks were observed plus a 
smaller peak having a retention time identical 
to a C 9 nonconjugated diolefin. The first major 
peak corresponded on the log-log plot to 
neither a nonconjugated, nor a conjugated C 9 
diolefin, nor a higher or lower homolog. Since 
the elemental analysis suggested a C9H~6 for- 
mula, a sample was hydrogenated over a palla- 
dium catalyst (Materials and Methods). Al- 
though the hydrogen uptake was slightly less 
than theory (36.0 vs. 41.8 ml), it clearly 
indicated the product's diene nature. GLC of 
the hydrogenated material (on squalane) gave a 
peak having a retention time identical to 
n-nonane, and chromatography on squalane as 
an admixture with n-nonane gave a single peak. 
The foregoing evidence indicated that the pyro- 
lyzate was a mixture of isomeric nonadienes. 

Mass spectrometry showed that the pyroly- 
zate had a molecular weight of 124, identical to 
that of a C 9 diolefin, but failed to corroborate 
the structure as 2,4-nonadiene. 

The pyrolyzate from 4-acetoxy-2-nonene 
was analyzed by NMR spectroscopy (Table I). 
NMR showed four theoretical olefinic protons, 
a condition which establishes two double bonds 
in the pyrolyzate. Conclusive proof that the 
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FIG. 2. NMR spectra of nonadiene isomers from 
pyrolysis of 4-acetoxy-2-nonene: (A) Authentic 
1,3-nonadiene, (B) fraction 1 from preparative GLC 
column, and (C) fraction 2 from preparative GLC 
column. 

pyrolyzate was indeed a mixture of positional 
isomers is indicated by the number of a-methyl 
protons. Table I reveals that instead of the 
three expected (calculated as 2,4-nonadiene) 
a-methyl protons, only 1.5 were found. Since 
GLC indicated approximately a 50:50 distribu- 
tion between the two major components and 
NMR showed only half the a-methyl protons, 
further evidence was obtained that the pyrol- 
ysis of 4-acetoxy-2-nonene gives a 50:50 mix- 
ture of 2,4- and 1,3-nonadienes. 

To further characterize the pyrolyzate from 
the allylic ester, preparative GLC was investi- 
gated as a means of separation. Since the 
boiling point of the pyrolyzate was fairly 
narrow (61-63 C, 3 ram), it would appear that 
ordinary distillation could not be used to 
separate the two isomers. Separations of posi- 
tional isomeric olefins by spinning band col- 
unms, however, have been reported (5). Re- 
peated injections of 100 /al each were made 
until  enough material was collected for analysis 
by NMR, IR, UV and mass spectroscopy. 

Rechromatography (on squalane) of the 
fractions from preparative GLC showed that 
purities of about 90% resulted, with each 
fraction containing about 10% of the other 
isomer. In addition, GLC of the preparative 
GLC fractions on squalane showed that the 
elution order of the components was the same 

1200 
I 

IGGO 800 600 
Frequency, c m y  I 

FIG. 3. IR spectra of nonadiene isomers. Solvent 
carbon disulfide. (A) Fraction 1 from preparative GLC 
column, 17.7 mg/ml, path length 0.01 cm; (B) fraction 
1 from preparative GLC column, 16.0 mg]ml, path 
length 0.01 cm; and (C) whole pyrolyzate from 
3-acetoxy-l-nonene, 21.2 mg/ml, path length 0.021 
cm. 

on both the squalane and preparative columns. 
Purity did, however, permit conclusive identifi- 
cation of the dienes. 

The normalized mass spectra of the prepara- 
tive GLC fractions are reproduced in Figure I. 
The spectrum for an authentic sample of 
1,3-nonadiene is included for comparison. The 
mass spectra for the preparative GLC fractions 
are difficult to interpret because of rearrange- 
ment peaks at m/e ratios of 54 and 68. In 
fraction 1 (Fig. 1, Part B) respective m/e peaks 
at 27 and 67 indicate cleavage occurred be- 
tween carbons 2 and 3 and carbons 5 and 6. 
The base peak at m/e 54 is a rearrangement 
peak and cannot be explained by a simple 
carbon-carbon cleavage. Likewise, the base peak 
m/e 68 in fraction 2 (Fig. 1, Part C) is a 
rearrangement peak. If Parts A and B of Figure 
1 are compared, spectra of the authentic sample 
of 1,3-nonadiene and fraction 1 from the 
preparative GLC column are identical. 

In his review on mass spectrometry of 
organic compounds, Beynon (10) points out 
the difficulty of establishing the structure of 
simple olefins because of similarity in their 
mass spectra. It is, therefore, not surprising that 
the mass spectra of the nonadiene isomers are 
complex and difficult to interpret. 

The NMR spectra of the preparative GLC 
fractions are reproduced in Figure 2, along with 
that of an authentic sample of 1,3-nonadiene. 
When the authentic sample (Part A) and frac- 
tion 1 (Part B) from the preparative GLC 

LIPIDS, VOL. 6, NO. 9 



PYROLYSIS OF SOME ACETOXYNONENES 639 

colmma are compared, it is evident that the 
materials are identical. The doublet at 1.8 ppm 
in peak 3 (Part C) results from the olefinic 
methyl proton and confirms the assignment of 
fraction 2 as the 2,4-nonadiene isomer. 

IR spectroscopy also supported the struc- 
tural assignments of the preparative GLC frac- 
tions. Fraction 1 has strong bands at 898 and 
1002 cm-1, both  characteristic of terminal 
(vinyl) conjugated polyenes (11) (Fig. 3). Frac- 
tion 2 has a strong band at 988 cm -1 indicative 
of trans, trans unsaturation. Trans, trans unsatur- 
ation could only result from an internal conju- 
gated system. 

The pyrolysis products from 3-acetoxy-1- 
nonene were analyzed by GLC on ~g'-oxydi-  
propionitrile. Results indicate an isomer distri- 
bution of about 85% 1,3-nonadiene and 15% 
2,4-nonadiene. A similar composition was ob- 
tained by GLC on squalane. 

These studies indicate that pyrolysis of 
3-acetoxy-l-nonene and 4-acetoxy-2-nonene 
gives conjugated products almost exclusively. 
UV spectroscopic data for the whole pyrolyzate 
from 4-acetoxy-2-nonene, before and after frac- 
tionation by preparative GLC, are given in 
Table II. 

The ema x and e values are in the range 
reported for conjugated aliphatic polyenes (12). 
Data for peak 1 (1,3-nonadiene) are in good 
agreement with the data of Butler and Ray- 
mond (13). The whole distilled pyrolyzate from 
3-acetoxy-l-nonene has a Xma x of 226 nm with 
an e of 26,340 liters mole -1 cm -1 . 

Attempts to determine the composition of 
geometric isomers formed in the pyrolysis 
reactions has been complicated because, to our 
knowledge, the extinction coefficients for the 
pure isomers have never been reported. IR 
spectra (600-1200 cm -l)  for the preparative 
GLC fractions and the pyrolyzate from 3-ace- 
toxy- l -nonene appear in Figure 3. Part A 
represents fraction 1 from the preparative GLC 
column. Strong bands at 1002 and 898 cm -1 
due to the out-of-plane deformations of the 
vinyl group and a moderately strong band at 
948 cm-i due to the out-of-plane deformation 
of the trans-disubstituted ethylenic structure, 
confirm a 1,3-trans-nonadiene structure. Part B 
(fraction 2, preparative GLC column) shows 
weak bands at 1002 and 898 cm -1 due to the 
vinyl group resulting from the 10%, 1,3-isomer 
present as an impurity. A weak band at 945 
cm -1 is due to a trans-disubstituted ethylenic 
out-of-plane band, possibly due to the trace of 
1,3-trans-nonadiene influenced by a 2,4-trans, 
cis-nonadiene. Part C (whole distilled pyroly- 
zate 3-acetoxy-l-nonene) contains strong vinyl 
absorption bands at 1002 and 898 cm-1 due to 

TABLE II 

UV Spectroscopic Data for Whole Pyrolyzate 
of 4-Acetoxy-2-nonene Before and After 

Separation by Preparative GLC (in Isooctane) 

Fraction hma x nm e m o l e  -1 crn -1 

Whole pyrolyzate 226 24,300 
Peak I a 226 23,150 
Peak II a 228 27,780 

aFrom preparative GLC column. 

the vinyl group and at 955 cm -1 due to the 
trans unsaturation indicating a 1,3-trans- 
nonadiene and a moderately weak band at 988 
cm-1 due to a 2-trans-4-trans-nonadiene. 

The IR data show that the nonadienes from 
pyrolysis of 4-acetoxy-2-nonene have primarily 
the 1,trans-3 and trans-2,trans-4 structures, 
respectively. 

These observations are in partial accord with 
Greenwood (5) who reported that the trans 
isomer was the major component in the 1,3- 
heptadiene isolated from the pyrolysis of  4-ace- 
toxy-2-heptene. However, Greenwood found 
that 2,4-heptadiene was composed of a 50:50 
mixture of the trans-trans and cis-trans isomers, 
whereas our data indicate trans-trans predomi- 
nates. 

Conditions promoting the isomerization of 
olefins under pyrolysis are poorly defined in 
the literature. Both thermal and chemical ef- 
fects have been suggested as causes for isomeri- 
zation of olefins during pyrolysis. 

Conditions affecting isomerization during 
pyrolysis include acetic acid formed in the 
reaction and carbonization on the helices or 
reaction tube. Grummitt  and Mandell (7) sug- 
gested acetic acid might cause isomerization 
when cyclic acetates are pyrolyzed. Bailey and 
Rosenburg (14) found that carbonization on 
helices and the reaction tube promoted isomeri- 
zation of  1,2-dimethyl-4-cyclohexene and that 
carbonization occurred when more than 
60-70% of the theoretical acetic acid was 
liberated. 

Carbonization can probably be ruled out 
here because only trace carbon deposits were 
found on the glass helices or the reaction tube. 
Under the conditions employed, since about 
47% of the theoretical acetic acid was split out, 
which is below the critical limit found by 
Bailey and Rosenburg (I4) ,  excessive acetic 
acid is ruled out as a cause for isomerization. 

Little information is available on thermal 
stability of unsaturated materials to pyrolysis 
conditions. Bailey et al. (14,15) prepared many 
unusual cyclic olefins via ester pyrolysis reac- 
tions without rearrangement. 2,4-Heptadiene is 
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said no t  to  rearrange at 350 C while some 
rear rangement  (17%) of  the  1,3-isomer was 
observed (5). F r o e m s d o r f  et  al. (3) found  when  
cis -2-butene  was subjec ted  to  pyrolysis  condi-  
t ions,  no convers ion to the  l q s o m e r  occur red  
and no  trans i somers  were fo rmed .  

Our data indicate  15% convers ion f rom the 
1,3- to  the 2,4-isomer,  which  amoun t  is in good 
agreement  wi th  G r e e n w o o d ' s  work (5). Un- 
doub ted ly ,  i somer iza t ion  of  1,3-nonadiene,  
fo rmed  during pyrolysis  o f  3 - ace toxy - l -nonene ,  
can be a t t r ibu ted  to the rmal  effects .  
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Diesters of Diols in Wheat Leaf Wax1 

A.P. TULLOCH, National Research Council of Canada, Prairie, 
Regional Laboratory, Saskatoon, Saskatchewan, Canada 

ABSTRACT 

Diesters have been isolated from the 
leaf wax of spring wheat, Tri t icum aesti- 
r u m ,  L. (Selkirk variety) by chroma- 
tography. The diesters, which form 3% of 
the wax and which were shown by gas 
liquid chromatography to be a mixture of 
C51-C60 esters, consist largely of trans 
2-docosenoic and trans 2-tetracosenoic 
acid esters of 1,9-nonanediol, 1,10-dec- 
anediol, 1,11-undecanediol and 1,12- 
dodecanediol. The structures of the com- 
ponents were confirmed by synthesis. 

I NTRODUCTI  ON 

Small amounts of esters of trans 2-docosenoic 
and trans 2- te tracosenoic  acids were detected in 
leaf wax of Little Club wheat (1) but their 
complete structure was not determined. Similar 
esters have now been isolated from leaf wax of 
Selkirk variety of spring wheat, Tri t icum aesti- 
r u m  L. and shown to consist mainly of diesters 
of C9-C12 a,co-diols and the above two acids. 

EXPERIMENTAL PROCEDURES 

NMR spectra were obtained with a Varian 
HA-100 spectrometer; chemical shifts are in 
part per million from internal tetramethylsilane 
and the solvent was carbon tetrachloride. 

Thin Layer Chromatography 

Analytical thin layer chromatography (TLC) 
w a s  carried out using Silica Gel G plates, 
prepared with spreader setting 0.025 in (0.675 
ram), the solvent was chloroform containing 1% 
ethanol v/v (2), and Rf values were as follows: 
tetracosyl tetracosanoate, 0.72; diol diester and 
methyl tetracosanoate, 0.55 ; tetracosanol, 0.15 ; 
spots were detected by spraying with 50% 
H2SO 4 and heating with an IR lamp. 

Ethanolysis products were examined in ben- 
zene containing 30% ethyl acetate by volume 
and Rf values were: ethyl trans 2-tetraco- 
senoate, 0.72; tetracosanol, 0.43; 1,10-dec- 
anediol 0.04. 

Preparative TLC was carried out on 20x20 
cm plates of Silica Gel G, 1.3 mm thick, using 
chloroform containing 1% ethanol by volume as 
solvent; the rest of the procedure was as 

lIssued as NRCC No. 12064 

described by Allebone et al. (3) and gave 
quantitative recovery. 

Gas Liquid Chromatography 

Analytical gas liquid chromatography (GLC) 
was performed using an F and M model 402 gas 
chromatograph with flame ionization detectors, 
fitted with a 5 ft x 1/8 in. stainless steel column 
packed with 80-100 mesh, acid washed and 
silanized, Chromosorb W coated with 2% sili- 
cone SE 30. The temperature was programmed, 
at 2 C/min, from 300 to 380 C for analysis of 
diol diesters, from 100 to 160 C for diol 
diacetates and from 125 to 225 C for ethyl 
esters; the flow rate was 40 ml helium/min. 

Preparative GLC was carried out with a unit 
of conventional design with thermal conductiv- 
ity detectors fitted with a 3 ft x lJ4 in. stainless 
steel column packed with 10% silicone SE-30 
on 60-80 mesh Anachrom ABS; the flow rate 
w a s  20 ml helium/min. 

isolation of Diol Diesters 

Leaf wax (10.5 g), isolated as previously 
described (1), was chromatographed on Biosil A 
(Bio Rad Laboratories) (200 g). When most of 
the free alcohols had been eluted by hexane- 
chloroform (17:3), a mixture (3.5 g ) o f  free 
acids, hydroxy 3-diketones, diol diesters, alco- 
hols and unidentified material was eluted by 
hexane-chloroform, 1:1. After treatment with 
diazomethane, this mixture was rechromato- 
graphed on Biosil A ( t00  g). Methyl esters 
(from free acids) and alcohols were eluted first 
and crude diol diesters were then eluted by 
hexane-chloroform (17:3). Pure diesters (0.3 g) 
were obtained by preparative TLC. NMR: CH 3, 
0.88; CH2, 1.27; H-4 of a f t -unsa tura ted  ester, 
2.18 (multiplet); CH 2 of -CH2-O-COR, 4.03 
(triplet); H-2, 5.70 (doublet, J=16 cps); H-3, 
6.82 (two triplets, J=16 cps). The ratio of the 
intensities of the last four signals was 2:2:1:1 in 
agreement with the foregoing assignments. 

A portion of the diesters was hydrogenated 
in ethyl acetate over 5% palladium charcoal and 
the product completely recovered by extraction 
of the catalyst with boiling chloroform. 

Ethanolysis of Diol Diesters 

Diol diesters (0.21 g) were refluxed over- 
night in ethanol containing 5% HC1 by weight 
(25 ml), chloroform (25 ml) was added, the 
mixture neutralized with Ag2CO3, filtered, Ag 
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FIG. t. GLC separation of hydrogenated diol 
diesters; A, before, and B, after addition of 1,10-dee- 
anediol didocosanoate. 

salts washed with chloroform and the combined 
filtrates evaporated. TLC (benzene containing 
30% ethyl acetate) showed that complete etha- 
nolysis had occurred giving ethyl esters and 
diols. 

The mixture was acetylated (acetic anhy- 
dride and pyridine) and chromatographed on a 
silicic acid column. Ethyl esters (0.15 g) were 
eluted with hexane-ether (97:3) and diol ace- 
tates (0.044 g) with hexane-ether (9:1). The 
ethyl esters were identified by GLC and NMR 
spectroscopy as previously described (1). 

Ethyl t rans  2-docosenoate and t rans  2-tetra- 
cosenoate were separated by preparative GLC 
at 240 C, saponified and the acids crystallized 
from acetone. Trans  2-docosenoic acid had mp 
and mixed mp 71-72 C and t rans  2-tetracose- 
noic acid had mp and mixed up 76.5-77.5 C. 

Diol acetates were separated by preparative 
GLC at 150 C and free diols, obtained by 
refluxing with methanolic hydrogen chloride, 
were crystallized from benzene. 1,10-Decane- 
diol had mp and mixed mp 72.5-73.5 C, 
1,11-undecanediol had mp and mixed mp 
60.5-61.5 C and 1,12-dodecanediol had mp and 

mixed mp 80.0-81.5 C. The C 9 diol was not 
isolated but was identified by the retention 
times of the free diol and the diacetate. 

Synthesis of the Unsaturated Acids 

Trans  2-docosenoic acid was synthesized as 
described by Artamonov (4) and had mp 
70.5-71.5 C reference 4 gives 68.5-69 C). The 
methyl ester had mp 48-49C. C23H4402 
calculated: C 78.34, H 12.58. Found: C 78.54, 
H 12.64. Trans  2-tetracosenoic acid was synthe- 
sized by elimination of acetic acid from methyl 
3-acetoxytetracosanoate (5). 3-Hydroxytetra- 
cosanoic acid (6) was converted to methyl 
3 -hydroxy te t r acosanoa te  which had mp 
69.5-71.5 C. C25H5oO3 calculated: C 75.32, H 
12.64. Found: C 75.42, H 12.51. The hydroxy 
ester was acetylated (acetic anhydride and 
pyridine) and distilled, bp/0.1 mm 200 C. A 
solution of acetoxy ester (2.18 g) in t-butanol 
(200 ml) was refluxed and a mixture of 0.1 N 
aqueous NaOH (99 ml) and t-butanol (70 ml) 
added slowly over 40 rain. The solution was 
refluxed for a further 30 rain, cooled, acidified 
and the products extracted with chloroform. 
The products were converted to methyl esters 
with methanol containing 5% HC1 by weight 
and separated on a silicic acid column. Methyl 
t rans  2-tetracosenoate (1.09 g, 58% yield) was 
eluted with hexane-ether 96:4 and methyl 
3-hydroxytetracosanoate (0.81 g) was eluted 
with hexane-acetone 95:5. 

Crystallization from acetone gave methyl 
t rans  2-tetracosenoate with mp 53.5-54.5 C. 
C25H4802 calculated: C 78.88, H 12.7t .  
Found: C 79.06, H 12.77. 

Trans  2-tetracosenoic acid was obtained by 
saponification and after crystallization from 
acetone and had mp 76.5-77.5 C. C24H4602 
calculated: C 78.62,. H 12.65. Found: C 78.50, 
H 12.52. 
Synthesis of Diols and C54 Diol Diester 

Diols were obtained by reduction of the 
corresponding dicarboxylic acids with LiA1H 4 
in the usual way and crystallized from benzene. 
The C1o diol had mp 72-72.5 C (lit (7) 32 C), 
The C 11 diol nap 60.5-61.5 C (lit (8) 62-62.5 C) 
and the C12 diol mp 80-81 C (lit (9)80-81 C). 

1,10-Decanediol didocosanoate. 1,10-Dec- 
anediol (0.61 g) was dissolved in methylene 
chloride (20 rot) and pyridine (2 ml) and a 
solution of docosanoyl chloride (2.50 g) in 
methylene chloride (5 ml) added and the 
mixture refluxed overnight. The product was 
extracted with chloroform, washed with 2 N 
CH1 and with water and crystallized from 
c h l o r o f o r m .  The mp was 78.5-80 C. 
C54Hlo604 calculated: C 79.15, H 13,04. 
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TABLE I 

Composition of Diol Diesters 

Composition calculated 
Carbon atoms Composition from random 

No. (by weight) distribution 

51 0.7 --- 
52 2.3 --- 
53 8.0 3.9 
54 13.6 9.3 
55 21.4 16.6 
56 22.2 21.7 
57 16.7 20.1 
58 10.2 16.8 
59 3.l "7.4 
60 1.8 4.2 

Found: C 79.1 1, H 13.26. This diester had the 
same Rf on TLC as the natural compounds. 

RESULTS AND DISCUSSION 

The diol diesters had unusual chromatog- 
raphic properties in that they were eluted from 
a silicic acid column just after the major alcohol 
fraction but on TLC they had a much greater 
Rf than the alcohols making it possible to 
purify them by preparative TLC. 

GLC analysis showed that the diesters had 
chain lengths ranging from CsI to C60. The 
NMR spectrum contained characteristic signals 
at 5.70 ppm and 6.82 ppm (with coupling 
constants of 16 cps) due to H-2 and H-3 
respectively of  trans a f t - unsa tu ra t ed  esters (1). 
Ethanolysis of the diesters gave ethyl esters and 
diols, GLC analysis indicated that the ethyl 
esters were derivatives of trans 2-docosenoic 
and trans 2-tetracosenoic acids (1) and this was 
confirmed by isolation of the individual acids 
and comparison with authentic synthetic acids. 
The chain lengths of the diols were indicated by 
GLC analysis to be C9, CIO , C I I  and C12 and 
the structures were also confirmed by isolation 
and comparison with synthetic compounds. 

The diol diesters were not completely re- 
solved by GLC due to partial separation of 
saturated and unsaturated components but a 
fairly good separation (Fig. 1) was obtained 
after hydrogenation. The chain lengths of the 
components were established by reanalysis after 
addition of synthetic Cs4 diester (Fig. 1B). The 
composition of the hydrogenated diesters is 
given in Table I, the results being fairly similar 
to those calculated assuming a random distribu- 
tion and the presence of C22 and C24 acids 
only. 

The composition of  the acids is shown in 
Table II and that of the diols in Table llI. The 
acids of the diol diesters are thus limited almost 
entirely to the trans 2-unsaturated C22 and C24 

TABLE II 

Composition of Acids of Diol Diesters 

Acid Percentage (by weight). 

Docosanoic 5.0 
7u 2-docosenoic 46.7 
Tetracosanoic 5.2 
Trans 2-tetracosenoic 40.4 
Unidentified a 2.7 . 

afire unidentified components. 

acids making a surprising constrast with the 
acids of the monoesters and free acids of the 
wax which contain about 70% of saturated 
C16-C30 acids in addition to the above two 
unsaturated acids (A.P. Tulloch and L.L. Hoff- 
man, unpublished work). Except for the previ- 
ous finding in Little Club wax (1) these acids 
have not been found in nature before; trans 
2-docosenoic acid has, however, been synthe- 
sized (4). 

Of the diols only 1,12-dodecanediol has 
been reported previously in natural compounds; 
it occurs as an estolide in conifer waxes (10). 
The chain length distribution, approximately 
equal amounts of odd- and even-numbered 
components,  is quite unusual since long chain 
natural products are usually either almost all 
even-numbered or all odd-numbered. 

Very long chain diols have been isolated 
from saponified carnauba wax (11) and apple 
wax (12) but whether they are present in the 
original wax as diol diesters or as hydroxy 
monoesters is not clear. Diesters of long chain 
a,co-1 diols are present in beeswax (2) and 
diesters of aft  diols in animal skin lipids (13). 
The diesters of 2,3-diols in wax of turkey preen 
gland (14) are of interest since the C19-C23 
diols consist of approximately equal amounts 
of even- and odd-numbered components. 

Very small amounts of diesters of C2-C4 
diols may be present in plant lipids (15) but no 
diesters of  the medium chain length diols 
reported here seem to have been described 
previously. 
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TABLE III 

Composition of Diols of Diol Diesters 

Diol Percentage (by weight) 

1,9-Nonanediol 13.6 
1,10-Decane diol 32.4 
1,11 -Undecane diol 34.4 
1,12-Dodecanediol 19.6 _ 
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spectra by M. Mazurek and  elemental  analyses by W.C. 
Haid. 
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The Turnover Time of Dietary 
Cholesterol in the Lactating Rat 1 
D.J. EASTER, Borland Laboratory, Department of  Dairy Science, 
The Pennsylvania State University, University Park, Pennsylvania 16802 

ABSTRACT 

The secretion of dietary 4 -14C-choles- 
terol into milk of the rat was determined 
as a function of post-feeding time by a 
single dose technique. The time interval 
which elapsed before maximum specific 
radioactivity was reached in milk (17-20 
hr after maximum activity in the serum) 
suggests a route through the mammary 
gland involving transport of the choles- 
terol by intracellular membranes. It also 
suggests that the exogenous cholesterol is 
incorporated into the milk fat globule 
membranes rather than into the fat glob- 
ules during their synthesis within the cell. 

INTRODUCTION 

The transport of dietary cholesterol into 
milk has been investigated in lactating rats by 
using either a steady state system of feeding to 
isotope equilibrium (1,2), or by a pulse system 
(1) where chylomicron-cholesterol uptake by 
the mammary gland over a very short time 
period (2-12 rain) was examined. These experi- 
ments have demonstrated that 10-15% of the 
serum cholesterol is of dietary origin; the 
remainder is presumably synthesized de novo in 
the body. The relative roles of the liver and 
mammary gland in cholesterol biosynthesis for 
milk production are uncertain ( 1 ). 

After feeding guinea pigs a single dose of 
radioactive cholesterol, the isotope was de- 
tected in milk, with a maximum activity at 2-5 
days after feeding. Since the rate of uptake of 
the isotope into the serum was not  investigated, 
the turnover of serum cholesterol cannot be 
calculated. 

In this report, the single dose technique is 
applied to lactating rats, and the turnover time 
of serum cholesterol into milk fat is studied by 
measuring the transient levels of radioactivity in 
serum and milk. 

EXPERIMENTAL PROCEDURES 

Animals 

The rats used in this study (Sprague-Dawley, 

1paper No. 3978 in the Journal Series of the 
Pennsylvania Agricultural Experiment Station. 

270-410 g) were each nursing six pups and were 
maintained on normal laboratory rat cake 
(0.06% cholesterol) and water (ad lib) for the 
duration of the experiment. 

Administration of Isotope 

The lactating rats were force-fed 5.0-6.2 #C 
(0.09-0.11 /amoles) 4-C]4-cholesterol (New 
England Nuclear, Boston, Mass.) in 0.5 ml corn 
oil by garage, between 12 and 14 days post 
partum. 

Collection and Treatment of Samples 

Blood samples were collected by tail-chop- 
ping under ether anesthesia at various times 
after feeding. The sera were prepared by centri- 
fugation. Milk samples were collected under 
slight suction after injection of 0.1 USP units of 
oxytocin, usually at the same time as blood 
samples. The material egested over the experi- 
mental period was softened with water and 
extracted with chloroform-methanol (2:1 v/v). 

Determinations 

Cholesterol levels in milk and sera were 
determined by the colorimetric method of 
Abell e t  al. (4). Radioactivity was measured by 
counting aliquots in Instagel scintillation fluid 
(Packard Instrument Co., Inc., Downers Grove, 
Ill.), correcting for chemical quenching by the 
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FIG. 1. Uptake of dietary 4-14-C-cholesterol. Ap- 
pearance of radioactivity in serum. To correct for 
differences in dose, uptake and the effects of dilution 
by intestinal synthesis of cholesterol, the radioactivity 
per milliter of serum is corrected to a common mean 
at 24 hr = 100 units/ml for each experiment. The 
actual values (d/m/ml at 24 hr) were 18.8 x 103, 9.4 x 
103 and 10.4 x 103 d/m/ml, respectively. Experiment 
1, x; experiment 2, 0; experiment 3, v. 
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FIG. 2. Uptake of dietary 4-14C-cholesterol. Ap- 
pearance of radioactivity in milk. To correct for the 
differences in serum 4-14-C cholesterol levels, the 
same correction factors used in Figure 1 were applied 
to the milk radioactivity data, e.g., experiment 1,100 
units = 18.8 x 103 d/m. Experiment 1, x; experiment 
2, 0; experiment 3, v. 

channels-ratio method. Fecal cholesterol was 
assayed by counting aliquots of the extracts, 
correcting for color-quenching by addition of 
internal standard (U-Cl4-toluene, Packard 
Instrument Co., Inc.) and recounting. 
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FIG. 3. Uptake of dietary 4-14C-cholesterol. Com- 
parative data on serum and milk radioactivity in 
experiment 3. The data are plotted as arbitrary units 
of 14C activity per milligram cholesterol by applying 
correction factors as in previous Figures (experiment 
3, 100 units 14C = 15.3 x 103 d/m). Experiment 1, x; 
experiment 2, 0; experiment, 3 v; Milk radioactivity, 
experiment 3, 0. 

RESULTS A N D  DISCUSSION 

Balance Studies 

At the end of  each experiment, determina- 
tion of fecal radioactivity demonstrated that a 
high proportion of the fed isotope (77-86%) 
was absorbed and retained by the lactating rat 
for the duration of the experiment. The radio- 
activity recovered in the milk represented 
5-11% of the total retained isotope. These 
results are slightly lower than those reported 
from isotope equilibrium studies (1,2), and 
probably represent the initial phase of  the 
incorporation (i.e., serum -+ mammary gland -+ 
milk). Over a longer time period, the more 
complete system involving the reversible ex- 
change of cholesterol between serum and other 
tissues (approximately 14 mg/day) (5) would 
involve progressively more radioactive choles- 
terol originally taken up by the body in general, 
being secreted into milk. 

Radioactivity Levels in Blood and Milk 

The appearance of 4-C 14-cholesterol in the 
blood stream at various times after feeding is 
illustrated in Figure 1. The results from three 
experiments are plotted to show the high 
degree of correlation of the response. The 
maximum level of  radioactivity in the serum 
occurred approximately 8-10 hr after feeding, 
the level dropping after this peak with a 
turnover time of approximately 50 hr. 

In Figure 2, the radioactivity levels in milk 
collected at various time intervals after feeding 
is given for each experiment. A fair correlation 
is demonstrated between the rates of secretion 
of 4-Cl4-cholesterol in each animal; the maxi- 
mum activity occurred 25-50 hr after feeding. 

In Figure 3, the data from one experiment is 
examined in more detail. A direct comparison 
of the maximum specific activity of milk and 
blood cholesterol suggests that the serum con- 
tributes 70% of the milk cholesterol. However, 
Clarenburg and Chaikoff (1) have pointed out 
that dietary cholesterol in the serum is associ- 
ated almost entirely with chylomicra. These 
workers demonstrated that the rat mammary 
gland rapidly takes up chylomicra-cholesterol in 
vivo. The specific activity of the cholesterol 
which the mammary gland takes up from the 
serum must therfore be higher than that of  the 
serum cholesterol in general. Clarenburg and 
Chaikoff (1) calculate that the serum choles- 
terol pool used by the mammary gland has a 
specific activity four times greater than that of 
the total serum. However these authors do not 
correct for the effect of the liver, which would 
be just as likely to take up serum chylomicra, 
and would release the cholesterol back into the 
circulation as lipoprotein. Whether the mam- 
mary gland takes up lipoprotein cholesterol has 
not been studied, but by analogy with other 
tissues, the process would be expected to occur, 
if only at a slower rate than of chylomicron 
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uptake (turnover time of lipoproteins in nonlac- 
tating rats is four days) (6). The net effect of  
this process would be to raise the proportion of 
the serum cholesterol contribution to milk 
cholesterol. 

There is evidence (7) that the liver and 
carcass approximate to a two-pool open system 
for cholesterol. If this is true, all calculations 
based on specific activity ratios can only be 
approximate, since the contribution of carcass 
cholesterol (nonlactating rat turnover time is 30 
days, i.e., 14 mg cholesterol exchanged per day) 
(5) cannot be ignored. 

The maximum specific activities in serum 
and milk cholesterol (Fig. 3) are approximately 
at 10 hr and 30 hr respectively. The serum 
value represents the slow release of 4-C 14- 
cholesterol-labeled chylomicra into the circula- 
tion, a phenomenon observed in dogs (8) and 
humans (9,10). The relative shapes and posi- 
tioning of the specific activity curves indicates a 
product-precursor relationship, with a turnover 
time (measured as time between curve maxima) 
of 20 hr. The initial 4-5 hr delay in milk 
cholesterol secretion after feeding is indicative 
of the minimum time for passage of cholesterol 
through the mammary gland into the milk. 

The turnover time cannot be determined 
accurately by graphical means (11) since insuf- 
ficient data is available on serum cholesterol 
0-10 hr, and the initial delay in milk secretion 
has to be known accurately and taken into 
account. An approximate value was calculated 
using a 5 hr delay and extrapolation of serum 
cholesterol data as 12 hr + 5 hr = 17 hr for the 
turnover time serum ~ milk. 

Examination of the data by semi-log plot 
(Fig. 4) shows that the time between peak 
maxima is 20 hr, in good agreement with the 
results obtained above. The decline of serum 
and milk cholesterol specific radioactivities are 
exponential, with turnover times of 49 hr and 
79 hr respectively. 

The time required for other milk constitu- 
ents to pass from the blood through the 
mammary gland into the milk is usually much 
shorter than the 17-20 hr required for serum 
cholesterol. For instance, data will be presented 
in a later publication to show that p32 incor- 
poration into milk (either as inorganic phos- 
phate or phospholipid phosphorus) is maximal 
4-6 hr after intravenous injection. Similarly, 
serum fatty acids (either free or derived from 
lipid hydrolysis during entry into the mammary 
gland) require 6-8 hr for passage through the 
mammary gland to maximum activity in milk 
(D.J. Easter, unpublished observations). 

Cholesterol is a major constituent of the 
membranes surrounding the milk fat globule 
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FIG. 4. Uptake of Dietary 4-14C-chotesterol. Com- 
parative data on serum and milk radioactivity in 
experiment 3. The data presented in Figure 3 are 
plotted in semi-log form. Symbols as in Figure 3. 

(12). Present theories on milk secretion (13) 
suggest that these membranes are derived by 
envelopment of the globule by plasma mem- 
branes during passage of the globule out of the 
cell into the lumen. The plasma membrane in 
turn is regenerated by the process: endoplasmic 
reticulum ~ golgi vesicles -+ plasma membrane. 

Since serum cholesterol requires 17-20 hr to 
pass through the mammary gland cell into milk, 
we must conclude that exogenous cholesterol is 
not incorporated into the milk fat globule 
during the latter's synthesis within the cell. 
Instead, the cholesterol is incorporated i n to  
intracellular membranes, and eventually be- 
comes part of the plasma membrane at the apex 
of the cell. Exogenous cholesterol is therefore 
incorporated into the milk during the final 
stage of milk production, the enveloping of the 
milk fat globule by membranes during milk 
secretion. 
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Liver Phospholipids of Rats Fed a Choline-Deficient 
Diet Supplemented With Choline or Methionine 

JOYCE L. BEARE-ROGERS, Research Laboratories, Food and 
Drug Directorate, Department of National H~alth and Welfare, 
Ottawa, Canada 

ABSTRACT 

The low a m o u n t  of  a r ach idon ic  acid in 
the  t o t a l  phospho l ip ids  in  the  liver of  ra ts  
fed a s t anda rd  t ype  of  cho l ine-def ic ien t  
d ie t  was co r rec ted  by e i the r  chol ine  or 
m e t h i o n i n e ,  w h i c h  also increased  food  
in take .  Chol ine  increased  the  c o n t e n t  of  
this  f a t ty  acid in the  p h o s p h a t i d y l  e th-  
ano l amine  b u t  n o t  in the  p h o s p h a t i d y l  
chol ine .  M e t h i o n i n e  increased b o t h  the  
a m o u n t  of  p h o s p h a t i d y l  chol ine  and  its 
c o n t e n t  of  a r ach idon ic  acid.  

I NTRODUCTI  ON 

P h o s p h a t i d y l  chol ine  was s h o w n  to be de- 
r ived t h r o u g h  the  sequen t ia l  m e t h y l a t i o n  of  
p h o s p h a t i d y l  e t h a n o l a m i n e  in the  liver of  cho-  
l ine-def ic ient  ra ts  (1-5).  A decrease in the  t o t a l  
a m o u n t  of  p h o s p h a t i d y l  chol ine  was accom- 
pan ied  by  a r educed  level o f  a r ach idon ic  acid in 
p h o s p h a t i d y l  e t h a n o l a m i n e  (6) .  I t  seemed possi- 
ble t h a t  such  p h o s p h o l i p i d  a l t e ra t ions  migh t  
depend  u p o n  the  ef fec t iveness  of  the  m e t h y l a -  
t i on  of  some species of  p h o s p h a t i d y l  e thano l -  
amine  to  f o r m  p h o s p h a t i d y l  chol ine  r a t h e r  t h a n  
on  a def ic iency of  exogenous  chol ine  itself.  

Besides be ing  def ic ien t  in  chol ine ,  the  tes t  
diets  were also low in m e t h i o n i n e ,  a t t a i n e d  b y  
the  use of  soya or p e a n u t  p ro te ins  (1-6).  To 
ascer ta in  if the  re levan t  d ie ta ry  i nadequacy  was 
t h a t  of  m e t h y l  groups ,  m e t h i o n i n e  was added  
to  a chol ine-def ic ien t  diet  and  its ef fec t iveness  
in cor rec t ing  the  p h o s p h o l i p i d  m e t a b o l i s m  com- 
pared  to t h a t  o f  s u p p l e m e n t a r y  chol ine.  

EXPERIMENTAL PROCEDURES 

Male Wistar ra ts  weighing 68 to  81 g, f r o m  
Wood lyn  Farms ,  Gue lph ,  Ontar io ,  were divided 
i n to  th ree  s imilar  groups  on  the  basis of  b o d y  
weight .  One group  received the  chol ine-  
def ic ien t  diet  previous ly  descr ibed (6) ,  and  the  
o t h e r  groups  received th is  diet  s u p p l e m e n t e d  
w i th  e i the r  1% chol ine  b i t a r t r a t e  (Genera l  
Biochemica ls )  or 0 .5% L - m e t h i o n i n e  (Nutr i -  
t iona l  Biochemicals) .  Af t e r  two weeks the  livers 
were o b t a i n e d  f r o m  the  nonfasted rats ,  t he  
l ipids e x t r a c t e d ,  and  the  t o t a l  fa t  and  lipid 
p h o s p h o r u s  de t e rmined .  The phospho l ip id s  
were p rec ip i t a t ed  in a ce tone  s a tu r a t ed  w i th  
MgCI~, ind iv idual  phospho l ip id s  separa ted  b y  
th in  layer  c h r o m a t o g r a p h y  and  the  m e t h y l  
esters o f  the i r  f a t t y  acids ga s - ch roma tog raphed  
(6,7) .  To d is t inguish  20 :5  ~ 3  f r o m  20 :5  ~o6, 
relat ive r e t e n t i o n  t imes  were e m p l o y e d  (8).  
M e t h y l  a rach ida te  (Appl i ed  Science Labora-  
tor ies)  was used as an  in t e rna l  s t anda rd  to 
q u a n t i t a t e  the  p h o s p h o l i p i d  f a t ty  acids. 

R ES U L TS 

As s h o w n  in Table  I, t he  a d d i t i o n  of  e i the r  
chol ine  or m e t h i o n i n e  to the  cho l ine-def ic ien t  
diet  i m p r o v e d  the  weight  gain of  rats ,  and  
m e t h i o n i n e  also s igni f icant ly  increased the  f o o d  
in take ,  l iver weight  a n d  lipid p h o s p h o r u s  level. 
The t o t a l  fa t  a ccumula t ed  in the  l iver of  the  
def ic ien t  ra ts  was lowered  to  a grea te r  e x t e n t  
by  cho l ine  t h a n  by  m e t h i o n i n e .  

The a m o u n t s  of  s a tu r a t ed  and  m o n o e n o i c  
f a t t y  acids in the  l iver p h o s p h o l i p i d s  were 

TABLE I 

Food Intake, Body and Liver Weights, Liver Lipid Phosphorus and Total Liver Lipid of Rats 
Fed for Two Weeks the Choline-Deficient Diet Alone or Supplemented With C h o l i n e  or M e t h i o n i n e  

Food intake, 
grams per Body weight, Liver weight, Total lipid P, Total lipid, 

Diet two weeks g g mg[liver rag/liver 

Choline-deficient 128+ 9 a 99_+6 5.75_+0.41 3.75_+0.26 9194-123 

+ choline 143 -+24 128 + 4  b 6.51 _+0.28 4.51 _+0.26 233 _+ 9 b 

+ methionine 173 _+ 9 b 141 _+ 5 b 7.26 _+ 0.33 c 4.90 + 0.29 c 382 _+ 30 h 

aMean _+ standard error of mean for seven rats. 

bDifferent from the unsupplemented choline-deficient group at P ~ 0.01. 
CDifferent from the unsupplemented choline-deficient group at P ~ 0.05. 
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FIG. 1. Amounts of polyunsaturated fatty acids in 
the total phospholipids of the seven rats in each group 
fed the unsupplemented choline-deficient diet (D), 
that diet supplemented with choline (C) or with 
methionine (M). Values shown, means _+ standard 
errors of the mean. 

similar in the three groups of rats, but, among 
the polyenoic acids (Fig. 1), the amount of 
arachidonic acid was low in the rats fed the 
unsupplemented choline-deficient diet. Added 
choline or methionine equally overcame this 
effect. 

According to the distribution of  phosphorus 
among the liver phospholipids (Fig. 2), the least 
phosphatidyl choline occurred in the rats fed 
the basal choline-deficient diet, and the most in 
those fed additional methionine. The quantities 
of the other phospholipids studied were not 
significantly altered by the dietary supple- 
ments. 

The discrepancy between the amounts of 
fatty acids in the total phospholipids and in the 
combined fractions of phosphatidyl ethanol- 
amine and phosphatidyl choline (Fig. 3) ap- 
pears to indicate that the minor phospholipids 
were an important reservoir of linoleic acid. 
The amount of this fatty acid in phosphatidyl 
choline, like its phosphorus, was elevated by 
choline and further increased by methionine. 
Supplementary choline augmented the amount 
of arachidonic acid in phosphatidyl ethanolam- 
ine but not in phosphatidyl choline, whereas 
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FIG. 2. Liver l ipid phosphorus in sphingomyelin 
(SBH), phosphatidyl choline (PC), a mixture of  phos- 
phafidyl serine and phosphatidyl inositols (PS + PI) 
and phosphatidyl ethanolamine (PE) in three rats 
randomly selected from each of the groups fed the 
unsupplemented choline-deficient diet (D), that diet 
supplemented with choline (C) or with methionine 
(U). 

methionine increased this fatty acid in both 
phospholipids. Docosahexaenoic acid was rela- 
tively high in phosphatidyl ethanolamine when 
arachidonic acid was low. This increased 
amount of the 6o3 polyenoic acid was not 
transferred to phosphatidyl choline. 

DI SCUSSI ON 

Methionine was more effective than choline 
in increasing the amount of phosphatidyl cho- 
line, but, as found by others (9,10), not in 
reducing the total lipids in the liver. Since the 
direct route for the synthesis of phosphatidyl 
choline from CDP-choline and diglyceride in- 
volves fatty acids which more closely resemble 
those of the accumulated liver fat than those 
der ived from phosphatidyl ethanolamine, 
Yamamoto (10) suggested that the direct route 
was more important in the removal of liver 
triglycerides. 

It is well established that methyl groups are 
involved in the conversion of phosphatidyl 
e t h a n o l a m i n e  to  phospha t idy l  choline 
(1 1-13, 3). Although more methyl groups were 
supplied here by I% choline than by 0.5% 
methionine, the latter appeared to be more 
effective in correcting the phospholipid altera- 
tions produced by the basal choline-deficient 
diet. In agreement with earlier work which 
indicated that the methyl groups of choline 
were not labile (9), Weingold (14) demon- 
strated their lack of utilization in the methyla- 
tion of phosphatidyl ethanolamine. Also, the 
results of Haggard and Parks (15) suggested that 

LIPIDS, VOL. 6, NO. 9 



LIVER PHOSPHOLIPIDS AND METHIONINE 651 

the incorporation of choline into phosphatidyl 
choline was independent of the methylation 
pathway. 

The increased intake of food, and conse- 
quently of linoleate, in the group supplemented 
with methionine might make more of this fatty 
acid available for arachidonate synthesis, but 
there was no evidence that linoleate was a 
limiting factor. 

In choline deficiency, there was an increased 
requirement for the synthesis of phosphatidyl 
choline from the sequential methylation of 
phosphatidyl ethanolamine. That was also the 
pathway for the synthesis of the species of 
phosphatidyl choline containing polyunsat- 
urated fatty acids (16-19). The availability of 
methyl groups would thus be expected to affect 
the production of phosphatidyl choline. This 
appears to be a reasonable explanation for the 
amount and the fatty acid composition of 
phosphatidyl choline produced in the present 
investigation of choline deficiency and the 
remedial effect of supplementary methionine. 
The change in the composition of phosphatidyl 
ethanolamine is less readily explained. It was 
previously suggested that linoleic may be con- 
verted to arachidonic acid within the phospha- 
tidyl ethanolamine molecule (7), but other 
phospholipids may be necessary for this synthe- 
sis. There is an indication, for example, that a 
desaturase requires the presence of phospha- 
tidyl choline (20). 

Since the phospholipid changes previously 
attributed to advanced choline deficiency were 
corrected by methionine, they should probably 
be considered to reflect a deficiency of methyl 
groups rather than of choline. 
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Resistance to the Effect of Phospholipase A 2 of the 
Biliary Phospholipids During Incubation of Bile 

P. BOUCROT and J.R. CLEMENT Laboratoire de Physiologie 
Anirnale et de la Nutrition, U.E.R. Nutrition 6, Boulevard Gabriel, 21-Dijon, France 

ABSTRACT 

Mixtures of fresh bile of the rat and of 
isolated hepatic phospholipids (one or the 
other of these components having been 
labeled with 3H oleic acid) were incuba- 
ted either with heated rat pancreatic 
juice, at 37 C during periods of 1 and 3 
hr, or with snake venom, at 25 C during 
periods of 17 and 36 hr, as sources of 
phospholipase A 2. After incubation, tri- 
tiated free oleic acid was measured since 
this acid was in the 2 position of both 
phospholipidic substrates. With heated 
pancreatic juice, no significant enzymatic 
hydrolysis of the bile phospholipids oc- 
cured, but isolated hepatic phosphohpids 
were readily attacked. With snake venom, 
the whole isolated hepatic phospholipids 
were very strongly hydrolyzed while bili- 
ary phospholipids were hydrolyzed to a 
much lesser extent. 

I NTRODUCTI  ON 

In previous experiments (1), small amounts 
of radioactive bile were obtained from a rat 
having received 9.10.3H 2 oleic acid by intra- 
venous perfusion. About 70% of the bile 
radioactivity was present as phospholipids (PL). 
The bile was introduced into the duodenum of 
fat-fed rats bearing a lymphatic fistulae. The 
activity recovered in the lymph lipids during a 
collection time of 17 hr was only 10% of the 
radioactive bile lipids introduced. In short term 
experiments (1 hr) a large amount of 3H oleic 
acid went into the portal blood; 50% of that 
radioactivity was present as PL. These results 
suggest that bile PL have been hydrolyzed at a 
slower rate than dietary PL and furthermore, 
that the two kinds of PL do not have the same 
way of absorption, since it is known that 
dietary PL are hydrolyzed in the intestinal 
lumen by the pancreatic juice phospholipase A 2 
and that their fatty acids go into the intestinal 
lymph as triglycerides (2,3). 

To prove that bile PL were protected against 
an enzymatic hydrolysis, we performed several 
in vitro experiments. Mixtures of fresh bile and 
isolated hepatic PL represented the substrate, 
one or the other of these components having 
previously been labeled with 3H oleic acid. 

They were incubated either with heated pancre- 
atic juice of rat or with snake venom as sources 
of phospholipase A2 (E.C.3.1.1.4. phosphatide 
acylhydrolase). The distribution of radioactiv- 
ity between lipid components was determined 
after the incubation. 

MATERIALS AND METHODS 

Collection of Bile 

Bile was collected for 6 hr from rats weigh- 
ing about 200 g; the cannula was near the liver, 
leaving the pancreatic duct intact (4). To obtain 
radioactive bile, the animals received, by intra- 
venous perfusion, 13 mg of pure potassium 
(9.10-3H2) oleate 200 /2 C (C.E.A., France) 
bound on 750 mg serum albumin dissolved in 4 
ml physiological buffer during 40 mn. 

Sources of Phospholipase A 2 

Pure rat pancreatic juice was collected at 0 C 
after cannulation of pancreatic duct. Protein 
content of this juice was about 14 mg/ml. 
Before incubation, the pancreatic juice was 
heated at 70 C for 5 min. 

Lyophilized snake venom (Naia-Naia) was 
provided by the Institut Pasteur (Pads, France). 

Preparation of Lipids 

Whole phospholipids or lecithins were pre- 
pared from lipid extracts of liver or bile by chro- 
matography on silicic acid column (5). To 
obtain radioactive PL, an intravenous perfusion 
was performed as described above; bile was 
collected for a period of 6 hr; the liver was 
removed 2 hr later. 

Triolein, dipalmitin and 1-monolaurin were 
commercial samples purified by thin layer 
chromatography (TLC). 

Incubation Media 

Each incubation medium, in experiments 
with pancreatic juice and with snake venom, 
contained 1 ml of bile (=3 mg of PL) and 7 mg 
of isolated PL (HPL) or lecithins (HL). The 
tritiated PL were present either as biliary PL 
(SA of fatty acid, 250,000 dpm) or as HPL (SA 
of fatty acids; 70,000 dpm). 

The preparation process of the phospho- 
lipids was performed by introduction in each 
flask of the hepatic phospholipids (HPL or HL) 
dissolved in chloroform-methanol (1 : 1 v/v). The 
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solvents were evaporated to dryness. One milli- 
fiter of bile was added and the flask was shaken 
at 30 C to obtain a homogenous mixture. In 
this way, the substrates were always identical 
and under the same physicochemical conditions. 

Incubation mixtures with pancreatic juice 
were prepared according to the method of 
Magee et al.(6) and under constant shaking at 
37 C for 1 or 3 hr; they contained, in addition 
to the PL substrates, 1 ml of pancreatic juice, 
borate buffer (pH 7,6) and up to 4,5 ml of total 
aqueous volume. Sometimes, trypsin (500 gtg) 
and CaC12 (5 mg) were added (experiments 
1,3,5,6,7 and 8) because the existence of an 
active form and of a zymogen of the phospho- 
lipase A 2 has been detected in the pancreatic 
juice. Trypsin converted this zymogen to its 
active form (7) and it was established that Ca ++ 
is the activator of this enzyme (8). 

Incubation mixtures with snake venom were 
prepared according to the method of Tattrie (9) 
and at 25 C during 17 and 36 hr periods. This 
medium had the same composition as the 
preceding one, but 100/lg of snake venom were 
used instead of 1 ml of pancreatic juice. We 
added 0.1 ml of a solution of CaCI2, 0.005 M 
and 4 ml of ether. 

In some experiments, 10 mg of triolein, 2 
mg of dipalmitin and 3 mg of monolaurin were 
added to observe their effect on the hydrolysis 
rate. The controls had the same composition 
and were incubated as were the experiments, 
but they contained no enzyme. In both kinds 
of incubation, HPL were dissolved in bile just 
before the introduction of borate buffer and 
enzymes; 0.25 ml of N.HC1 was added to stop 
enzymatic reaction. 

Extraction and Separation of Lipids 

Lipids were extracted with dimethoxymeth- 
ane-methanol (4:1 v/v). The proteins were 
removed and solvents evaporated to dryness. 
Lipids were recovered in chloroform-methanol 
(1:1 v/v) and bile acids accompanied the lipids 
in this solvent mixture. Lipids were separated 
on 250 # TLC plates, using 1/15 of the lipid 
material, developed in mixture, hexane-ether- 
acetic acid-water 90:20:2:3 v/v. In this system, 
conjugated bile acids had the same Rf as PL. 
[To check that biliary acids do not modify the 
separation of nonphosphorus lipids on TLC 
plates the following experiments were per- 
formed: 1 ml of bile mixed with 7 mg of 
radioactive free fatty acids (FFA) or triglycer- 
ides (TG) were incubated at 37 C during 1 hr. 
Lipids were extracted and separated as de- 
scribed in the text. All the radioactive material 
was recovered as FFA or TG. ] 

Spots were visualized using iodine vapor, 

scraped and introduced into a scintillation vial 
containing 1 ml of methanol; 2 hr later, 15 ml 
of scintillation liquid were added. Radioactivity 
was counted in a Packard Tri-Carb Scintillation 
Spectrometer, model 3324. Quenching was 
automatically corrected. 

RESULTS 

Position of 3H Oleic Acid in the Hepatic and Bile PL 

As the hydrolysis of radioactive substrates 
was followed by determination of the radioac- 
tivity of PL remaining in the media after the 
incubation, it was necessary to check the 
position of this acid in the labeled PL since it 
was established that phospholipase A 2 releases 
the fatty acid located on the 2 position of PL 
molecules. 

The degradation of the HPL (Table II) with 
snake venom showed that 85% of tritiated oleic 
acid was located in the 2 position; after 
enzymatic hydrolysis of isolated bile lecithins 
(experiment not described here) the percentage 
of labeled oleic acid located in the 2 position 
was found in a similar proportion. This result 
agrees with other findings on human and sheep 
bile PL (10,11). 

Rates of Hydrolysis of PL With 
Pancreatic Juice and Snake Venom 

These rates can be calculated from the per 
cent of tritiated PL in the controls and in the 
experiments (Tables I and II). 

The data indicate (a) that with heated 
pancreatic juice, no significant enzymatic 
hydrolysis of the bile PL occured, but that 11% 
to 50% of isolated HPL were hydrolyzed, and 
(b) that with snake venom, 65% to 85% of the 
isolated HL were attacked while only 17% to 
27% of biliary PL were hydrolyzed. 

Notice that the results were similar using 
three different samples of pancreatic juice ( in 
experiments 1,3,5 and 6, as well as in experi- 
ments 2 and 4 and in 7 and 8) and two 
different samples of radioactive bile (one for 
experiments 2 and 9 and another for 1,3,10 and 
11). The addition of trypsin or glycerides to the 
incubation media had no effect on the rate of 
hydrolysis. 

Moreover, we should specify that it was 
normal to find some radioactivity in the differ- 
ent lipid fractions in bile collected on rats 
having received 3H oleic acid by intravenous 
perfusion (the distribution of the radioactivity 
was about the same in both fresh bile and in 
controls); however, it was unexpected to find 
r a d i o a c t i v i t y  in nonphosphorus-containing 
lipids in the controls (particularly in experi- 
ments 4 and 12, Tables I and II) containing 
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iso la ted  HPL or HL, theore t i ca l ly  on ly  sub- 
s t ra tes  labeled in the  media .  This  last fact  is 
par t ia l ly  exp la ined  by  the  presence  of  small  
a m o u n t s  of  rad ioac t ive  n o n p h o s p h o r u s  fipids 
(2% to 7%) a c c o m p a n y i n g  the  HPL and  r u n n i n g  
w i th  the  same f rac t ions  of  nonrad ioac t ive  bile 
dur ing  the  analysis  by  TLC. A n o t h e r  exp lana-  
t i on  could  be the  s p o n t a n e o u s  hydro lys i s  of  
fragile molecu les  as phos pha t i d i c  acids dur ing  
the  i n c u b a t i o n .  

DISCUSSION 

These  f indings  suggest t h a t  u n d e r  our  experi-  
men ta l  cond i t ions ,  bile PL are par t ia l ly  pre- 
served against  phospho l ipase  A 2 hydro lys i s  a n d  
t h a t  i so la ted  HPL in the  presence  of  bile are 
h y d r o l y z e d  at a m u c h  lesser e x t e n t  t h a n  HPL 
i n c u b a t e d  w i t h o u t  bile,  since i t  is k n o w n  tha t  in 
this  case hydro lys i s  is a lmos t  comple t e  (7). 
These resul ts  expla in  our  previous  s tudy  (1).  

Recen t  researchers  (12 ,13 )  have ind ica t ed  
t h a t  bile had  an  i n h i b i t o r y  e f fec t  on  some 
enzymes ;  our  resul ts  show t h a t  this  is par t ia l ly  
t rue  for  rat  pancrea t i c  ju ice  phospho l ipase  A 2 
ac t ing on  i so la ted  HPL. Indeed ,  if n o  bile was 
p resen t  in the  media ,  these  PL would  be 
h y d r o l y z e d  to  a m u c h  h igher  ex t en t .  The  snake  
v e n o m  e n z y m e  was more  active and  less sensi- 
t ive to  the  i n h i b i t o r y  ef fec t  of  bile.  

The d i f ferences  observed  in the  ra tes  of  
hydrolys is  of  bile PL a nd  HPL were n o t  due t o  
dif ferences  in phys i cochemica l  cond i t ions  since 
b o t h  subs t ra tes  were a lways mixed  in the  same 
p r o p o r t i o n s  for  each  e x p e r i m e n t .  In add i t ion ,  
the  cond i t i ons  chosen  in th is  s t udy  for  the  
i ncuba t i ons  were op t i m a l  for  phospho l ipase  
act iv i ty  (6,9) .  Par t icular ly ,  an  equal  weight  
ra t io  was k e p t  b e t w e e n  the  q u a n t i t y  of  bile 
salts and  of  to t a l  PL in each  med ium.  Since we 
have found ,  in ag reement  w i t h  o t h e r  au t ho r s  
(13-15)  t h a t  the  bile c o n t a i n e d  3 m g / m l  of  PL 
and  8 to  10 mg/ ml of  bile salts for  a co l lec t ion  
t ime  of  6 hr  a f te r  surgical i n t e r v e n t i o n ,  7 mg of  
i sola ted PL were added  in each  med ium.  

The  p r o p o r t i o n s  of  these  c o m p o n e n t s ,  PL 
and  bi l iary salts, were t h o u g h t  good  also by  
Olive and  Dervichian (17)  who  s tud ied  the  
k ine t ics  of  hydro lys i s  of  lec i th ins  w i t h  snake 
v e n o m  accord ing  to  the  pe rcen tage  of chola te  

in l ec i th in-chola te  mix tures .  They  f o u n d  a 
m a x i m u m  ra te  of  hydrolys is  w h e n  the  weight  
ra t io  of  b o t h  subs tances  was equal  to  1. 

In some cases glycerides  were added  to  
i n c u b a t i o n  media  in order  to  make  this  compar -  
able w i th  the  l ipid c o m p o s i t i o n  of  the  in tes t ina l  
l u m e n  on  fa t - fed rats ;  no  d i f fe rence  was found .  

Our  e x p e r i m e n t s  do  no t  exp la in  the  resist- 
ance  of  bile PL to  the  hydrolys is  by  pancrea t i c  
juice phospho l ipase  A2;  these  results  suggest 
r a the r  t h a t  in bile,  PL mus t  be engaged in some 
k ind  of comp lex  (w i th  pro te ins ,  bi l iary salts, 
s terols)  wh ich  preserves t h e m  f rom e n z y m a t i c  
hydrolys is .  In vivo e x p e r i m e n t s  are in  progress 
to  answer  th is  ques t ion .  
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Fertility and Testicular Fatty Acid Composition in 
the Chicken as Influenced by Vitamin E and Ethoxyquinl 
I.J. TINSLEY, G.H. ARSCOTT and R.R. LOWRY, 
Departments of Agricultural Chemistry and Poultry Science, 
Oregon State University, Corvallis, Oregon 97331 

ABSTRACT 

The fatty acid composition of testicu- 
lar lipids has been determined and related 
to fertility data from groups of dubbed 
White Leghorn cockerels after a 50-week 
feeding period on rations containing 10% 
safflower oil or coconut oil. Supplements 
of ethoxyquin or d-~-tocopherol acetate 
maintained fertility in birds raised on 
rations containing safflower oils. This 
response was associated with higher pro- 
portions of 22:4 6)6 and lower propor- 
tions of 18:2 co6 in testicular lipids. 
Testes size was quite variable in the 
unsupplemented group with changes in 
fatty acid composition being more pro- 
nounced in the smaller testes. A multiple 
regression was calculated using data from 
those birds on the safflower oil ration. 
With a correlation ratio of 0.90 fertility 
was expressed as a function of testes size, 
semen concentration and the proportions 
of 18:2 co6, 20:4 co6 and 22:4 co6 in 
testicular lipids. Despite the low intake of 
linoleate significant levels of polyunsatu- 
rated fatty acids were maintained in 
testicular lipids of birds fed the coconut 
oil rations. The major changes in fatty 
acid composition of testicular lipids pro- 
duced by this variable was a decrease in 
the proportion of  18:2 6o6 and an in- 
crease in the proportion of 18 : 1. 

INTRODUCTION 

With the rat a vitamin E deficiency produces 

1paper No. 3050, Oregon Agricultural Experiment 
Station. 

testicular degeneration and a characteristic 
change in the fatty acid composition of testicu- 
lar lipids (1,2). The proportion of docosapen- 
taenoic acid, 22:5 6o6 (This notation for fatty 
acids specified the number of carbons in the 
chain, the number of  double bonds, and the 
number of  carbon atoms after the terminal 
double bond in the molecule.), the major 
polyunsaturated fatty acid (PUFA), is markedly 
reduced while the proporation of arachidonic 
acid, 20:4 606, is increased. Witting has noted 
that this type of fatty acid response is charac- 
teristic of affected tissues of rats deficient in 
vitamin E (2). 

On the other hand, testicular degeneration in 
cockerels resulting from a vitamin E deficiency 
is not as severe as with the rat (3) and the 
resulting sterility is reversible (4). This distinc- 
tion may be related to the fact that in testicular 
lipids of the chicken a tetraenoic acid (22:4 
6o6) rather than a pentaenoic acid is the major 
PUFA (5). To date the fatty acid composition 
of testicular lipids of chickens subjected to a 
vitamin E deficiency has not been studied. 

In a recent study, Kuhns and Arscott (4) 
have evaluated the effectiveness of d-a-toco- 
pherol and ethoxyquin in maintaining fertility 
in chickens fed rations containing 10% saf- 
flower oil as well as the effectiveness of  these 
substances in restoring fertility in chickens 
subjected t o  an  extended vitamin E deficiency. 
This paper reports fatty acid data from those 
birds used in the maintenance study, as well as 
a group of birds fed a ration containing 10% 
coconut oil. These results are interpreted with 
reference to fertility data. 

EXPERIMENTAL PROCEDURES 

Dubbed, White Leghorn cockerels were 

TABLE I 

Dietary Variables 

Diet 

Supplement, mg/kg 

Dietary fat, 10% Vitamin E a Ethoxyquin b 
No. of 
birds 

Safflower oil 32.4 -- 6 
Safflower oil -- 750 5 
Safflower oil . . . .  5 
Coconut oil . . . . .  5 

aMyvamix, 44 IU/g (d-a-tocopherol acetate) Distillation Products Industries. 
bSantoquin (1,2-dihydro-6-ethoxy-2,2,4-trimethylquindine) Monsanto Chemical Co. 
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TABLE II 

Influence of Dietary Variables on Fertility and Fatty Acid Composition of Testes 

Diet 

Fatty acid 1 a 2 b 3 c 4 d 

16:0 20.0 + 1.42 e 19.4 4- 0.85 19.44-0.85 18.94-1.0 
16:1 1.4 4-0.11 1.3 4-0.05 1.4 4-0.19 1.5 4_0.15 
18:0 16.2 4-0.77 16.0 4-0.64 16.3 4_0.71 15.7 4-0.68 
18:1 14.74-2.79 16.24-2.69 18.24-3.86 20.24-2.35 
18:2 to6 4.9 4-0.77 4.6 4-0.30 6.1 4-2.55 2.6 4-0.26 
20:1 4.6 4-0.39 4.2 4- 1.14 3.7 4- 1.49 4.6 4-0.23 
20:2 1.5 4- 0.15 1.2 4- 0.05 1.3 4- 0.22 1.5 4- 0.14 
20:3 t~6 1.9 4- 0.41 1.7 4- 0.33 2.3 4- 0.58 1.8 4- 0.34 
20:4 r 13.3 +0.63 13.5 +0.63 13.8 4- 2.58 12.3 4-0.88 
22:3 ~o6 2.0 + 0.41 2.0 4- 0.40 1.9 4- 1.19 2.7 4- 0.26 
22:4 t~6 14.4+1.50 15.64-1.02 12.64-1.76 12.34-0.52 
22:5 1.0 4- 0.28 1.0 4- 0.22 0.9 4- 0.37 1.2 4- 0.10 
22:6 to3 1.7 4-0.74 1.2 4-0.55 0.6 4-0.44 1.9 -I-0.21 
Testes weight 
g]kg body wt. 5.864_1.87 7.444-0.99 4.334-2.68 5.744-1.71 
Fertility (%) f 69 4- 9 86 4- 11 11 4_ 6 62 4- 17 
Semen 
concentration (%) 11 4- 2 13 4- 2 5 4- 2 10 4- 2 
Semen volume, ml .65 4- .08 .55 4- .12 .51 4-.11 .47 4- .12 

aSafflower oil and vitamin E. 
bSafflower oil and ethoxyquin. 
CSafflower oil. 
dCoconut oil. 
eMean and standard deviation. 

flnitial values: fertility 73%, semen concentration 14%, semen volume .71 ml. 

placed on the semi-purif ied exper imenta l  ra- 
t ions  at 33 weeks  of  age. Previously the  birds 
had been  fed convent iona l  rat ions.  Prior mea- 
su rement  of  fer t i l i ty ,  semen  vo lume and b o d y  
weight  a l lowed for  an initial equalizing of  these  
factors  in the four  expe r imen ta l  groups.  Speci- 
fic details of  exper imenta l  design and proce-  
dures have been  r epo r t ed  previously (4). 

Dietary variables significant to  this s tudy  are 
given in Table I. In one  ins tance  saf f lower  oil 
was replaced by an equal  a m o u n t  o f  coconu t  
oil. Bo th  the  saff lower  oil and coconu t  oil were 
air-oxidized to  reduce the  level o f  endogenous  
tocophe ro l s  (6). A detai led descr ip t ion  of  the  
exper imenta l  ra t ions  is given elsewhere (6). 

Af te r  50 weeks on the  exper imen ta l  rat ions,  
the  birds were killed, the tes tes  excised and 
weighed,  and the  lipid ex t r ac ted  using chloro-  
fo rm-methano l .  The fa t ty  acid me thy l  esters 
were prepared  using anhydrous  HC1 in meth-  
anol -e ther  (1:1)  and analyzed by gas chroma-  
tography.  Separat ions  were ob ta ined  using a 6 
ft x 1/8 in o.d.  a luminum co lumn o f  15% 
e thy lene  giycol succinate on AW ch romoso rb  P, 
80-100 mesh at 190 C. A gas f low of  30 ml /min  
was used. Chain length  and degree of  unsatura-  
t ion  were es tabl ished by hyd rogena t i on  and 
thin layer ch roma tog raphy  on silver ni t ra te-  
silicic acid. Details o f  the procedures  used in 

our  l abora tory  for  fa t ty  acid analysis have been  
given (7). 

RESULTS AND DISCUSSION 

The fa t ty  acid compos i t i on  of  test icular  
l ipids of  cockerels  observed in this s tudy  (Table 
II) compares  quite  closely to  tha t  r epo r t ed  by 
Nugara and Edwards  (8) for  birds 22 weeks of  
age; 20:4  6o6 and 22:4  ~o6 were f o u n d  to be 
the major  PUFA.  Compared  wi th  the  fa t ty  acid 
compos i t i on  of  test icular  lipids f rom the  rat 
(1), the  chicken shows a higher  p r o p o r t i o n  of  
s tearate  (16% vs. 6%) and a lower  p r o p o r t i o n  of  
pa lmi ta te  (20% vs. 35%). Crude lipid levels were 
found  to be relatively cons tan t  among  the  four  
dietary groups  at approx ima te ly  10 mg/g wet 
weight.  

Observat ion of  the  birds fed  the  ra t ions  
conta in ing  the  saf f lower  oil showed  that  the  
omiss ion of  e t h o x y q u i n  or vi tamin E f rom the  
diet  results  in a decrease in the p ropo r t i on  o f  
22:4 606 in tes t icular  lipids and a cor responding  
increase in the  p r o p o r t i o n  of  18:1 and 18:2 
606. 

In the  absence of  added  an t iox idan t  the  
r ep lacemen t  o f  saf f lower  oil wi th  coconu t  oil 
did no t  change the  level o f  22:4  606 in 
test icular  lipids. The level o f  18:2 6o6 was 
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TABLE lII 

Variations in Fatty Acid Composition 
With Testes Weight in Birds From Diet 3 

(Safflower Oil) 

Testes weight, g/kg 
body weight, % 

Fatty acid 1.07 (2) a 6.51 (3) a 

16:0 20.1 19.0 
16:1 1.2 1.5 
18:0 15.'7 16.7 
18:1 18.1 18.2 
18:2 9.2 4.0 
20:1 2.1 4.8 
20:2 1.2 1.5 
20:3 :2.9 1.9 
20:4 15.2 12.9 
22:3 0.6 2.8 
22:4 ll.S 13.3 
22:5 0.8 1.1 
22:6 0.8 0.4 

aNumber of birds in parentheses. 

reduced, however, with a concomittant increase 
in the level of 18:1 being observed. 

After the 50-week feeding period, significant 
decreases in fertility and semen concentration 
were observed only in the males receiving Diet 
3 (safflower oil, no antioxidant). The dietary 
variables did not  produce significant changes in 
testes weight or semen volume. The require- 
ment of dietary linoleate as a stressor confirms 
previous observations (6). Testicular lipids of 
birds receiving Diet 3 showed the highest level 
of  linoleate. 

In a previous note (9) reference was made to 
the presence of  a polar component in the 
mixture of fatty acids esters the proportion of  
which seemed to increase in testes from birds 
not  receiving antioxidant supplements. We 
have since established that this component was 
cholesterol (10). The suggestion that the pro- 
portion of cholesterol increases in testicular 
lipids of  birds deficient in vitamin E would not  
be inconsistent with the observations of  Bieri 
and Prival in vitamin E deficient rats (1). The 
cholesterol content was shown to remain con- 
stant whereas the content of phospholipid 
decreased. 

The fatty acid data from those birds receiv- 
ing Diet 3 (safflower oil, no antioxidant) are 
much more variable than those data from the 
three other dietary groups. This is due in part 
to a large variation in testes size (Table III). The 
lipid from the smaller testes showed lower 
levels of 22:4 606, 22:3 606 and 20:1 and higher 
levels of  18:2 606 and 20:4 606. A decrease in 
22:4 606 coupled with an increase in 20:4 606 
would parallel changes in fatty acid composi- 
tion observed in affected tissues of vitamin E 

TABLE IV 

Independent Variables Included in 
the Multiple Regression Equation 

Partial Student's 
regression t value 

Variable coefficient (10 df) 

Per cent 18:2 22.7 3.26 
Per cent 20:4 -12.2 -2.59 
Per cent 22:4 11.7 2.93 
Semen concentration 5.81 3.20 
Relative testicular size 6.69 1.85 
Constant -158 

deficient rats (2). Even with this extended 
feeding period, the largest decrease in the level 
of 22:4 6o6 observed in this study was of the 
order of 20%. With the rat, the level of 22:5 6o6 
would decrease by 70% in the absence of an 
antioxidant supplement. Despite the extended 
feeding period, three of  the birds of  Diet 3 
maintained normal testes size and a fatty acid 
composition not too different from that ob- 
served in birds receiving antioxidant supple- 
ments. 

Both Bieri and Prival (5) and Witting (2) 
have commented on the fatty acid composition 
of testicular lipids being particularly resistant to 
changes induced by dietary means. This situa- 
tion apparently holds true for the chicken also 
since substitution of  coconut oil which contains 
only 0.3% linoleate for safflower oil produced 
only small changes in the fatty acid composi- 
tion of  testicular lipids (Table II). One might 
expect the lower level of 18:2, but the levels of 
20:4 ~o6 and 22:4 w6 which were maintained 
are quite surprising. The affinity of this tissue 
for the 606 fatty acids is quite unique. 

The fertility of the 16 birds raised on the 
rations containing safflower oil varied over a 
wide range and a stepwise multiple regression 
was calculated to obtain some indication of the 
relation between composition and function. 
Those variables which contributed significantly 
to the reduction of the residual sum of squares 
are listed in Table IV, together with the partial 
regression coefficients and Student t values 
which are indicative of the probability that the 
coefficients differ from zero. A correlation 
coefficient of 0.90 was obtained for the multi- 
ple regression. In simple regressions testicular 
size and semen concentration were correlated 
significantly only with the proportion of 18:2 
6o6 (r = -0.80 and-0.73, respectively), and 
fertility with the proportion of 22:4 606 (r = 
0.63). These data are suggestive rather than 
definitive, but they do reflect the complexity 
of the overall relation. 

The assumption that a specific level of 22:4 
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6o6 is required in testicular lipids for  fert i l i ty is 
not  valid. Birds on Diet 3 (safflower oil, no 
ant ioxidant)  and on Diet 4 (coconut  oil) 
showed a comparable  average level of  22 :4  606; 
however ,  the average fertil i t ies were 11% and 
62%, and semen concent ra t ions  were 5% and 
10%, respectively. Nei ther  is a t rophy  of  the 
testis an absolute requi rement  for sterili ty.  With 
Diet 3 (safflower,  no  ant ioxidant)  zero fert i l i ty 
was observed in two birds whose  relative testes 
size was 0.80 and 6.91 g/kg body weight.  The 
regression equa t ion  would  implicate  bo th  of  
these variables; however ,  the  relat ionship is 
obviously not  a simple one. Bieri and Prival (1) 
also have exper ienced diff icul ty in a t tempt ing  
to correlate the morphologica l  changes pro- 
duced in the rat by a v i tamin E deficiency with  
changes in the compos i t ion  of  testicular lipids. 

This s tudy is exp lora to ry  in nature  and a 
clearer unders tanding of  the relat ion be tween  
func t ion  and compos i t ion  will require a more  
intensive s tudy of  the various aspects of  sperm 
produc t ion  and viabili ty.  The data are not  
inconsis tent  wi th  an an t ioxidant  role for  vita- 
min E; however ,  the relatively high level of  
P U F A  in test icular  lipids of  birds fed the 
coconu t  oil poses an interest ing quest ion.  Fer- 

t i l i ty was mainta ined in this case wi thout  an 
ant ioxidant  supplement .  It  wou ld  seem that  the 
vi tamin E is requi red  not  so much  to maintain  
some required level of  P U F A  as to prevent  
au toxida t ion  and consequent  damage. Saf- 
f lower  oil presumably supplies a surplus of  
PUFA,  thus predisposing the tissue to oxidat ive 
damage. 
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Lipids of Bovine Thyroid 
P.G. SATYASWAROOP, Radiation Medicine Centre, Medical Division, 
Bhabha Atomic Research Centre, Tara Memorial Hospital, Parel, 
Bombay-12, I ndia 

ABSTRACT 

The lipid composit ion of the freshly 
slaughtered bovine thyroid tissue has 
been investigated. The phospholipid pat- 
terns of microsomal and mitochondrial  
fractions obtained from homogenates of 
bovine ~hyroids have also been deter- 
mined. They resemble the phospholipid 
composit ion of  the corresponding subcel- 
lular fractions from other  tissues. The 
fat ty  acid composit ion of the various 
phospholipid species of  these subcellular 
components  have also been estimated by 
gas liquid chromatography.  These analy- 
ses reveal that the fat ty acids are not 
particularly characteristic of  the subcel- 
lular organelle but  tend to be character- 
istic of the lipid species. There is a high 
percentage of nervonic acid (C24:1) in all 
the subcellular phospholipid species ex- 
amined. 

Phospholipid patterns of sheep and dog 
thyroids have been studied (1,2) and phospho- 
lipids have been postulated as the possible 
mediators of thyroidal  iodide transport  (3,4). 
The unsaturated fat ty  acids of phospholipids 
are considered to be the probable site of 
iodinat ion (4). For  example,  nervonic acid 
(24:1) present at the /3-position of the human 
thyroidal  phosphat idyl  choline has been impli- 
cated in the role of binding and carriage of 
iodide ion (5). The enhanced 32p incorporat ion 
into phospholipids of thyrotropin-st imulated 
thyroids has been well documented (2,5,7) and 
the mitochondria and microsomes of these 
stimulated thyroids are the subcellular organ- 
elles which exhibit increased turnover of  phos- 
pholipids (8,9). However, there are no reports 
on the subcellular phospholipid distribution in 
the thyroid tissue. The present studies were 
undertaken to provide information on the 
proport ions of individual phospholipids of the 
bovine thyroidal  mitochondrial  and microsomal 
fractions. The fat ty acid composit ion of the 
individual phospholipid species of these organ- 
elles have been determined by gas liquid chro- 
matography (GLC). 

MATERIALS AND METHODS 

All solvents employed for extract ion and 

chromatography were Analar grade and were 
redistilled before use. Kieselgel H was obtained 
from E. Merck, Darmstadt,  Germany. Standard 
GLC pure fat ty acid methyl  esters were from 
Applied Science Lab., State College, Pa. and 
were donated by Fred Snyder, Oak Ridge 
Laboratories. 

Bovine thyroids from freshly slaughtered 
animals were transported to the laboratory 
frozen in ice. After  removal of adhering fat ty  
material and connective tissue, the tissue was 
sliced, washed in saline, blot ted with filter 
paper, weighed and taken for lipid extraction. 
Each analysis contained thyroid slices pooled 
from at least five different thyroids.  

The thyroid slices were homogenized in 
CHC13/MeOH (2:1 v/v) and the total  lipids 
were prepared by the procedure of Folch et al. 
(10). 

Thin Layer Chromatography 

All thin layer separations were carried out in 
glass tanks containing chromatography paper as 
wicks to facilitate solvent equilibration. Thin 
layers of Kieselget H (1 hr activation) were used 
to separate the phospholipid classes using the 
s o l v e n t  system chloroform-methanol-acetic 
acid-water (50:25:8 :4  v/v). Lipids resolved by 
thin layer chromatography (TLC) were sprayed 
with concentrated H2SO 4 and charred. Phos- 
pholipids were also visualized by exposure of 
the TLC plates to iodine vapor. Phospholipid 
zones were scraped and quantitatively trans- 
ferred to test tubes, and the lipids were 
extracted from the silica gel for phosphorus 
estimation employing three batches of  the same 
solvent system used for the development of  the 
chromatograms. Total  lipid P and individual 
phospholipid P were determined by Bartlett 's  
method (I I) .  Cholesterol a n d  cholesterol esters 
were estimated by the method of AbeU et al. 
(12). 

Gas Liquid Chromatography 

Methyl esters of the fat ty acids of the 
individual phospholipids were prepared by re- 
fluxing the Kieselgel scrapings of  phospholipid 
zones for 5 hr with H2SO 4 (1%) in dry 
me thano l  

Panchromatograph (Model 12103, W.G. Pye 
and Co., U.K.) equipped with a 90Sr ionizing 
detector  was used in this study.  

A 152 cm x 30 mm o.d. pyrex glass column 
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THYROID TISSUE 

Homogenized in 
chilled 0.25 M sucrose 
filtered through gauze 

FILTERED HOMOGENATE 

[ 
RESIDUE 

(unbroken cells and 
nuclei-discarded) 

1000 g for 10 min 

[ 
RESIDUE 

Crude Mitochondria 

washed with xl0,000g 
0.25 M sucrose for 20 min 

I 
RESIDUE 

Washed Mitochondria 

1 
SUPERNATANT 

(Discard) 

RE ~IDUE 
Crude mlcrosomes 

washed 
with 

0.25 M 
S U C r O S e  x 105,000 g for 

60 rain 

I 
SUPERNATANT I 

I xlO,O00 g 20 rain 

I 
SUPERNATANT II 

1 I 
RESI DUE SUPE RNATANT 

Washed Microsomes 

Scheme 1. Procedure for subcellular fraetionation of bovine thyroidal homogenate. 

x105,000 g for 60 rain 

I 
SUPERNATANT 

packed with 15% EGS on 80-100 mesh chromo- 
sorb W was used for all analysis. Temperature 
of the column was 178-184 C, temperature of 
the detector, 225 C; argon flow, 60 ml/min. 

Fatty acids were identified by: (a) compar- 
ison of relative retention times with standard 
compounds and with those given in literature, 
(b) analysis of  GLC results before and after 
hydrogenation to fix the identity of unsatu- 
rated fatty acids, and (c) by plotting retention 
times relative to methyl stearate against chain 
length and determining the chain length of 
unknown peaks from the curve. 

Quantitation of fatty acids was done by the 
triangulation method and results were ex- 
pressed as per cent of the total fatty acids 
obtained by GLC. 

Sub-Cellular Fractionation 

The thyroid slices were homogenized with 
four volumes of chilled 0.25 ml sucrose solu- 
tion and subcellutar fractions were prepared by 
the differential centrifugation of the homoge- 
nate. The entire procedure for separation of the 
subcellular organeUes was carded out at 4 C. 
The subcellular fractionation procedures era- 

ployed were essentially the same as those of 
Kogl and van Deenen (8) and that of DeGroot 
and Carvalho (15). They are schematically 
shown in Scheme 1. 

RESULTS 

The lipid composition of  the bovine thyroids 
is the following. The total llpids, five samples, 
form 1.8 -+ 0.47/100 g of the wet weight of the 
fresh tissue (the value preceded by + is the 
standard deviation); lipid phosphorus, four sam- 
ples, forms 19.1 + 4.1 pg/mg lipid; total 
cholesterol, five samples, forms 120.0 + 15.0 
pg/mg lipid; free cholesterol, five samples, 
forms 102.0 + 9.6 pg/mg lipid; cholesterol 
ester, five samples, forms 18.0 + 4.4 pg/mg lipid 
(cholesterol ester values were obtained by 
subtracting free cholesterol from total choles- 
terol). 

The distribution of phospholipids in the 
whole thyroid tissue, and the tliyroidal, mito- 
chondrial and microsomal fractions are given in 
Table I. Phosphatidyl choline (PC) (42%) is the 
predominant phospholipid followed by phos- 
phatidyl ethanolamine (PE) (26%), sphingomy- 
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TABLE 1 

Phospholipid Patterns in Bovine Thyroid and Its Subcellular Distribution a 

663 

Mitochondrial Microsomal 
Phospholipid species Whole thyroid, % fraction, % fraction, % 

Lysolecithin 3.0 3.5 2.0 
(1.5-4.0) (3.0-4.0) (1.5-3.0) 

Sphingomyelin 18.0 14.0 16.0 
(15.5-19.5) (12.0-16.0) (15.0-18.0) 

Phosphatidyl choline 42.0 36.0 46.0 
(41.0-44.0) (34.0-39.0) (45.0-47.0) 

Phosphatidyl serine + 11.0 12.0 12.0 
Phosphatidyl inositol ( 10.5-11.6) ( 10.5-14.0) ( 11.0-14.0) 
Phosphatidyl ethanolamine 26.0 34.5 28.0 

(24.0-28.5) (34.0-35.0) (26.0-31.0) 

aThe results are the percentage of individual phospholipid P as determined from TLC. Each value 
represents the mean of three triplicates. The value given in parentheses are the ranges. Cardiolipin and 
phosphatidic acid which move with the solvent front were not estimated. 

elin (18%), phospha t idy l  serine (PS), and phos-  
pha t idy l  inosi tol  (PI) (11%) and lysoleci thin 
(3%) in the  whole  t hy ro id  tissue lipids. Phos-  
phol ipids  cons t i tu te  the major  p r o p o r t i o n  of  
the lipids of  b o t h  subcellular f ract ions,  mi to-  
chondr ia  and microsomes ,  analyzed.  Total  l ipid 
P in the  mi tochondr i a  and microsomes  were 
28.5 /ag P /mg lipid and 31.5 /~g/mg lipid, 
respectively,  More PE appears to  be in mi to-  
chondr ia  (34.5%) than  in microsomes  (28.0%);  
the p r e d o m i n a n t  phospho l ip id  of  the micro-  
somes  is PC (46%). In mi tochondr i a ,  PC (36%) 
and PE (34.5%) toge ther  cons t i tu te  more  than  
70% o f  the phosphol ip ids .  Cardiol ipin,  shown 
to be localized in mi tochondr i a  of  all t issues 

examined ,  has no t  been measured  in our  studies 
as they  travel along the solvent  f ron t  wi th  
phospha t id ic  acid (PA) and o the r  lipids. 

The fa t ty  acid profi le  of  the individual 
phosphol ip ids  of mi tochondr ia l  and microsomal  
f rac t ions  analyzed ext~bi t  variat ion among  
themselves  (Tables II and III). The same phos-  
phol ip id  species,  w h e t h e r  localized in the  mi to-  
chondr ia l  or microsomal  f ract ions ,  show simi- 
larity in the i r  f a t t y  acid con ten t .  However ,  
individual  phosphol ip ids ,  when  compared  wi th-  
in each f rac t ion ,  show striking variat ion in their  
p ropor t ions  of  fa t ty  acids. Thus,  PC in b o t h  
f ract ions  show the highest  percentage  of  pal- 
mitic acid (37.0% and 40.0%) fo l lowed by  oleic 

TABLE II 

Fatty Acid Composition of Individual 
Phospholipid8 of Bovine Thyroidal Mitochondrial Fractions a 

Phosphatidyl 
inositoi + 

Fatty Phosphatidyl Phosphatidyl phosphatidyl 
acid choline ethanolamine Sphingomyelin serine 

C12:0 1.77 9.85 5.00 9.63 
C14:0 3.03 11.13 4.37 11.65 
C14:i 1.91 16.16 6.39 4.35 
C16:0 40.02 17.50 17.75 27.83 
C18:0 16.85 13.38 8.59 9.07 
C18:1 17.44 15.15 5.91 10.46 
C18:2 2.90 3.27 2.57 0.69 
C18:3 . . . .  3.01 14.00 
C20:0 . . . . . . . . . . .  
C20:? 7.93 3.16 3.83 1.12 
C22:0 0.76 1.46 15.68 8.69 
C22:1 4.11 3.56 3.46 1.70 
C22:? - -  2.07 15.92 12.21 
C24:0 0.13 0.77 1.65 --- 
C24:1 3.97 2.92 19.90 --- 
C22:5 - -  3.94 . . . . . .  
C22:6 --- 2.51 1.89 - -  

aResults are expressed as area per cent of total fatty acids as determined by GLC. Results given are 
the arithmetic mean of three individual samples. Experimental details in text. 
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TABLE III 

Fatty Acid Composition of Individual 
Phospholipids of Bovine Thyroidal Mierosomal Fractions a 

Phosphatidyl 
inos i to l  + 

Fatty Phosphatidyl Phosphatidyl phosphatidyl 
acid choline ethanolamine serine Sphingomyelin 

C12:0 1.12 5.75 9.14 5.32 
C14:0 1.63 6.58 7.95 8.42 
C14:1 1.33 16.15 4.08 19.39 
C16:0 37.55 17.17 27.19 20.33 
C18:0 15.22 12.15 12.10 6.96 
C18:1 24.36 22.42 10.22 5.86 
C18:2 6.72 3.68 1.70 1.93 
C18:3 0.30 1.52 3.02 1.63 
C20:0 0.66 1.78 0.67 -- 
C20:? 3.80 2.70 1.16 1.19 
C22:0 3.76 4.10 5.50 12.20 
C20:4 --  9.39 10.16 -- 
C22:? 1.18 5.10 10.63 9.08 
C24:0 . . . . . .  3.46 
C24:1 4.90 4.56 4.03 6.00 
C22: 5 --  1.07 -- --  
C22:6 --  1.20 --  -- 

aResults are expressed as area per cent of total fatty acids as determined by GLC. Results are 
arithmetic mean of three individual samples. Experimental details given in text. 

acid (24.0% and 27.0%). The o ther  phospha-  
tides, PE, sphingomyel in ,  PS and PI contain a 
very high percentage (about  20% to  30%) of 
fa t ty  acids wi th  chain lengths shorter  than 
16:0. All the phosphat ide species contain a 
significant p ropor t ion  of  nervonic  acid (24:1) .  
Mitochondr ia l  sphingomyel in  contains as much 
as 19% of this fa t ty  acid. Considerable amounts  
of  22 :0  is also present  in this phosphol ipid .  

DISCUSSION 

The only available reports  on phosphol ipid  
dis t r ibut ion in thyroids  are those of  Freinkel  
(1) and Scot t  et al. (2). Freinkel  has shown in 
sheep thyroids  that  the alkali stable phosphorus  
comprised 20% of the to ta l  lipid phosphorus.  
The present  data obta ined by the direct deter- 
ruination of  phosphorus  of  bovine thyroidal  
phosphokipids f rom the Kiesetgel plates are in 
good agreement .  Scot t  et al. (2) have es t imated 
the amounts  o f  plasmalogen,  alkyl e ther  lipids 
and PA, apart f rom the o ther  major  phospha-  
tides in two dog thyroids.  The methods  em- 
p loyed in the present s tudy do no t  resolve these 
phosphatides.  

The general thyroidal  lipid classes o f  bo th  
the whole tissue and the subcelhilar fract ions 
show no  striking differences when compared  
with  the lipid classes o f  various o ther  tissues. 
The dis t r ibut ion of  phospholipids of  the thy- 
roidal mi tochondr ia l  and the microsomal  frac- 
t ions show qui te  a distinctive pat tern,  however ,  
their  f a t ty  acid profiles do not  reveal any 

significant organelle specifici ty.  In mi tochon-  
dria, PE and PC are present in equal  amount s ;  
in microsomes,  PC is almost  1.5 t imes that  of  
PE. Similar phospholipid pat terns in subcellular 
organelles of  various tissues have been repor ted  
( t3 ) .  

The fat ty  acid pat terns in the individual 
phospholipids of  mi tochondr ia  and microsomes 
show a lack of  differential  subcellular distribu- 
t ion.  That  they  are no t  part icularly characteris- 
t ic o f  the organelle but  they  tend to be 
characterist ic o f  the lipid species has been 
demonst ra ted  by many workers.  Villki and 
Jaakonmaki  (5) have repor ted  a significant 
percentage of  nervonic  acid (24 :1)  in human PC 
at the r -pos i t ion  and have demonst ra ted  its 
impor tance  in complexing  iodide.  They have 
postulated an iodide ion carrier role for  this 
species of  phosphol ipid.  The fa t ty  acid analysis 
of  thyroidal  neutral  lipids and phospholipids or  
the fa t ty  acid pat terns of  the subcellular organ- 
elles studied do no t  show the presence of  this 
fa t ty  acid species perhaps due to its di lut ion to 
low concent ra t ions  when these componen t s  are 
analyzed.  However ,  the individual phosphol ipid  
fa t ty  acids of  the mi tochondr ia  and microsomes 
showed a significant percentage of  this compo-  
nent.  Mitochondria l  sphingomyel ins  showed a 
particularly high (19%) con ten t  of  this fa t ty  
acid. If  the presence of  this fa t ty  acid in the 
phosphol ipid  molecule  is a prerequisi te  for  
iodide binding, then  all the phosphol ipid  spe- 
cies might  be expec ted  to complex  iodide and 
sphingomyel in  should exhibi t  this iodide-  
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complex ing  p h e n o m e n o n  in higher p ropor t ions .  
However ,  sph ingomyel in  is a lmost  inert  in this 
regard (4,14).  The results of  Nagashima and 
Suzuki (4) and those  of  Shah and S h o w n k e e n  
(14) f rom this labora tory  show the presence  of  
an u n k n o w n  frac t ion wi th  the highest iodide-  
complex ing  capaci ty.  GLC analysis of  this 
u n k n o w n  frac t ion f rom sheep thyro ids  conta in  
no traceable quant i t ies  of  nervonic  acid (un- 
publ ished data).  
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The Triglyceride Composition of Moringa concanensis Seed Fat 
A. S E N G U P T A ,  C H A N D A N A  S E N G U P T A  and P.K. DAS 1 , 
Department of Pharmacy, Jadavpur University, Calcutta-32, India 

A B S T R A C T  

Moringa eoneanensis seed fat and its 
randomized product have been subjected 
to pancreatic hydrolysis. Glyceride com- 
positions have been calculated from the 
original fatty acid composition and those 
of the monoglycerides produced by 
hydrolysis. The per cent GS 3 content of 
the interesterified product has also been 
determined by the combined techniques 
of thin layer chromatography on silver 
nitrate impregnated silica gel and colorim- 
etry. 

I N T R O D U C T I O N  

Moringacea is a small family composed of 
the species, Moringa olifera (synonym, M. 
pterygosperrna), M. concanensis and M. aptera, 
all native to India. M. concanensis is a rapidly 
growing tree, even in poor soil, and its green 
seed pods and flowers are used for food in 
India. Moringa oil (yield, 30-49% of the ker- 
nels) seems to be a promising one for exploita- 
tion in pharmaceutical and other allied indus- 
tries because of its reportedly unusual resis- 
tance to the development of  rancidity (1,2). 

Several investigators (3-9) determined the 
fatty acid composition of  M. olifera seed fat. 
Most of these studies were based on lead salt 
separation of  the mixed fatty acids. Recently, 
Sengupta and Gupta (10) determined the fatty 

1present  address: College of Pharmacy, University 
of Michigan, Ann Arbor, Michigan. 

acid composition of the seed fats of M. olifera 
and M. eoncanensis by combination of  the 
techniques of urea adduct segregation, UV 
spectrophotometry and quantitative paper 
chromatography. The fatty acid composition of 
this oil, as reported by these investigators, is 
interesting as it is composed of  25-30% satur- 
ated acid and 75-70% oleic acid. The triglyc- 
eride composition of  the seed fat of  M. olifera 
has been examined earlier (7,11) by the oxida- 
tion method of Kartha (12). This paper de- 
scribes the determination of  the triglyceride 
composition of M. concanensis seed fat by 
combination of enzymatic hydrolysis, thin 
layer chromatography (TLC) and gas liquid 
chromatography (GLC) techniques. The investi- 
gation was also extended to randomized oil to 
study the changes in the triglyceride composi- 
tion effected by interesterification. 

E X P E R I M E N T A L  PROCEDURES 

Materials and Methods 

M. coneanensis seed kernels were procured 
from the market of Varanasi in Northern India. 
Chromatographic standards of tripalmitin, di- 
palmitin, monopalmitin, fatty acids and the 
methyl esters were obtained from The Hormel 
Institute, Sigma Chemical Co. and Calbiochem 
Inc., U.S.A. 

Lipolysis was carried out as suggested by 
Coleman (13) at pH 8.5 and 37.5 C using a 
purified pork pancreatic lipase preparation with 
the addition of Ca ++ ions and bile salts. The 
partial glycerides were separated on a thin layer 

T A B L E  I 

Characteristics o f  the Seed Fat and the 
Mixed F a t t y  Acids  (MFA)  o f M .  concanensis 

Character is t ics  Oil M F A  

Per cent  free fa t ty  acids (as oleic) 3.4 
Saponification equivalent 301.2 282.4 
Iodine value, Wij's 30 min 67.2 71.2 
Unsaponifiable, % 1.7 

EJlTcm at 268 m# isomerized --- Negligible 
at 170 C for 15 rain 

E 1% at 234 mp isomerized --- 16.2 
1 c m  

at 180 C for  60 min  

E]~m at 234 m/~ unisomerized -- Negligible 

Per cen t  l inoleic acid - -  1.8 
Per cent monoethenoid acid -- 75.5 
Per cent saturated acid (by difference) --- 22.7 
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TABLE II 

Fatty Acid Composition of 
114. concanensis Seed Fat, mole % 

Fatty acids Mole% 

c14:0 0.1 
c16:0 15.6 
c17:0 0.2 
C18:0 3.0 
c20:0 2.7 
c22:0 4.3 
C16:1 3.9 
C17:1 0.1 
C18:1 66.0 
C20:1 2.4 
C18:2 1.7 

(0.3-0.4 m m )  of  silica by  developing wi th  a 
solvent  sys tem of  n -hexane ,  d ie thyl  e ther  and 
acetic acid (85 : 15 : 1). The monoglycer ide  frac- 
t ion ,  de tec ted  wi th  2 '7 ' -d ich lorof luoresce in ,  
was ex t rac ted  wi th  ho t  alcohol.  The monoglyc-  
eride and the original tr iglyceride samples were  
then  saponif ied,  the  free acids l iberated,  ex- 
t rac ted  and conver ted  to  me thy l  ester  by  acid 
cata lyzed es ter i f ica t ion process.  GLC was car- 
ried out  wi th  an F and M analytical  gas 
ch roma tog raph  (Model 700-R12)  equ ipped  
wi th  flame ioniza t ion  de tec tor .  The column (6 
ft x 1/4 in.) packed wi th  10% polyes ter  of  
d ie thyl  glycol adipate  on  60-80 mesh  gas 
chrom-Z was opera ted  at 180 C with  a carrier 
gas f low of  40 ml /min .  Peak areas were deter-  
mined  as the  p roduc t  o f  peak height  and the  
w i d t h  at half  height ;  the  weight  percentages  
ob ta ined  were conver ted  to  mole percentages.  

The in teres ter i f ied  M. c o n c a n e n s i s  seed fat  
was f rac t iona ted  on  a silver n i t ra te - impregna ted  
silica gel layer  using the  t echn ique  p roposed  by 
Barret t  et al. (14) and the  a m o u n t  of  GS 3 thus  
separa ted  was de t e rmined  quant i ta t ively  by the  
m e t h o d  of  Li tchf ie ld  et  al. (15) based on the  
es t imat ion  of  glycerol using the  c h r o m o t r o p i c  
acid color  reac t ion .  

The seed fat  of  M. c o n c a n e n s i s  was r andom-  
ized at 30 C by the process  suggested by 
Chakrabar ty  and Bhat tacharyya  (16). A solu- 
t ion of  100 g ref ined and b leached  oil in 150 ml 

TABLE 1II 

Fatty Acid Composition 
(Mole %) of the 2-Monoglycerides 

Fatty acids Moringa oil Randomized Moringa oil a 

C16:0 4.9 34.2 
C18:0 0.5 6.9 
C16:1 1.8 --- 
C18:1 92.8 58.9 

aSlip point 19 C; randomized at 30 C for 60 rain. 
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TABLE IV 

Triglyceride Composition a (mole %) of 34. 
concanensis Seed Fat and Its Interesterified Product 

Glycerides Seed fat Randomized product 

SSS 

PPP o.2 0.2 
PPSt o. 3 o. 5 
StPSt  O. 1 O. 5 
PStP --  - -  
StStP 0.1 0.1 
StStSt --  0.1 

Total 0.7 1.4 

SSU 

PPO 1.1 3.2 
PPU 0.2 0.6 
StPO 0.8 5.4 
StPU 0.2 1.0 
PStO O. 1 O.7 
StStO 0.1 1.1 
StStU --  O.2 
PStU --  o.1 

Total 2.5 12.3 

SUS 

POP 4.3 0.3 
POSt 5.9 0.9 
St 0 St 2 .0  O. 8 
PUP O. 1 - -  
PUSt 0.1 --  
StUSt --  - -  

Total 12.4 2.0 

USU 

OPO 1.4 16.5 
OPU 0.6 5.8 
UPU 0.1 0.5 
OStO 0.1 3.3 
OStU 0.I 1.2 
UStU --  o. 1 

Total 2.3 27.4 

SUU 

POO 20.9 5.5 
POU 4.4 1.0 
StOO 14.4 9.4 
StOU 3.1 1.7 
PUO 0.4 
PUU O. 1 -- 
StUO 0.3 - -  
StUU 0.1 --  

Total 43.7 17.6 

UUU 

OOO 25.6 28.4 
OOU 10.9 10.0 
UOU 1.2 0.9 
OUO 0.5 -- 

OUU 0.2 -- 
U U U  -- -- 

Total 38.4 39.3 

aThe fatty acids have been grouped as, 'P-C14: 0, 
C16:0 and C17:0'; 'St-C18. 0 C20:0 and C22:0; 
'O-C18:1' and 'U-C16:I, C17:1, C20:1 and C18:2. 
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T A B L E  V 

F a t t y  A c i d  C o m p o s i t i o n  o f  t he  Seed  Fa t s  o f  M o r i n g a c e a e  F a m i l y  

Spec ies  C 14 

Per c e n t  w e i g h t  

S a t u r a t e d  ac ids  U n s a t u r a t e d  ac ids  

C 1 6  C 1 8  C 2 0  C22  C 2 4  C 1 8 : 2  C 1 8 : 1  C 1 6 : 1  C 2 0 : 1  

M. pterygosperma 

($) 1.5 3 .6  10 .8  ~ 6 .3  0 .1  3 .8  68 .9  - -  
(9)  1.6 3 .9  11.5 - -  6 .6  0.2 - -  72 .2  - -  
(6)  ~ 5.5 7 .8  2 .7  1.2 5 .3  0 .8  7 5 . 8  0 .9  
(7)  - -  9 .3  7 .4  8.1 . . . . . .  65 .7  --- 

( I 0 )  - -  3.1 8 .0  7 .8  3.5 5 .8  0 .8  7 1 . 0  --- 

M. concanensis 

(9)  ~ 5.5 7 .8  2 .7  1.2 5 .3  0 .8  75 .8  0 .9  
(10)  - -  11 .7  3 .8  2 .4  4.1 0 .6  0 .9  75 .5  - -  

(P re sen t  w o r k  a) 0.1 14 .3  3 .0  3 .0  5.2 - -  1.7 6 6 . 3  3.5 2 .6  

a l t  a lso  i nd i ca t e s  t he  p r e s e n c e  o f  C 1 7 : 0  , 0 ,2% a n d  C 1 7 : 1 ,  0 .1%.  

n-hexane was taken in a three-necked flask and 
to it was added, drop by drop, the catalyst 
sodium methoxide (methanolic solution, 0.4% 
w/w of the oil solution). Rearrangement was 
continued to the equilibrium state. After 60 
min the randomized sample was isolated by the 
usual procedure after destroying the catalyst 
with dilute hydrochloric acid. 

RESULTS 

On analysis by standard procedure, the seed 
fat of M. concanensis and the mixed fatty acids 
obtained from it showed the characteristics 
given in Table I. Methyl esters of the mixed 
fatty acids were next analyzed by GLC. The 
results are shown in Table II. 

The fatty acid compositions of the 2-mono- 
giycerides obtained from lipolysis of the Mor- 
inga oil and its interesterified product as deter- 
mined by GLC are given in Table III. 

The triglyceride compositions of the M. 
concanensis seed fat and its randomized prod- 
uct were next calculated from the fatty acid 
composition of the original triglyceride and the 
2-monoglycerides formed, using the assumption 

of Vanderwal (17) and Coleman (18). While 
calculating, the fatty acids have been grouped 
(19)  as 'P-C14:0 , C16:0 and C17:0' ;  
' S t -C18 :0  , C20:0 and C22:0' ;  "O-C18:1' and 
' U - C 1 6 : I  , C 1 7 : 1  , C 2 0 : 1  and C 1 8 : 2 ' .  The re- 
sults are given in Table IV. 

The percentage GS 3 content of the random- 
ized M. concanensis seed fat as determined by 
the method developed by Litchfield et al. (15) 
was found to be 1.5. 

DI SCUSSI ON 

The results of the present investigation along 
with the findings of the earlier workers on the 
fatty acid compositions of the seed fats of the 
Moringaceae family are shown in Table V. 

The fatty acid composition of M. concanen- 
sis seed fat as determined by GLC thus agrees 
well with that determined by Sengupta and 
Gupta (10) utilizing the combined techniques 
of urea adduction and quantitative paper chro- 
matography. Though the triglyceride composi- 
tion of M. concanensis has not been investi- 
gated earher, Rao et al. (7) and Kartha and 
Upadhyay (11) have studied earlier the triglyc- 

TABLE VI 

T r i g l y c e r i d e  Composi t ion ( m o t e  %) o f  M o r i n g a c e a  Seed  F a t  

M. pterygosperma (11)  

N o r t h  S o u t h  
G l y c e r i d e s  M. pterygosperma (7 )  Ind ia  Ind ia  

M. concanensis 
( p r e s e n t  w o r k )  

G S 3  1.4 - -  - -  0 .7  
G S 2 U  2 3 . 4  16.0  18 .3  14 .9  
G S U 2  2 5 . 6  37 .3  25 .2  4 6 . 0  
G U 3  4 9 . 6  4 6 . 7  56 .5  3 8 . 4  
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eride composit ion of M. oterygosperma seed fat 
of similar fa t ty  acid composit ion utilizing the 
oxidation method.  These data, along with the 
findings of the present investigation, are shown 
in Table VI. 

Table III shows the preponderance of Ct8 
unsaturated acids in the 2-positions of the 
triglycerides of M. concanensis seed fat. Ac- 
cording to the theory of Gunstone (20) the 
2-position of the triglycerides is preferentially 
esterified with C 18 unsaturated acids as far as 
the composit ion allows and thereafter the 
remaining acids are distributed randomly 
among the unoccupied positions. The present 
results agree fairly closely with this theory but 
not  completely,  since they indicate about  5% of 
the saturated acids in the 2-position. The 
present findings agree more with the observa- 
t ion of Coleman (21), who reported 4.4% 
saturated acids i.n the 2-positions of the triglyc- 
eride of Karanja oil, containing 26.6% of 
saturated acid. The proport ions of the six 
possible glycerides as calculated by the pro- 
posed formulae of Coleman (21) agree well 
with the findings of the present investigation 
(Table IV), the two sets of data being 'SSS-0.4,  
0.7'; 'SSU-1.2, 2.5';  'SUS-13.7, 12.4'; 'USU-1.0, 
2.3';  'SUU-45.7, 43.7' and 'UUU-38.0, 38.4" 
per cent, respectively. Table III further shows 
that during the process of interesterification the 
proport ions of  saturated acids in the 2-position 
increased from 5.4% in the seed fat to 41.1% in 
the randomized product.  The triglyceride com- 
positions of these products (Table IV) as 
calculated on the basis of  the 1,3-random, 
2-random distribution hypothesis also gives an 
idea about the changes in the proport ions of 
the six possible glycerides effected by the 
process of interesterification. The content of 
GS 3 and GU 3 changed from 0.7% to 1.4% and 
from 38.4% to 39.3%, respectively, by this 
process of randomization.  The proport ion of 
GS 3 (1.4%) content  of the randomized product  
as calculated from the lipolysis data is also in 
close agreement with that (1.5%) determined 
by the method developed by Litchfield et al. 
(15). 

The high content of oleic acid (66.3%) and 

the low content  of linoleic acid (1.7%) make 
the fat ty acid composit ion of M. concanensis 
seed fat interesting for util ization in the phar- 
maceutical industry as a formulation ingredient. 
The 25.7% of triolein also indicates a possibility 
of exploitat ion of this seed. Further  studies are 
being continued to develop a process for the 
preparation of oleic acid and triolein from the 
seed fat ofM. concanensis. 
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Fluorescent Lipids of Bovine Brain White Matter 
AFZAL A. KHAN and HELEN H. HESS, McLean Hospital Research 
Laboratory, Belmont, Massachusetts 02178, and Harvard Medical School 
School, Boston, Massachusetts 02115 

ABSTRACT 

Two fluorescent lipids were isolated 
from a chloroform-methanol (2:1 v/v) 
extract of bovine brain white matter by 
two-step preparative thin layer chroma- 
tography on Silica Gel G. The first step 
was performed with chloroform-diethyl 
ether-acetic acid (70:30:1 v / v ) a s  devel- 
oping solvent and revealed a single fluo- 
rescent band below the solvent front. The 
band was scraped off, and the lipid was 
eluted in chloroform and reapplied to 
Silica Gel G plates. In the second step, 
benzene-methanol-ethyl acetate (85:10:5 
v/v) as developing solvent revealed two 
fluorescent bands (A and B) with Rf 
values of 0.72 and 0.65. The lipids were 
eluted and the UV and visible absorption 
spectra were measured in heptane, as 
were the excitation and fluorescence 
spectra. Sulfuric acid absorption spectra 
(2 and 24 hr treatment at 22 C) as well as 
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FIG. 1. Absorption spectra of fluorescent lipids A 
and B in heptane. Absorption maxima: A, 252 rim; B, 
256 and 268 nm. These measurements and in Figure 4 
were made in a Cary recording spectrophotometer. 

the resulting excitation and fluorescence 
spectra were also determined. The fluo- 
rescent lipids reacted positively in a num- 
ber of nonspecific color tests for steroids, 
but the chemical nature of these minor 
components of the neutral lipid fraction 
remains to be established. 

I N T R O D U C T I O N  

During studies on cholesterol, small amounts 
of two fluorescent lipids were found in the 
neutral lipid fraction of bovine white matter, 
chromatographed on thin layers of Silica Gel G. 
The lipid spots which fluoresced under UV light 
became rose-colored in daylight after spraying 
and heating with sulfuric acid, but were clearly 
distinct from cholesterol and its esters. Minor 
components of a lipid fraction are difficult to 
detect and isolate. However, after the bulk of  
the lipid components have been removed by 
preparative thin layer chromatography (TLC), 
the concentrate of  minor components can be 
resolved further in a second preparative step 
(1). This paper describes the use of this strategy 
to prepare the fluorescent lipids and tests 
performed to try to characterize them. A 
preliminary report has been published (2). 

M A T E R I A L S  A N D  M E T H O D S  

Extraction Procedures 

Bovine (steer) brains from freshly slaugh- 
tered animals were brought to the laboratory in 
an ice bucket (transportation time 1 hr). The 
white matter was separated from the whole 
brain and the lipids were extracted from the 
fresh tissue or from stored frozen tissue. For 
each gram wet weight of white matter, 19 
volumes of chloroform-methanol (2:1 v/v) were 
added and an extract was prepared in a glass 
homogenizer with teflon pestle. The chloro- 
form-methanol insoluble residue was removed 
and the lipid extract was washed once ac- 
cording to Folch et al. (3). The lower phase was 
concentrated under N 2 at 37 C. The precipi- 
tated proteolipid protein and a small amount of 
water were removed by centrifuging in a clinical 
centrifuge. The chloroform phase was recov- 
ered. A-small volume of chloroform was used to 
wash the protein precipitate and the chloro- 
form soluble material was combined with the 
previously collected chloroform phase con- 
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FIG. 2. Excitation and fluorescence spectra of lipid 
A in heptane. Excitation maximum, 300 rim; fluo- 
rescence maximum, 330 nm. These measurements and 
in Figures 3, 5 and 6 were made in spectrofluorometer 
Model SF-1 (Baird Atomic, Inc.), and are uncorrected. 

taining the lipids. 

P r e p a r a t i v e  T L C  

Preparative TLC was carried out in two 
steps. The first solvent system (chloroform- 
diethyl ether-acetic acid, 70:30:1 v /v)was  used 
to separate the neutral lipid fraction from the 
other brain lipids. The second solvent system 
(benzene-methanol-ethyl acetate, 85:10:5 v/v) 
was used to separate the two fluorescent lipids 
from one another. The TLC plates (1 mm in 
layer thickness) were activated at 110 C for 4 
hr and stored at 37 C in an oven prior to use. 
To exclude any possible UV absorbing or 
fluorescent contamination from the silica gel, 

5O EX 

i 

~ V I ! t B ~ G ~ r ~  m g  

FIG. 3. Excitation and fluorescence spectra of lipid 
B in heptane. Excitation maximum, 320 nm; fluores- 
cence maximum, 360 nm. 
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FIG. 4. Sulfuric acid absorption spectra of lipid A, 
after 24 1~, and of lipid B after 2 and 14 hr. 
Absorption maxima: both A and B, 303-305 nm. 

the coated plates were prewashed in the respec- 
tive developing solvent and left in the oven at 
37 C for several hours prior to use. The 
concentrated lipids in chloroform were applied 
in an even streak parallel to the lower edge of 
the plate. In the first step, the plate was 
developed twice in chloroform-diethyl ether- 
acetic acid (70:30:1 v/v). Between the two 
runs, the solvent was allowed to evaporate in a 
hood. Double development produced further 
relative migration of the faster moving compo- 
nents of the neutral lipid fraction, such az 
would have been obtained with a longer plate. 

Ex 

SO 

I I , 
~o  300 ~so 4oo so ~ .~ 
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FIG. 5. Excitation and fluorescence spectra of lipid 
A in concentrated sulfuric acid. Excitation maximum, 
405 nm; fluorescence maximum, 442 nm. 
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FIG. 6. Excitation and fluorescence spectra of lipid 
B in concentrated sulfuric acid. Excitation maximum, 
473 nm; fluorescence maximum, 492 nm. 

Observation of plates under UV light revealed a 
fluorescent band near the solvent front. In 
some experiments, special precautions were 
taken to avoid artefactual fluorescence from 
oxidized lipids. The chloroform-methanol ex- 
tract was evaporated to a small volume in the 
cold under N 2 by solvent replacement (adding 
chloroform and reducing to a small volume as 
many times as necessary to replace methanol 
and water). In addition, the TLC plates were 
dried under N 2 (N 2 bag) after the completion 
of solvent development. The fluorescent lipid 
was observed as previously described after these 
precautionary measures. 

The fluorescent band obtained in step one 
was scraped off as a 1 cm width of adsorbent 
layer. The lipids were eluted with chloroform 
by shaking the adsorbent gently in a centrifuge 
tube, and the adsorbent was sedimented in a 
clinical centrifuge. The eluent was removed and 
concentrated to a small volume under a stream 
of N2, but was not dried. 

The concentrated chloroform solution of the 
eluted lipid was applied to TLC plates in an 
even streak parallel to the lower edge of the 
plate. For the second step, the plates were 
developed in benzene-methanol-ethyl acetate 
(85:10:5 v/v) as described by Doorenbos and 
Sharma (4). In this case, the chamber was lined 
with paper and well saturated 12 to 24 hr 
before use. After development, two fluorescent 
bands were seen under UV light and scraped 
separately from the plates. Sometimes a second 
development in the same solvent system was 
necessary for clear separation of two distinct 
fluorescent bands. 

Analytical Procedures 

Absorption spectra in heptane and in sul- 
furic acid were determined in a Cary 14 
recording spectrophotometer.  The fluorescent 
lipids were studied in heptane because they 
were poorly soluble in ethanol, the standard 
solvent for establishing absorption characteris- 
tics. Excitation and fluorescence spectra were 
determined in heptane and sulfuric acid with a 
spectrofluorometer, Model SF-I (Baird Atomic, 
Inc., Cambridge, Mass.), equipped with a Varian 
X-Y recorder. IR spectra were examined in a 
Perkin-Elmer Infracord Spectrometer; the sam- 
ple was dissolved in chloroform and applied on 
KBr tablets. Because the fluorescent lipids had 
shown a rose color on heating with sulfuric 
acid, various other color reactions for steroid 
compounds were performed on thin layer plates 
with reagents prepared as described by Neher 
(5). 

Reagents 

Redistilled chloroform containing 1% eth- 
anol as preservative was used; sulfuric acid was 
Baker Analyzed reagent grade; n-heptane was 
spectranalyzed reagent from Fisher Scientific 
Co. 

RESULTS 

Fluorescent lipids were recovered in the 
amount of about 0.1 mg/g wet weight of bovine 
brain white matter. On Silica Gel G thin layer 
plates, developed with benzene-methanol-ethyl 
acetate (85:10:5 v/v) as solvent in the second 
preparative step, two distinct fluorescent bands 
A and B were separated, with Rf values of 0.72 
and 0.65, respectively. Wider separation was 
obtained by running the same plate a second 
time in the same solvent. A third faint fluores- 
cent band migrated below band B. The quantity 
of material in this third band was much less and 
it was not studied. Between the A and B bands 
a yellowish UV absorbing band was seen that 
was not fluorescent. It was left behind when 
bands A and B were scraped from the plate. 
Other non fluorescent bands were also evident 
by 12 treatment of the plate. 

The results of studies in heptane on the UV 
absorption of lipids A and B (Fig. 1) as well as 
their excitation and fluorescence spectra (Fig. 2 
and 3) showed distinct resemblances between 
the two, but all maxima for A were at shorter 
wavelengths. After concentrated sulfuric acid 
treatment for 2-24 hr at 22 C, there was no 
difference between the absorption spectra of 
the two lipids (Fig. 4), but the excitation and 
fluorescence spectra of A (Fig. 5) had maxima 
at shorter wavelengths than did those of B (Fig. 
6). 
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FLUORESCENT LIPIDS OF BRAIN 

TABLE I 

Characteristics of Bovine White Matter Lipids on Silica Gel G Thin Layer Plates 

673  

Daylight 

Spray reagents a Lipid A Lipid B 

Fluorescence in UV light 

Lipid A Lipid B 

None None None 
50% Sulfuric acid Rose Brown 
Liebermann-Burchard Purple + 
Phosphoric acid Rose Yellow-gray 
Silicotungstic acid Purple Yellow-brown 
SbC13 in CHCl 3 Yellow-gray Gray 
2,4-Dinitrophenyl 

hydrazine Yellow + 
m-Dinitrobenzene 

(Zimmerman's test) Violet-brown Brownish 
Triphenyl tetrazolium CI Red Red 
Isonicotinic acid 

hydrazide None None 
Phosphomolybdic acid Blue Blue 
Phosphotungstie acid Yellow Brownish 

Bluish 
Orange 

Orange 

Orange 

Bluish 
Greenish-white 

Yellow 

aSpray reagents were prepared as described by Neher (5). 

The  mater ia l  r ecovered  f r o m  bands  A and  B 
showed ,  in  b o t h  cases, a s t rong  a b s o r p t i o n  peak  
in h e p t a n e  in the  region b e t w e e n  200  and  210  
nm,  in add i t i on  to  the  a b s o r p t i o n  peaks  be- 
t w e e n  250  and  270  n m  wavelengths .  

IR  a b s o r p t i o n  spec t ra  of  l ipids A and  B were 
iden t ica l  e x c e p t  t h a t  B had  an  add i t i ona l  
a b s o r p t i o n  at  a b o u t  12.5/a.  The  pa t t e rn s  were 
n o t  d iagnos t ic  o f  any  par t icu lar  l ipid a n d  have  
n o t  b e e n  i nc luded  here.  

Var ious  color  tes ts  for  s t e ro id  c o m p o u n d s  
(Table  I)  were posi t ive  excep t  fo r  t he  isonico-  
t in ic  acid hydraz ide  r eac t ion  w h i c h  specif ical ly 
de tec t s  A1,4-  and  A4,3-ke tos te ro ids .  

DISCUSSION 

Only one  of  the  f luorescen t  l ipids previous ly  
r e p o r t e d  in b ra in  has  been  iden t i f i ed .  Geiger  
and  B a m p t o n  (6)  o b t a i n e d  a waxy  f luorescen t  
mate r ia l  f r om the  bra ins  o f  r abb i t s  ki l led b y  
d i i sopropyl  f l u o r o p h o s p h a t e ,  b u t  its presence  in 
n o r m a l  bra in  was n o t  discussed;  analyses  were 
cons i s t en t  w i t h  i ts be ing  a f a t t y  acid es ter  of  
t he  enol  f o r m  of  ace top ipe rone .  L u n t  and  
Rowe  (7-9) f o u n d  some f luo rescen t  l ipids t h a t  
gave a color  tes t  suggest ing a s te ro id  n a t u r e  in  
the  neu t r a l  l ipid f r ac t ion  f r o m  m o u s e  bra in .  
The  mouse  bra in  l ipids were i so la ted  by  a 
t e c h n i q u e  d i f f e ren t  f r o m  t h a t  used  in the  
p resen t  s tudy ;  the  f luo rescen t  l ipids of  mouse  
bra in  s h o w e d  a b s o r p t i o n  peaks  f r o m  200 - 210  
n m  and  f r o m  250 -270  n m ;  exc i t a t i on  and  
f luorescence  spec t ra  were no t  publ i shed .  The  
I R  a b s o r p t i o n  spect ra  of  the  l ipids f rom mouse  
bra in  were un l ike  those  f r o m  bov ine  whi t e  
m a t t e r  excep t  for  a peak  at  a w a v e n u m b e r  of  
a b o u t  2 8 0 0  cm -1 . The  chemica l  s t ruc tu re  of  the  

mouse  b ra in  f luorescen t  l ipids has  n o t  been  
es tabl ished.  

A l t h o u g h  the  p resen t  f luo rescen t  l ipids o f  
bov ine  wh i t e  m a t t e r  r e sembled  s te ro ids  in  
respec t  to  UV a b s o r p t i o n ,  e x c i t a t i o n  and  f luo-  
rescence  spec t ra  a f t e r  t r e a t m e n t  w i t h  concen-  
t r a t ed  sulfur ic  acid,  and  r eac t i on  to a n u m b e r  
of  co lor  tests ,  all these  m e t h o d s  are nonspec i f ic .  
F u r t h e r  work  will be n e e d e d  to  i den t i fy  these  
m i n o r  c o m p o n e n t s  of  the  neu t r a l  l ipid f r ac t i on  
of  bra in .  
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Isovaleroyl Triglycerides From the Blubber 
and Melon Oils of the Beluga Whale (Delphinapterus leucas) 
CARTER LITCHFI ELD 1, Department of Biochemistry and 
Biophysics, Texas Agricu ltu ral Experiment Station, 
College Station, Texas 77843, and R.G. ACKMAN, J.C. SIPOS and 
C.A. EATON, Halifax Laboratory, Fisheries Research Board of 
Canada, Halifax, Novia Scotia 

ABSTRACT 

The fat ty acid compositions of the 
blubber and melon oils from the beluga 
whale (Delphinapterus teucas) have been 
determined by gas liquid chromatography 
(GLC). The melon oil contains a high 
level (60.1 mole %) of isovaleric acid, 
substantial amounts of long chain branch- 
ed acids (16.9%), and very little polyun- 
saturated material (0.5%). The blubber oil 
contains less isovaleric (13.2%), fewer 
long chain branched acids (2.7%), and 
appreciable amounts (10.9%) of the poly- 
unsaturated acids typical  of marine oils. 
The blubber and melon oils were also 
examined for lipid class composit ion by  
thin layer chromatography on silicic acid, 
direct GLC of the hydrogenated oil, and 
gel permeation chromatography. Both 
oils are composed almost entirely of 
triglycerides, which can be separated 
chromatographically into molecules con- 
taining 0, 1 and 2 isovaleric acid moieties. 
No triisovalerin could be detected. The 
blubber oil contains 68.9 mole % normal 
triacyl-, 24.2% diacyl-monoisovaleroyl-, 
and 7.0% monoacyl-diisovaleroyl-triglyc- 
erides (acyl = long chain acid). Mono- 
acyl-diisovalerin constitutes 86.7 mole % 
of the melon oil. This unusual compound 
may play a role in the echolocation 
system of the beluga whale. 

INTRODUCTION 

Isovaleric acid has been reported in the melon 
(forehead), jaw and blubber oils of dolphins 
(I-4),  porpoises (5-9), the pilot whale (10), and 
the beluga whale (11). Apparent ly  only this 
small group of marine mammals out of the 
entire animal kingdom is able to biosynthesize 
fatty oils containing this unusual fat ty acid. 
Recent biological studies by Norris (12,13) 
indicate that  the fat ty tissues in the melon and 
jaw of dolphins, porpoises and toothed whales 

Ipresent address: Department of Biochemistry, 
Nelson Biological Laboratories, Rutgers-The State 
University, New Brunswick, New Jersey 08903. 

(i.e., the suborder Odontocet i )  may play a 
major role in the echolocation system of  these 
animals. It seems appropriate,  therefore, to 
conduct  a detailed study of Odontocet i  head 
oils to determine if their unusual chemical 
structure might possibly be related to their role 
in echolocation. 

Lovern (7) and Varanasi and Malins (6) have 
reported that isovaleric acid occurs in mixed 
acid triglycerides of the melon, jaw and body 
oils from the porpoise Phocoena phocoena. On 
the other hand, Tsujimoto and Koyanagi (10) 
found both  cetyl isovalerate and mixed isoval- 
eroylqong chain triglycerides in the head oil of 
the pilot  whale Globicephala macrorhyncha. 
Varanasi and Matins (5) have also identified 
isovalerate wax esters in Tursiops gilli jaw oil. 
This paper reports a detailed comparison of 
molecular species of triglycerides found in the 
blubber and melon oils of the Arctic beluga 
whale, Delphinapterus leucas. 

EXPERIMENTAL PROCEDURES 

Materials 

Beluga melon oil (Delphinapterus leucas) was 
supplied by Churchill Whale Products Ltd.,  
Churchill, Manitoba. It came from the com- 
bined melons of several whales caught in 
Hudson Bay in August 1966. Beluga blubber oil 
was obtained from commercial production by 
the same company. 

Gas Liquid Chromatography of Fatty Acids 

Triglycerides were converted to methyl esters 
by heating in a screw-cap (Teflon fined) centri- 
fuge tube with 5 ml 7% (w/v) BF3/CH3OH 
reagent per 100 mg as described by Morrison 
and Smith (14). Hexane rather than benzene 
was added to promote sample solubilization, 
since benzene was found to produce an artifact 
with a retention time on butanediolsuccinate 
polyester  (BDS) columns very similar to that of 
methyl isobutyrate.  Esters were normally con- 
centrated into the hexane layer for gas liquid 
chromatography (GLC) analysis by the addit ion 
of 1.5 ml water to the reaction tube.  Occasional 
direct GLC study of homogeneous reaction 
mixtures was a t tempted  to check the quantita- 
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T A B L E  I 

Fa t t y  Acid  C o m p o s i t i o n  o f  t he  Blubber  and  Melon Oils F r o m  the  Beluga Whale  

Blubber  oil Melon oil 

F a t t y  acid Weight  % Mole % Weight  % Mole % 

Sa t u r a t ed  
Iso 5 :0  

9:0 
Iso 10:0  

10:0  
Iso 11:0  
An te i so  11 : 0 

11:0 
Iso 12:0  

12:0  
Iso 13:0  
Ante i so  13: 0 

13:0  
Iso 14:0 

14:0 
4 , 8 , 1 2 - T r i m e t h y l t r i d e c a n o i c  
Iso 15:0  
An te i so  15: 0 
U n k n o w n  

15:0  
Iso 16:0 
Pristanic 

16:0  
Iso 17:0 
Ante i so  17:0  

17:0 3 
P h y t a n i c l  

Iso 18:0  
18:0  
19:0  
20 :0  

Tota l  s a tu ra t ed  

M o n o u n s a t u r a t e d  
12:1 0 .39  
14:1607 0 .38  
14:160? 0 .50  
14:1607 0 .76  
15:1 Trace  
U n k n o w n  0 .63  
16:1o99 1.11 
16:16o7 20 .12  
16:1605 0.31 
17:16o8 0 .13  
18: 16ol 1+9 15.57 
18:1607 4 .29  
18:16o5 0 .60  
19:16o9 0.01 
19:1608 0.01 
19:1607 0 .03  
20:160 11+9 9.32 
20:16o7 0 .58  
20:1  605 0 .04  
22:16013+11 3.42 
22:1 609 1.07 
22:1607 0.12 
24:1609 0.21 

Tota l  m o n o u n s a t u r a t e d  59 .60  

( C o n t i n u e d  

5.80 13.15 40 .57  60 .09  
. . . . . .  0 .10  0 .10  

0 .03  0.05 0 .08  0 .07  
0 .10  0 .13  0.25 0.22 
0 .10  0 .13  1.38 1.19 
0 .03  0 .05  Trace  Trace  
0 .05  0 .08  0 .06  0.05 
0 .10  0 .13  0 .56  0.45 
1.00 1.24 1.29 1.03 
0.25 0 .32  2 .50  1.89 
0 .03  0 .03  Trace  Trace  
0 .08  O. 11 O. 10 0 .07  
0 .29  0.32 1.79 1.27 
6.81 7 .39  6.81 4 .83  
0.31 0 .34  . . . . .  
0 .64  0 .66  14.64 9 .80  
0 .10  0.11 0 .48  0 .33  
. . . . . .  0 .21 0 .14  
0 .33  0 .34  0 .54  0 .36  
0 .17  0 .16  2 .06  1.31 
0 .12  0 .10  . . . . . .  
8.41 8.18 5.53 3.53 
0 .18  0 .16  0 .62  0.38 
0 .08  0 .08  0 .13  0 .09  

0 .52  0 .47  0 .39  0 .24  

0 .07  0.05 0.01 0.01 
1.51 1.34 0 .17  0.12 

Trace  Trace  Trace  Trace  
0 .04  0 .03  0 .07  0 .03  

27 .15  35.15 80 .34  87 .60  

0 .47  0 .24  0.19 
0 .47  0 .39  0 .28  
0 .55  0.39 0 .28  
0 .84  0.39 0 .28  

Trace  0 .49  0 .33  
0 .60  0 .24  0.15 
1.08 1.09 0.71 

19.73 10.95 7.02 
0.32 0 .09  0.05 
0 .13  0 .04  0.02 

13.81 2 .96  1.72 
3.81 0 .62  0 .36  
0 .53  0 .28  0.15 
0.01 . . . . . .  
0.01 . . . . .  
0 .03  . . . . . .  
7 .53  0 .52  0.28 
0 .47  0 .03  0.02 
0 .03  Trace  Trace  
2.55 0 .12  0.05 
0 .79  0 .02  0.02 
0 .08  . . . . . .  
0 .16  . . . . . .  

54 .00  18 .86  11.91 

on  fo l lowing  page)  
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T A B L E  I 
( C o n t i n u e d  f r o m  f o l l o w i n g  page)  

P o l y u n s a t u r a t e d  
1 6 : 2 6 6 6  0 . 0 3  0 . 0 3  0 . 0 4  0 . 0 3  
1 6 : 2 6 6 4  0 . 3 3  0 . 3 2  0 . 1 3  0 . 0 8  
1 6 : 3 6 o 4  0 . 0 3  0 . 0 2  . . . . . .  
1 6 : 3 6 6 3  0 . 0 9  0 . 0 8  0 . 0 2  0 . 0 2  
1 6 : 4 6 6 3  0 . 1 7  0 . 1 6  0 . 0 8  0 . 0 5  
16 :4661  0 . 1 2  0 . 1 3  0 . 0 7  0 . 0 5  
1 8 : 2 6 o 6  1 .43  1 .29  0 . 1 9  0 . 1 0  
1 8 : 3 6 6 6  0 . 0 5  0 . 0 5  0 . 0 2  0 . 0 2  
1 8 : 3 6 6 3  0 . 1 4  0 . 1 3  0 . 0 2  0 . 0 2  
1 8 : 4 6 o 3  0 . 2 5  0 . 2 4  . . . . .  
2 0 : 2 6 6 6  0 . 1 0  0 . 0 8  0 . 0 3  0 . 0 2  
2 0 : 3 6 0 6  0 .01  Trace  - -  - -  
2 0 : 3 6 o 3  T r a c e  T race  - -  - -  
2 0 : 4 6 6 6  0 . 3 3  0 . 2 6  0 . 0 3  0 . 0 2  
2 0 : 4 6 o 3  0 . 3 0  0 . 2 4  - -  - -  
2 0 : 5 6 o 3  3 . 8 8  3 . 2 4  0 . 1 6  0 . 0 8  
21  : 5662(?)  T r a c e  T race  - -  - -  
2 2 : 4 6 6 6  Trace  Trace  - -  - -  
2 2 :  5 666 T r a c e  Trace  - -  - -  
2 2 : 5 6 6 3  1.91 1 .45  - -  - -  
2 2 : 6 6 6 3  4 . 0 8  3 .13  - -  - -  

T o t a l  p o l y u n s a t u r a t e d  13 .25  10 .85  0 . 7 9  0 . 4 9  

1 0 0 . 0 0  1 0 0 . 0 0  9 9 . 9 9  1 0 0 . 0 0  

tion of the C8-C 12 acids. 
The apparatus employed for GLC determina- 

tion of all longer chain length fatty acids was a 
Perkin-Elmer Model 226 gas chromatograph 
fitted with a flame ionization detector (FID) 
and a stainless steel, open tubular (capillary) 
column 50 m long and 0.25 mm i.d. The 
coating was BDS polyester. Standard operating 
conditions were: column, 170 C; injection port, 
270 C; helium carrier gas, 40 psig (giving a flow 
rate of 5 ml/nfin at 25 C). For study of lower 
molecular weight materials, an initial period of 
isothermal operation at 90 C was followed by a 
rapid temperature rise after emergence of the 
10:0 peak and subsequent operation under 
standard conditions. This permitted accurate 
qualitative assessment of materials with chain 
lengths as low as C4; but quantitation of C 4 - C  6 

material in relation to higher C16-C18 fatty 
acid methyl esters was erratic, and the impor- 
tant isovaleric acid component was therefore 
determined independently (see below). Peaks 
were identified by comparison with the reten- 
tion times of known standards and by graphical 
analysis of their retention times as previously 
described (15). Peak areas were determined 
using a Disc Instruments integrator and were 
corrected to weight per cent composition as 
described by Ackman and Sipos (16) for the 
FID. This data was subsequently integrated 
with an independent isovaleric acid determin- 
ation and converted to mole per cent. 

Determination of Isovaleric Acid 

Isovaleric acid was determined by GLC using 

the internal standard technique. After qualita- 
tive verification of the absence of valeric acid 
(none was detected in beluga samples), about 
100 mg of blubber or melon oil was weighed 
into a 100 ml volumetric flask. Five milliliters 
of 0.5 N KOH in n-butanol (BuOH) containing 
an appropriate amount of valeric acid standard 
was added. The mixture was heated on a steam 
bath for 15 min, with occasional swirling, and 
cooled. Five milliliters of 14% (w/v) BF3/BuOH 
reagent was added, followed by a further 
heating for 15 min to esterify the liberated 
acids. After cooling, distilled water was added 
to volume and the mixture shaken briskly. Part 
of the BuOH layer (3-5 ml) was transferred to a 
100 ml volumetric flask, and a saturated NaC1 
solution with approximately 0.25 ml petroleum 
ether was added to bring the ester rich layer 
which separated after shaking into the narrow 
neck of the flask for convenient removal by 
syringe for GLC analysis. GLC analyses were 
carried out on a glass column, 2 m x 3 mm i.d., 
packed with 5% SE-30 on 70/80 mesh Ana- 
krom ABS. The apparatus was a Barber-Colman 
Model 10, fitted with FID, operated at a 
column temperature of 120 C and a carrier gas 
pressure of 20 psig. Peak areas were determined 
with a Disc Instruments integrator. The iso- 
valeric acid content was then calculated from 
the ratio of the 5:0 and iso-5:0 peak areas, the 
amount of 5:0 added, and the weight of the 
original sample. 

Since the triglyceride fractions recovered 
from preparative thin layer chromatography 
(TLC) separations were too small to be weighed 
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BELUGA 

WHALE 

XXX 

XXV 

XVV 

TABLE II 

Isovalerate Content of the Triglyceride Bands 
Separated From Hydrogenated Beluga Blubber 

Triglycerides by Preparative TLC 

Triglyceride Mole % 
bands isovalerate 

Band XXX a Tracb 
Band XXV 30.2 
Band XVV 61.0 

ax, long chain fatty acid; V, isovaleric acid. 

ELUGA BLUI~ER TRIGLYCERIDES 

FRACTION XXX 

S B B' S M M' S 
FRACTION XXV 

FIG. 1. Separation of beluga blubber and melon 
triglycerides according to isovaleric acid content using 
TLC on silicic acid. XXX, triglycerides containing no 
isovaleric acid; XXV, diacyl-monoisovalerin; XVV, 
monoacyl-diisolvalerin; S, standard mixture of XXX, 

FRACTION XVV XXV, XVV and VVV (not marked) produced by inter- �89 
esterification of trimyristin and triisovalerin. B, un- - --~. 
hydrogenated beluga blubber oil. B', hydrogenated 
beluga blubber oil. M, unhydrogenated beluga melon 
oil. M', hydrogenated beluga melon oil. Operating 
conditions: 200 x 200 mm TLC plate coated with 
0.25 mm layer of Adsorbosil 1; developed in 87:12:1 
petroleum ether-diethylether-acetic acid; spots visual- 
ized by charring with H2SO4/K2Cr207 solution. 

accurately,  they  were analyzed using bo th  
valeric and heptadecanoic  acid internal  stan- 
dards permit t ing  comple te  quan t i t a t ion  in a 
s tep-programmed GLC analysis. F r o m  1-4 mg 
of  sample were placed in a 50 ml vo lumet r ic  
flask and 1.0 ml 0.5 N K O H / B u O H  containing 
the appropriate  amounts  of  acid standards was 
added.  The s toppered flask was heated  on a 
steam bath for 10 min,  and then 1.0 ml  14% 
(w/v) BF3 /BuOH reagent was added.  The re- 
s toppered flask was heated for ano ther  10 min,  
cooled,  and filled to 50 ml wi th  distilled water.  
Then 0.25 ml pe t ro leum ether  was added and 
the flask shaken vigorously for 1 min.  Af te r  
separation,  a sample for GLC analysis was taken 
directly f rom the top  layer. GLC analysis o f  the 
C5 components  was carded out  as before ,  
fol lowing which the co lumn tempera tu re  was 
rapidly raised to 200 C for the rest of  the 
analysis. The total  fa t ty  acid compos i t ion  of  
the sample was then calculated f rom the ratio 
of  the 5:0 and iso-5:0 peak areas, the  ratio of  
the 17:0 and C10-C22 peak areas, and the 
amounts  of  5:0 and 17:0 originally added.  

xxx 
xxv 

x x v  

FIG. 2. Separation of unhydrogenated beluga 
blubber oil triglycerides by permeation chromatog- 
raphy. Initial bands from total sample (top curve) 
were individually rechromatographed (three bottom 
curves) for further purification. Shaded areas represent 
fractions collected. XXX, triglycerides containing no 
isovaleric acid; XXV, diacyl-monoisovalerin; XVV, 
monoacyl-diisovalerin. Operating conditions: 25 x 420 
mm column of 200/400 mesh styrene divinyl-benzene 
copolymer beads; * 100 mg triglycerides dissolved in 
1.0 ml benzene applied to column; samples eluted 
with benzene at 1.3 ml/nfin; column temperature 28 
C. 

Al though  a very small amount  ('x,0.6 mole %) 
n'C17 acid was present in the original b lubber  
triglycerides, this me thod  was qui te  accurate 
enough to ident i fy  the fractions o f  tr iglycerides 
containing no isovaleric acid (XXX),  diacyl- 
monoisovaler in (XXV),  and monoacyl-di isol-  
valerin (XVV) separated by TLC. 

Hydrogenation 

To improve resolut ion in TLC and GLC, 
bo th  melon  and b lubber  otis were ful ly  hydrog- 
enated prior  to tdglycer ide  analysis. This was 
accomplished by the me thod  of  Farquhar  et al. 
(17) using freshly distilled dioxane as a solvent 
in place of ethanol .  

VLC 

Hydrogena ted  beluga blubber  and melon  lipid 
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BELUGA BLUBBER TRIGLYCERIOE$ 

48 ~ 

37 5~ 41 60  

J BAND XXX 

J ~ BAND XXV 
43 

BAND XVV 

TABLE III 

FIG. 3. Gas chromatograms of hydrogenated total 
beluga blubber triglycerides and of the three bands 
separated by TLC on silicic acid. XXX, triglycerides 
containing no isovaleric acid; XXV, diacyl-monoiso- 
valerin; XVV, monoacyl-diisovalerin. Operating con- 
ditions: 560 x 2.5 mm i.d. stainless steel column 
packed with 3.0% JXR on 100/120 mesh Gas Chrom 
Q; column temperature programmed 160-+350 C at 4 
deg/min; 100 ml/min. He carrier gas; flash heater 350 C. 

were separated by preparative TLC on 1.0 mm 
thick layers of  silicic acid (Adsorbosi l  1, Ap- 
plied Science Laborator ies ,  State College, Pa.) 
impregna ted  wi th  0.02% R h o d a m i n e  6G. Plates 
were deve loped  in 87:12:1 pe t ro l eum ether-  
d ie thyle ther -ace t ic  acid. Bands were then  lo- 
cated under  UV light, scraped in to  individual 
ch roma tog raphy  co lumns ,  and e luted wi th  di- 
e thylet l ier .  

Permeation Chromatography 
The tr iglycerides f rom 1.0 g of  unhydrogen-  

a ted beluga b lubber  oil were e luted f rom a 20 x 
100 m m  co lumn of  alumina (Woelm, basic 
activity grade 1) wi th  150 ml d ie thyle ther .  
Af te r  solvent  evapora t ion ,  the  tr iglycerides 
were redissolved in 10 ml benzene  and applied,  
1 ml o f  solut ion at  a t ime,  to a 25 x 420 mm 
s tyrene-d iv inylbenzene  copo lymer  bead column 
(Dew X2,  200 /400  mesh,  lot  07153).  The 
sample was e luted wi th  addi t ional  benzene  at 
28 C wi th  a f low rate  of  1.3 ml /min  (18). A 
different ia l  recording r e f r ac tome te r  (19) was 
used to  m o n i t o r  the eluate.  The respect ive 
tr iglyceride f rac t ions  f r o m  the  10 individual 
runs were combined  and ch roma tog raphed  once 
more  on  the  same co lumn for  fu r the r  purifi- 
cat ion.  

GLC of Triglycerides 
GLC analyses of  hydrogena ted  tr iglycerides 

were carried out  under  the o p t i m u m  opera t ing  

Triglyceride Composition of 
Hydrogenated Blubber and 

Melon Oils From the Beluga Whale 

5, ~ Carbon Blubber oil, Melon oil, 
~o~ ~ ~ ~ no. mole % mole % 

�9 a 6o  

"6 ~ Diisovaleroyl triglycerides (XVV) 
20 --- 0.17 
22 --  1.27 
23 --  3.89 
24 1.24 18.07 
25 1.30 31.78 
26 3.78 28.66 
27 --  0.60 
28 0.64 2.27 

Total XVV 6.96 86.71 

Monoisovaleroyl triglycerides (XXV) 

29 -- 1 
31 0.29 
33 0.86 
34 0.28 10.49 
35 2.68 
36 0.53 
37 5.64 
38 0.31 --  
39 5.86 0.95 
40 0.17 --  
41 4.17 0.30 
43 2.33 0.19 
45 0.86 0.13 
47 0.20 0.11 

Total XXV 24.18 12.17 

Triglycerides with no isovaleric acid (XXX) 

42 0.51 Trace 
44 1.41 0.08 
46 3.37 0.17 
48 6.43 0.27 
50 9.06 0.21 
52 10.69 0.16 
54 11.03 0.11 
56 10.31 0.07 
58 7.93 0.04 
60 4.96 --  
62 2.23 --  
64 0.76 --  
66 0.17 --  

Total XXX 68.86 1.11 

100.00 99.99 

condi t ions  for  marine oils descr ibed by Harlow, 
Li tchfield and Reiser (20). An F & M 400 gas 
ch roma tog raph  equ ipped  wi th  F1D and auto-  
matic  t empera tu re  p rogramming  was used. The 
560 x 2.5 mm i.d. stainless steel co lumn packed 
wi th  3.0% JXR on 100/120 mesh Gas Chrom Q 
was p rog rammed  f rom 160 C to  350 C at 4 
deg/min  wi th  100 ml /min  He carrier gas. 

Peaks were ident i f ied  as to carbon n u m b e r  by  
coch ro ma t o g rap h y  wi th  k n o w n  compounds .  
Trimyris t in ,  t r ipalmit in ,  t r is tearin,  t r iarachidin 
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and tribehenenin of 99% purity (Applied Sci- 
ence Laboratories, State College, Pa.) were used 
to identify the carbon numbers of triglycerides 
containing no isovaleric acid. Mixtures of tri- 
stearin and triisovaterin (Eastman Organic 
Chemicals, Rochester, N.Y.), tripalmitin and 
triisovalerin, and trimyristin and triisovalerin 
were interesterified with a NaOCH 3 catalyst 
(21) to produce standards of isovaleroyl- 
triglycerides. Interesterification of trimyristin 
and triisovalerin, for example, produced a 
mixture of trimyristin, isovalero-dimyristin, di- 
isovalero-myristin and triisovalerin that was 
used to identify the peaks of 15, 24 ,33  and 42 
carbon number. Peak areas were determined by 
planimetry. Quantitative response factors for 
the various carbon number triglycerides were 
determined from known composition mixtures 
of trihexanoin, trioctanoin, tridecanoin, trilau- 
rin, trimyristin, tripalmitin, tristearin, triarach- 
idin and tribehenin. The fm values (molar 
calibration factors determined by the internal 
normalization technique) (22) of the simple 
triglycerides in the calibration mixtures were 
then plotted vs. carbon number,  and fm values 
for all carbon numbers were interpolated from 
the resulting graph. Triglyceride compositions 
are reported in mole per cent. 

RESULTS AND DISCUSSION 

Fatty Acid Composition 

Since beluga blubber and melon oils are 
known to contain isovaleric acid, the first step 
was to determine the general fatty acid compo- 
sition of our samples. GLC analysis of the fatty 
acids gave the results reported in Table I. The 
melon oil contains a very high level (60.1 mole 
%) of isovaleric acid, substantial amounts of 
long chain branched acids (16.9%), and very 
little highly polyunsaturated material (0.5%). 
The blubber oil contains less isovaleric (13.2%), 
fewer long chain branched acids (2.7%), and 
appreciable amounts (10.9%) of the polyun- 
saturated acids typical of marine oils. 

The types and amounts of long chain 
branched acids in the blubber oil are similar to 
those found in most marine depot lipids 
(23,24); only in the melon oil do they accumu- 
late to an unusual degree. Most of the long 
chain branched acids are of the iso series, 
indicating their possible genesis from isovaleric 
acid. The levels of isovaleric acid reported here 
for beluga melon and blubber oils are almost 
twice those found by Williams and Maslov (11). 
Assuming their analyses to be reasonably accu- 
rate, it would appear that the isovaleric acid 
content of the beluga whale is subject to 
considerable variation. Although of circumpolar 

6E'I_UGA MELON TRIGLYCER[OES 

~s 

FIG. 4. Gas chromatograms of hydrogenated total 
beluga melon triglycerides. Column was overloaded in 
lower chromatogram so that minor peaks could be 
quantitated. Operating conditions same as for Figure 
3. 

distribution, the genus Delphinapterus has but a 
single species, so this difference in isovaleric 
content cannot be attributed to species differ- 
ences. 

TLC 

Beluga melon and blubber oils were next 
examined for lipid class composition by TLC 
on silicic acid. Both samples could be separated 
into three main spots in an 87:12:1 petroleum 
ether-diethylether-acetic acid solvent system 
(Fig. 1). Cochromatography with trimyristin, 
isovalero-dimyristin, diisovalero-myristin and 
triisovalerin showed that these three spots 
correspond to triglyceride molecules containing 
0, 1 and 2 isovaleroyl moieties. The greatest 
distance up the plate was covered by XXX; 
XXV moved somewhat less; while XVV moved 
the shortest distance. No triisovalerin could be 
detected by TLC. Resolution of the three spots 
was significantly improved by hydrogenation of 
the samples prior to TLC. 

Further evidence for the identify of the 
isovaleroyl-triglycerides was obtained by recov- 
ering the XXX, XXV, and XVV bands from a 
preparative TLC separation of hydrogenated 
beluga blubber oil and determining the fatty 
acid composition of each fraction. The results 
(Table II) show the expected compositions. 
Fraction XXX contains essentially no isovaleric 
acid; fraction XXV contains about one third 
isovaleric acid on a molar basis; and fraction 
XVV is approximately two thirds isovaleric. 
Slight deviations from theoretical isovalerate 
content are probably due to incomplete separa- 
tion of the three bands. 

The resolution of triglycerides containing 0, 
1, 2 and 3 isovaleric acid moieties is not 
completely unexpected. Other workers such as 
Blank and Privett (25) and Kleiman et al. (26) 
have shown that triglycerides containing one 
acetic or butyric acid moiety can be easily 
separated from long chain triglycerides by TLC 
on silicic acid. Certainly this type of separation 
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is extremely useful with cetacean triglycerides 
containing isovaleric acid, since it allows rapid, 
easy fractionation of these complex mixtures 
according to isovaleric acid content. 

Permeation Chromatography 

Resolution of beluga blubber triglycerides by 
permeation chromatography on a polystyrene 
gel column yielded three fractions (Fig. 2). 
After rechromatography for further enrich- 
ment, GLC of the intact triglycerides from each 
fraction clearly identified them as the XXX, 
XXV and the XVV bands already found by 
TLC. This resolution of XXX, XXV and XVV 
triglycerides by permeation chromatography 
would generally be expected, since this tech- 
nique separates molecules mainly on the basis 
of molecular weight (27). The resolution of the 
XXX, XXV and XVV fractions by permeation 
chromatography is approximately the same as 
by TLC on silicic acid, provided sample size and 
enhancement of resolution by hydrogenation 
are considered. 

GLC 

Natural triglycerides mixtures containing 
short chain fatty acids can be fractionated into 
a large number  of peaks by GLC (28,29). 
Figure 3 (top) shows the resolution of the 
hydrogenated blubber oil triglycerides by this 
technique into a phenomenal 30 peaks. These 
peaks seem to be arranged into three groupings: 
C24-C28 , C31-C45 and C42-C66. The identities 
of these three groups of beluga blubber triglyc- 
erides were clarified by GLC analysis of the 
XXX, XXV and XVV bands that had been 
isolated from hydrogenated beluga blubber 
triglycerides by preparative TLC. Band XXX 
contains only C42-C66 triglycerides of even 
carbon number (Fig. 3) corresponding to tri- 
glyceride molecules containing no isovaleric 
acid. Band XXV contains mostly odd carbon 
number C31-C45 peaks, which are triglycerides 
having one isovaleroyl moiety per molecule. 
Band XVV contains C24-C28 material, which 
must be monoacyl-diisovalerins. Thus, these 
chromatograms provide additional evidence for 
the identity of the XXX, XXV and XVV bands 
tentatively identified by their TLC Rf values 
and their fatty acid compositions. The large 
differences in triglyceride retention times at- 
tributable to the presence of 0, 1 or 2 isovaleric 
acid chains allow complete GLC quantitation of 
the XXX, XXV and XVV fractions without 
prior subfractionation by TLC on silicic acid. 
XXV molecules are mainly odd carbon number 
triglycerides and thus have different elution 
temperatures from the XXX species, which are 
mostly even carbon number triglycerides. Quan- 

ti tation of the chromatograms (Table III) shows 
that beluga blubber oil contains 68.9 mole % 
XXX, 24.2% XXV, and 7.0% XVV. No triiso- 
valerin could be detected by GLC, even when 
the starting column temperature was lowered to 
100 C. 

GLC analysis of hydrogenated beluga melon 
triglycerides (Fig. 4) shows them to be com- 
posed of mostly XVV species from C23 
through C 28. Injection of an extra large sample 
indicates that XXV and XXX species are indeed 
present but only in minor amounts. No peak 
was observed at the temperature where syn- 
thetic triisovalerin eluted from the column. 
Monoacyl-diisovalerin constitutes 86.7 mote % 
of the melon triglycerides (Table III); very little 
XXV (12.2%) and XXX (1.1%) are present. The 
high level of branched-chain acids in beluga 
melon triglycerides leads to shouldering on 
many of the peaks. Note that the C24 and C26 
peaks both exhibit front shoulders, probably 
due to the presence of both iso- and n-long 
chain acids in the XVV molecules. These 
shoulders could also be due to the presence of 
triglyceride positional isomers (29), but the 
presence of high levels of iso- 14: 0 and iso- 16:0 
acids makes the former explanation consider- 
ably more probable. The C29-C37 area of the 
beluga melon triglycerides is extremely com- 
plex on the chromatogram in Figure 4. The 
presence of both short and long chain branched 
acids in the same XXV molecules probably 
accounts for this complexity. Thus accurate 
carbon number assignments could not be made 
for the C29-C37 peaks, and they were quanti- 
tared as a single group for reporting in Table 
III. 

Comparison of average fatty acid chain length 
values (20) indicates that the carbon number 
distributions reported in Table III are quite 
close to the correct values. The triglyceride data 
for the blubber oil gives an average acyl chain 
length of 15.99 vs. 15.63 calculated from the 
fatty acid composition. The respective values 
for the melon oil are 8.85 and 9.01. 

Implications for Cetacean Echolocation 

Norris (12,13) and Wood (30) have postu- 
lated that the melon of fatty tissue in the 
forehead of the beluga whale and other Odon- 
toceti (dolphins, porpoises and toothed whales) 
functions as a sound transducer and possibly a 
sonic lens in the echolocation process of these 
animals. The sound transmitter for echoloca- 
tion apparently lies in the nasal passages, 
immediately behind the melon. This sound is 
picked up by the fatty tissue in the melon and 
directionally transmitted to the seawater in 
front of the head. A fatty oil is closely 
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i m p e d a n c e - m a t c h e d  to  seawater  so t h a t  the  
energy  losses dur ing  the  t r ans fe r  o f  s o u n d  waves 
f r o m  m e l o n  to  seawate r  are very  low (13) .  The  
presen t  work  ind ica tes  t h a t  a t r ig lycer ide ,  
monoacy l -d i i sova le r in ,  cons t i t u t e s  86.7 mole  % 
of  the  me lon  oil in  the  be luga  whale .  The  long  
chain  acyl m o i e t y  of  th is  t r ig lycer ide  is p r imar-  
ily iso a n d  s t ra ight  cha in  C11-C17 f a t t y  acids.  
Many  an imals  o t h e r  t h a n  r u m i n a n t s  p r o b a b l y  
p roduce  m i n o r  a m o u n t s  of  isovaleric  acid. 
H u m a n  b lood ,  for  example ,  con ta ins  a b o u t  194 
/~g/100 ml p lasma (31) .  The  O d o n t o c e t i  are the  
excep t iona l  an imals  w h i c h  exp lo i t  th is  acid by  
i n c o r p o r a t i n g  i t  i n to  the i r  h e a d  and  b l u b b e r  
oils. The  presence  of  the  acid in  the  b l u b b e r  oils 
is poss ibly  due  to  spi l lover  of t he  t r ig lycer ides  
syn thes ized  for  the  e c h o l o c a t i o n  sys tem in t he  
head .  

Gi lmore  (32)  has suggested  t h a t  isovaleric  
acid is n e e d e d  t o  m a i n t a i n  t he  m e l o n  f a t t y  oi l  
in a l iquid  s ta te  at  the  e x t r e m e l y  low envi ron-  
m e n t a l  t e m p e r a t u r e s  ( d o w n  t o  -2 C) in w h i c h  
these  an imals  live. The low t e m p e r a t u r e  requi re-  
m e n t  is possibly  due t o  a pauc i ty  of  b l o o d  
vessels in  the  skin over ly ing  t he  me lon ,  as those  
migh t  in t e r fe re  w i t h  h igh  f r e q u e n c y  s o u n d  
t r ansmiss ion  i n to  the  water ,  and  a t e m p e r a t u r e  
gradient  may  exis t  across the  me lon .  Ord ina ry  
mar ine  oils, inc lud ing  those  of  m a n y  fish and  of  
the  Myst ice t i ,  are sub jec t  to  f o r m a t i o n  of  sohds  
(s tear ine)  at  t e m p e r a t u r e s  in  some cases as h igh  
as 20 C (discussed t echn ica l ly  as cold  clearing;  
cf. AOCS c loud  po in t  tes t )  (33) .  In our  
exper i ence  beluga melon  oil  is clear d o w n  to  
well be low 0 C. 

It  seems p r e m a t u r e  to  advance  any  h y p o t h e -  
sis re la t ing  l ipid c o m p o s i t i o n  to  e c h o l o c a t i o n  
abi l i ty  in  the  O d o n t o c e t i  un t i l  we have con-  
s iderably  more  i n f o r m a t i o n  on  the  precise 
me lon  and  j aw lipids f o u n d  in these  an imals  as 
well  as wha t  unusua l  acous t ica l  p roper t i e s ,  if  
any,  these  i sovaler ic -conta in ing  oils migh t  pos-  
sess. F u r t h e r  e x p e r i m e n t s  a long  these  l ines are 
cu r ren t ly  in progress.  
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SHORT COMMUNICATIONS 

Sphingolipid Biosynthesis by Particulate 
Fractions of Normal and "Quaking" Mouse Brain 

ABSTRACT 

No differences were detected in the 
ability of brain particulate fractions iso- 
lated from "Quaking" and normal mice 
for the incorporation of: 14C-L-serine 
i n t o  3 - k  e t o - d i h y d r o s p h i n g o s i n e  ; 
1-14C-stearoy 1 acid and 1-14C-stearoy 1 
CoA into ceramide; and 14C.cholin e from 
CDP 14C_cholin e into sphingomyelin. 

The "Quaking" strain of mouse has been 
characterized genetically and histologically (1) 
and shown to bear an autosomal recessive gene 
(qk) which is responsible for abnormalities in 
central nervous system structure and function. 
The major neuropathological findings in this 
mutant animal is a generalized deficiency of 
myelin. Quantitative analysis of brain tissue 
from these animals have indicated marked 
decreases in cerebroside and sulfatide content 
as well as the long chain fatty acids characteris- 
tically associated with these lipids (2-4,6,7). 
Gangliosides, which are predominantly extra- 
myelin, are present in quantities comparable to 
control animals. Administration of radioactive 

lipid precursors in vivo have indicated a dimin- 
ished ability for synthesis of cerebral sphingo- 
lipids (8,9). In vitro studies have demonstrated 
dimunition of several enzymes which include: 
cycfic 2' ,3 '  AMP phosphohydrolase (10), a 
myelin marker; arylsulfatase A and ~-mannosid- 
ase (11), two lysosomal enzymes; ceramide: 
UDP-galactose-galactosyl transferase (8,12,13; 
also, P. Morrell and N.S. Radin, personal 
communication) presumably responsible for 
ceramide galactoside biosynthesis. 

This report documents the ability of parti- 
cles isolated from brain tissue of "Quaking" 
animals to catalyze the synthesis of 3-keto- 
dihydrosphingosine, ceramide and sphingomy- 
elin. 

Quaking mutants and their congenic con- 
trols (C57BL165) 15-30 days old were obtained 
either from Jackson Laboratory, Bar Harbor, 
Maine, or from our own colony. Brain tissue 
was removed, homogenized and both 0-10,000 
xg and 10-30,000 xg particles were prepared as 
previously described (14). U -14C-L-Serine (S.A. 
= 117 pc//amole) 1-14C-stearic acid (S.A.=38.2 
/ac//~mole), 1-14C-stearoyl CoA (S.A.=46.08 
/ac//~mole) were obtained from New England 
Nuclear Corp., CDP-choline-14C (S.A.=9.3 

TABLE I 

Conversion of Radioactive Precursors to Several Sphingolipids by Mouse Brain Particles 

Micro moles  per milligram of protein 

A. L-Serine- 14C---~3-ket o-dihy dr osphingosine 
Normal 20 
Quaking 29 

B. CD P-choline- 14C-+sphingomyelin 
Normal, no additions 6 
Normal + 0.2 #moles each threo  sphingosine 

and palmitoyl CoA 8 
Quaking, no additions 6 
Quaking + 0.2 #moles each threo  sphingosine 

and palmitoyl CoA 11 

C. 1-14C-Stearoyl acid--~ceramide 
Normal 0.9 
Quaking 0.6 

D. 1-14C-Stearoyl CoA-~ceramide 
Normal 23 
Quaking 21 
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/lc[/.tmole) was purchased from Tracerlab-INC 
Corp. Analtech Silica Gel G (250/.t) precoated 
thin layer plates were used. Erythro D L 
sphingosine was purchased from Miles-Yedda. 

The incorporation of choline-14C from 
CDP-choline-14C into sphingomyelin was as- 
sayed as previously described (14) using the 
0-10,000 xg particulate fraction. The palmitoyl 
CoA dependent condensation with L-serine-14C 
i n t o  3 -ke to -d ihydrosph ingos ine  by the 
10-30,000 xg pellet was quantitated according 
to a published procedure (15). The erythro- 
sphingosine dependent biosynthesis of ceramide 
was assayed using 1-14C-stearoyl CoA incorpor- 
ation according to Scribney (16) and with 
1-14C-stearic acid by the method of Yavin and 
Gatt (17). The products were further purified 
by TLC (C-M-HOAc 94:1:5) to separate the 
radioactive oeramide from traces of 1-14C - 
stearic acid which was present in the final 
extraction. Areas of the plate corresponding to 
ceramide standard were scraped and counted 
with Aquesol in a liquid-scintillation spectrom- 
eter. 

The capacity for the enzyme preparations 
from the mutant  animals to catalyze the palmi- 
toyl CoA-dependent condensation of L-serine- 
14 C to form 3-keto-dihydrosphingosine is docu- 
mented in Table IA. It is evident that tissues 
from both groups of animals are equally effec- 
tive. 

No deficiency was found in the ability of the 
mutant  animals to carry out the incorporation 
of choline-14C from CDP choline-14C into 
sphingomyelin (Table IB). The mild alkaline 
and mild acidic-HgC12 hydrolysis (15 ) t r ea t -  
ment were required for these studies due to the 
extensive formation of both phosphatidyl and 
phosphatidal choline. 

Ceramide biosynthesis was assayed by the 
erythro-sphingosine catalyzed incorporation of 
both 1-14C_steari c acid and 1-14C-stearoyl CoA 
into this lipid and these results are presented in 
Table IC and D. It is apparent that there is no 
deficiency in the synthesis of this compound in 
the "Quaking" animals. 

The data presented in Table I were derived 
from pooled brains from 20-day-old normal and 
"Quaking" animals. Although similar results 
were found with both younger and older 
animals, the absolute activities obtained were 
different. This age dependent variation in en- 
zyme activity related to sphingolipid metabo- 
lism has been previously noted. 

The in vitro studies reported here demon- 
strate that brain particles from the "Quaking" 
animals have no deficiency in catalyzing the 
b iosynthes i s  of 3-keto-dihydrosphingosine, 
ceramide and sphingomyelin. 3-Keto-dihydro- 

sphingosine is believed to be the initial sub- 
strate required for the eventual assemblage of 
the sphingolipids (18-20), while ceramide is the 
reported lipid acceptor molecule involved in 
galactocerebroside (21), glucocerebroside (22) 
and sphingomyelin biosynthesis (23). Although 
ghicocerebroside is present in trace quantities in 
the central nervous system, it is believed to be a 
precursor of the gangliosides (24). The presence 
of the enzymes responsible for the synthesis of 
3-keto-dihydrosphingosine and ceramide may 
be a reflection of the animals' requirements for 
ganglioside formation. 

Clinically the "Quaking" animal is recog- 
nized by the 12th day post-partum by an 
unsteady gait and tremor of the hind quarters 
(1).Tonic-clonic seizures are readily induced by 
sensory stimulation. All "Quaking" animals 
employed in these studies displayed these 
symptoms. Several laboratories have reported a 
deficiency of ceramide UDP galactose-galac- 
tosyl transferase activity in "Quaking" animals 
(8,11,12; also, P. Morell and N.S. Radin, 
personal communication). In our experience a 
significant number of animals, approximately 
15-20%, displayed the characteristic clinical 
symptoms but did not exhibit either a deficien- 
cy in this enzyme nor a decreased cerebroside 
content in whole brain tissue. The data report- 
ed in the present studies were derived only from 
those animals which had a reduction in both 
this enzymatic activity as well as cerebroside 
concentration. It is therefore suggested that 
"Quaking" animals, in addition to the usual 
clinical symptoms, be evaluated biochemically 
be investigators employing these animals for 
research purposes. 

Ceramide galactoside~-galactosidase activity 
was identical in both groups of animals in 
accord with the previous observations of Bowen 
and Radin (25). In addition, no differences 
between "Quaking" and normal animals were 
found in ceramide ghicoside~-glucosidase. 
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Total Fatty Acids of Habituated 
and Teratoma Tissue Cultures of Tobacco 1 

ABSTRACT 

Signif icant  d i f ferences  in  the  to ta l  
f a t ty  acids of  h a b i t u a t e d  and  t e r a t o m a  
tissue cul tures  of  t o b a c c o  were no ted .  
The t e r a t o m a  tissues c o n t a i n e d  3.2 t imes  
more  to ta l  f a t ty  acids t h a n  the  hab i tu -  
a ted,  while  b o t h  t issues dif fered consider-  
ably f rom the  f a t ty  acids of  t o b a c c o  
seedlings used for  compar i son .  Differ- 
ences in  relat ive c o n c e n t r a t i o n  for  each  of  
the  th ree  t issues were also no ted .  

H a b i t u a t e d  (no rma l  or igin)  and t e r a t o m a  
( t u m o r o u s  or igin)  t issues of  t o b a c c o  grown in 
germ-free cu l ture  have been  ex tens ive ly  de- 
scr ibed and  charac te r ized  by  Braun (1).  Tissue 
cul tures  of these  types  have p roven  to  be 
valuable tools  for  b iochemica l  and  physio logica l  
research w i th  par t icu lar  in te res t  in p h y t o s t e r o l  
b iosyn thes i s  (2-5)  and  p i g m e n t - p h y t o h o r m o n e  
re la t ionships  (6-7).  With the  r ecen t  in t e res t  in  
the  c o m p o s i t i o n  and  synthes i s  of  a l iphat ic  
h y d r o c a r b o n s  of  t obacco  t issue cul tures  (8),  the  
f a t ty  acid d i s t r ibu t ions  of  these  t issues are of  

1The Lunar Science Institute Contribution No. 
66. 

i m p o r t a n c e .  This c o m m u n i c a t i o n  repor t s  the  
compara t ive  t o t a l  f a t ty  acid levels o f  h a b i t u a t e d  
and  t e r a t o m a  tissue cul tures  of  tobacco .  The 
to ta l  f a t ty  acids of  t obacco  seedlings were used 
as re ference  mater ia ls  for  compar i son .  

The qual i ta t ive t o t a l  f a t ty  acid d i s t r ibu t ions  
of  the  h a b i t u a t e d ,  t e r a t o m a  and  seedling t issues 
(Table  I) were a lmos t  iden t ica l  and  typica l  of  
mos t  h igher  p lants  previously  r epo r t ed  (9). The  
fa t ty  acids c o n t a i n e d  p r e d o m i n a n t l y  even-  
n u m b e r e d  ca rbon  chains  whi le  o d d - n u m b e r e d  
chains  were p resen t  in low concen t r a t i ons .  No 
b r a n c h e d  chain  f a t ty  acids were de t ec t ed ,  
wh ich  is in con t ras t  to  a p rev ious  r epor t  by  
Mold et al. (10) .  They  f o u n d  low concen t ra -  
t ions  of b r a n c h e d  and  cyc lohexy l  i somers  of  
n o r m a l  acids in f lue-cured tobacco .  These com- 
p o u n d s  may  very well  be p resen t  in  the  
t e r a t o m a  and seedling tissues of  this  s tudy ,  b u t  
were n o t  de tec ted  using the  quan t i t i e s  of  t issue 
available. The h a b i t u a t e d  t issues would  no t ,  
however ,  be expec t ed  to  con ta in  b r a n c h e d  
chain  acids, since no  b r a n c h e d  chain  alkanes 
were present  in these  same t issues (8). The  
major  sa tu ra ted  acid in each t issue was palmi t ic ,  
while l inoleic and  l inolenic  were the  p redomi -  
n a n t  unsa tu r a t ed  acids (Table  I). The  relat ive 
c o n c e n t r a t i o n  rat ios  of  the  unsa tu r a t ed  C18 
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TABLE I 

Total Fatty Acid Composition of Habituated, 
Teratoma and Seedling Tissues of Tobacco a 

685 

Tissue culture 

Fatty acid Habituated, % Teratoma, % Seedling, % 

C 14 --  Trace Trace 
CI 4:1 - -  Trace Trace 
C15 1.2 1.0 --  
C16 15.1 24.5 11.4 
C16:1 0.1 1.9 2.4 
C17 1.4 1.2 0.8 
C18 3.3 6.0 1.8 
C18:1 16.4 8.3 7.2 
C18:2 35.3 33.7 17.5 
C18:3 32.1 27.2 57.2 
C20 0.9 0.8 0.6 
C21 Trace Trace 0.1 
C22 Trace Trace 0.2 
C22:1 . . . . .  Trace 
C24 --  0,6 Trace 

Total fatty acids, 
mg/g dry weight 0.40 1,31 42.03 

Unsaturated-saturated 
acid ratio 3.81 2,09 5,66 

aEach value represents a percentage of the total fatty acids. 

acids (C18:1 , c 1 8 : 2 ,  C18:3 ) of  the  hab i tua ted ,  
t e ra toma,  and seedling tissues were approxi-  
mately  1:2:2,  1:4:3 and 1:2:8,  respectively.  
Thus, wi th  respect  to these acids, higher unsatu-  
ra t ion  wi th  increased d i f fe ren t ia t ion  capaci ty 
seems to be the t e n d e n c y  (hab i tua ted  < tera- 
t o m a  < seedling). This is only  partially true 
when  consider ing the  unsa tu ra ted  to  sa tura ted  
acid ratio (U/S) of  each tissue (Table I). The 
high unsa tura t ion  of  the seedling tissues is again 
i l lustrated while the U/S ratio of  hab i tua ted  
tissues indicates  higher unsa tura t ion  levels than  
the  t e ra toma tissues ( te ra toma < hab i tua ted  < 
seedling). 

Significant d i f ferences  in to ta l  fa t ty  acid 
concen t ra t ions  were also no ted .  Habi tua ted  and 
t e ra toma  tissues dif fered in fa t ty  acid concen-  
t ra t ion  by a factor  of  3.2 ( t e ra toma > habi tu-  
a ted)  while cons iderably  higher levels were 
found  in the seedling tissues (Tabte I). When 
compared ,  hab i tua t ed  tissues generally conta ins  
lower  concen t ra t ions  of  chemical  cons t i tuen t s  
and lower  metabol ic  activity than  t e ra toma  
tissues (2,3,5).  I t  has been suggested tha t  this is 
due to  the low living to dead cell rat io or to  the  
low cellular cy top lasm to vacuole ratio of  the  
cal lus ,  or b o t h  (J.D. Weete and C.H. 
Walkinshaw, submi t t ed  for  publ icat ion) .  
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Determination of Cis and Trans in Monoene 
and Diene Fatty Esters by Gas Chromatography 

ABSTRACT 

A GC method has been developed for 
quantitative determination of the cis and 
trans content in monoene and diene C18 
fatty esters. In order to achieve separa- 
tion of the cis- and trans-monoene and 
diene isomers, the fatty esters are first 
epoxidized with peracetic acid. The 
epoxidation procedure is simple and 
stereoselective. Positional and geometric 
isomerization of the double bond does 
not occur. The GC analysis requires no 
exotic equipment, reagents or techniques 
and utilizes standard columns packed 
with EGSS-X. Satisfactory analyses were 
obtained for synthetic mixtures con- 
taining oleate-elaidate and trans, trans-, 
cis, trans- and cis, cis-dienes. 

We wish to report a simple gas chromato- 
graphic procedure for determining cis and trans 
percentages in monoene and diene fatty esters. 
The procedure utilizes peracid epoxidation of 
olefinic bonds which is an established stereo- 
specific reaction (1). The trans olefins yield 
trans epoxide derivatives and cis olefins form 
cis epoxides. Epoxidation of methyl oleate with 
peracetic acid produces methyl cis-9-epoxystea- 
rate in about 97% yield (2). Epoxidation of 
methyl linoleate is also reported to give over 

cis-Epoxystearate /Acetic and 
Peracetic Acid trons-Epoxystearate 

Unreacted 
Inj. ~ .noene 

I I I I 
25 50 63 68 75 

Time, min. 

FIG. 1. GC separation of methyl cis-9- and 
trans-9-epoxystearate. Operating conditions: Column 
10 f tx  1/8 in. 10% EGSS-X, column temperature 200 
C, flow rate 38 ml/min helium. 

95% yield of methyl cis-9,cis-12-diepoxystea- 
rate (3). 

Mixtures of methyl oleate and methyl elai- 
date were prepared, epoxidized with peracetic 
acid and analyzed by gas chromatography (GC). 
Synthetic mixtures containing methyl trans-9, 
trans-12-, cis-9 ,trans-12-, and cis-9 ,cis-12-octa- 
decadienoate were also epoxidized and ana- 
lyzed by GC. 

The epoxidation procedure used for the 
monoene mixtures consisted of mixing 3/al of 
monoene with 150/al of peracetic acid (2 )and  
allowing the mixture to stand at room tempera- 
ture for 2 or 3 hr. The diene esters were 
epoxidized in a similar manner except 300/~1 of 
peracetic acid was used and the reaction time 
was extended to 4.5-5 hr. Reaction mixtures 
can be directly analyzed by GC or the mixture 
can be neutralized with sodium bicarbonate and 
the epoxidized fatty esters extracted with 
petroleum ether and then analyzed. 

The epoxidized samples were analyzed with 
a Packard 7400 series GC equipped with flame 
ionization detectors. Good separation of the 
methyl cis- and trans-epoxystearate mixtures 
was obtained with a 10 ft x 1/8 in. glass column 
packed with 10% EGSS-X on Chromasorb P. A 
similar 4 ft x 1/8 in. column was used to 
separate the diepoxystearate isomers. All anal- 
yses were run isothermally at 200 C for the 
monoenes and at 194 C for the dienes. 

A typical GC curve of an epoxidized oleate- 
elaidate mixture is shown in Figure 1. The 
trans-epoxystearate has the shorter retention 
time. The percentages of trans as determined in 
three oleate-elaidate mixtures by infrared spec- 
troscopy and GC analysis are compared in 
Table I. 

A sample of isomerized methyl oleate con- 
taining both geometric and positional isomers 
was epoxidized. GC analysis of this sample 
indicated that the analysis was not affected by 
the position of thy epoxy group since the GC 
peaks retained their symmetry and were well 

T A B L E  I 

Per  Cent  Methy l  E l a i d a t e  

Weight  I n f r a r e d  a G a s  c h r o m a t o g r a p h y  

11.1 11.7 11.6 
51.6 51.2 51.3 
77 .7  79.9 77.1 

aAOCS t en t a t i ve  m e t h o d  Cd 14-61. 
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separated. 
The retention times for epoxidized methyl 

trans, trans-, cis, trans- and cis,cis-9,12-octadeca- 
dienoates are in the order listed and are shown 
in Figure 2 along with the analysis of a 
synthetic diene mixture. Epoxidized pure cis, 
trans-diene is partially separated into two peaks 
(Fig. 2-B) and cis, cis-diene (Fig. 2-C) is well 
separated into two peaks. 

The two cis, cis-diepoxystearate peaks in 
Figure 2-(2 (P1 and P2) are probably the result 
of the separation of  two diepoxystearate dia- 
stereomers (4). These isomers have melting 
points of 32.4-33 C and 7.5 C and could be 
expected to have different GC retention times. 
The  cis, trans-diepoxystearate diastereomers 
were separated to a lesser degree and no 
separation was noted for the trans,trans-di- 
epoxystearate diastereomers. The first cis, cis- 
diepoxystearate peak (P1) overlaps the two 
partially separated cis, trans-diepoxystearate 
peaks (Fig. 2). Fortunately the ratio of P1 to 
P2 (first and second cis, cis-diepoxystearate 
peaks) can be used to calculate the P1 integral 
from the P2 integral. The P1 integral can then 
be subtracted from the combined cis, trans-plus 
P1 integral and the percentages calculated in 
the usual manner. Reaction rates for the cis 
isomers were noted to be slightly higher than 
those for the trans isomers. Thus for the most 
accurate quantitative work, care should be 
taken to epoxidize at least 95% of the sample 
before attempting quantitative analysis. 

E.A. EMKEN 
Northern Regional Research Laboratory 1 
Peoria, Illinois 61604 

ACKNOWLEDGMENT 

The methyl 9-transl2-trans- and 9-cisl2-trans-octa- 
decadienoate isomers were supplied by C.R. Seholfield 
of the Northern Regional Research Laboratory 

REFERENCES 

1. Swern, D., "Organic Reactions," Vol. 7, Edited 
by R. Adams, John Wiley and Sons, Inc., New 
York, 1953, p. 386. 

2. Findley, T.W., D. Swern and J.% Seanlan, J. 

1 No. Market. Nutr. Res. Div., ARS, USDA. 

k. Solvent 
trans-Monoepoxidized 

Dienn 

I 

9t,12t-Diepoxystearate 

i 

Inj. J 

1 I i 

C. 

trans and cis. 
Monoepoxidized 

Diene 

i 

r 
Diune 

1 

Epoxidized Diene Mixture 

9r 

I 1 

9d2e-Diepoxystearate 
P1 

J 
J i 

45%r,t[46%) 

25% t,t j 

20%c,c 

;0 s'0 9'0 
Time, min. 

FIG. 2. Retention times for epoxidized methyl 
9,12-octadecadienoate geometric isomers and analysis 
of a synthetic octadecadienoate mixture. In Figure 
2-D percentages by GC analysis are given first followed 
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filiforme Kutzing and Thalassia testudi- 
num Konig have been isolated. The ster- 
olic fractions were characterized by IR 
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separated. 
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trans, trans-, cis, trans- and cis,cis-9,12-octadeca- 
dienoates are in the order listed and are shown 
in Figure 2 along with the analysis of a 
synthetic diene mixture. Epoxidized pure cis, 
trans-diene is partially separated into two peaks 
(Fig. 2-B) and cis, cis-diene (Fig. 2-C) is well 
separated into two peaks. 

The two cis, cis-diepoxystearate peaks in 
Figure 2-(2 (P1 and P2) are probably the result 
of the separation of  two diepoxystearate dia- 
stereomers (4). These isomers have melting 
points of 32.4-33 C and 7.5 C and could be 
expected to have different GC retention times. 
The  cis, trans-diepoxystearate diastereomers 
were separated to a lesser degree and no 
separation was noted for the trans,trans-di- 
epoxystearate diastereomers. The first cis, cis- 
diepoxystearate peak (P1) overlaps the two 
partially separated cis, trans-diepoxystearate 
peaks (Fig. 2). Fortunately the ratio of P1 to 
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peaks) can be used to calculate the P1 integral 
from the P2 integral. The P1 integral can then 
be subtracted from the combined cis, trans-plus 
P1 integral and the percentages calculated in 
the usual manner. Reaction rates for the cis 
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FIG. 1. Mass spectrum of #-sitosterol isolated from Ruppia maritima. 
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their components were determined by gas 
chromatography and mass spectrometry. 

I N T R O D U C T I O N  

Ruppia maritima L., Diplanthera wrightii 
Aschers, Halophila engelmanni Aschers, Syrin- 
godium filiforme Kutzing (also Cymodocea man- 
atorum Aschers) and Thalassia testudinum Kon- 
ig and Sims are spermatophytes which form vast 
underwater meadows in many areas along the 
coasts of the Gulf of Mexico (1). Phillips (2) 
supports the suggestion that these grass-like 
plants are important in building highly organic 
lagoonal deposits. Areas in which they occur 
along the coast of Texas may be of the type 
which as ancient sediments yield petroleum. We 
wanted to know what sterols these plants 
would contribute to sediments, and differences 
in their sterolic compositions. 

M A T E R I A L S  A N D  M E T H O D S  

All of the plants except Ruppia were col- 
lected during October in shallow water of 
Redfish Bay, Texas. Ruppia was collected 
nearby during the same month in a brackish 
pond on Mustang Island which is part of the 
chain of barrier islands along the coast of 

Texas. Calcareous organisms and other sub- 
stances were washed from the plants in IN HC1 
and tap water. The plants were dried in 
sunshine or in an oven at 45 C. 

Approximately 60 g of each dry plant was 
extracted with rapidly boiling hexane for 24 hr 
in 250 ml Soxhlet extractors (this procedure 
gives 100% recovery of pure cholesterol) and 
resulting extracts were saponified in refluxing 
methanolic KOH. Unsaponifiables were extrac- 
ted from reaction mixtures with ethyl ether and 
chromatographed on columns of silica gel 
(Woelm) in 9 parts redistiUed heptane, 1 part 
ethyl ether. Fractions of 50 ml were collected 
and those in which the presence of sterols was 
indicated by thin layer chromatography were 
combined and weighed. 

Thin layer chromatograms on silica gel G 
were developed in benzene-ethyl acetate 
(60:20) and visualized after treatment with 5% 
(by volume) concentrated H2SO 4 in 95% eth- 
anol and with heat for 15 rain. Steroids develop 
characteristic lavender colors when processed in 
this manner (3). 

Acetyl derivatives were prepared in refluxing 
acetic anhydride and separated from reaction 
mixtures by the method of Vishniac (4). 

Infrared spectra of the sterolic fractions 
were measured in KBr discs on a Perkin-Elmer 
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FIG. 2. Mass spectrum of authentic/3-sitosterol. 
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137B grating spectrophotometer. The fractions 
were crystallized from 95% ethanol before 
measurement of their infrared spectra with 
negligible loss of any component. 

Free sterols and steryl acetates were chro- 
matographed in the vapor phase on 6 ft x 1/8 
in. columns of 3% JXR on Chromosorb Q in 
stainless steel tubes. A Perkin-Elmer Model 880 
gas chromatograph with dual columns and 
hydrogen flame detectors was used and the 
temperature was programmed from 175 to 240 
C at 1 C/rain. Helium at 50 psi was flowed at 
35 ml/min as carrier gas. As they emerged from 
the columns samples of each component of the 
sterolic fractions were condensed in glass capil- 
lary tubes for later mass spectrometric analysis. 

The amount of each component in the 
sterolic fractions was determined by its corre- 
sponding peak area in the gas chromatograms. 
Peak areas were established by multiplying peak 
height by peak width at half height. 

Mass spectra of individual components were 
determined in a Consolidated Electrodynamics 
spectrometer Model 21-110B at 70 ev. Mass 
spectra of the mixtures were determined at 15 
e v .  

O 

.2 

g .~. 
3~sE 

RESULTS AND DISCUSSION 

The IR spectra of the crystalline plant 
fractions were shown to be compatible with 
those of authentic sterols; the doublet due to 
the trans double bond in the side chain of 
stigmasterol was clear. 

Components of each sterolic fraction exhib- 
ited gas chromatographic retention times identi- 
cal to those of campesterol, stigmasterol or 
/3-sitosterol. Coinjection of them with mixtures 
of those sterolic standards (Applied Science) 
produced exact overlap of peaks in the gas 
chromatograms. Comparative gas chromatog- 
raphy in like manner of the acetyl derivatives 
and of authentic steryl acetates also suggested 
that each sterolic fraction was composed of 
campesterol, stigmasterol and j3-sitosterol in 
varying proportions�9 

Mass spectrometric data supported tentative 
identifications which were based on gas chro- 
matographic results. Low voltage spectra of the 
sterolic mixtures from the plants showed for 
each, molecular ions at m/e 414, m/e 412 and 
m/e 400 which .correspond to j3-sitosterol, 
stigmasterol and campesterol, respectively. Fig- 
ure 1 shows the mass spectrum of j3-sitosterol 
isolated from R u p p i a .  It compares closely with 
that of the pure compound shown in Figure 2. 
The molecular ion is prominent at m/e 414 
despite the presence of some "bleed" from the 
chromatographic column (m/e 446). In the high 
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mass region one  no t e s  the  expec t ed  ioss of  a 
m e t h y l  radical  and  water .  Ions at  m / e  3 0 3 , 2 7 3 ,  
255 are p r o m i n e n t  in the  s p e c t r u m  of /3-s i to-  
sterol .  The  ion  at  m /e  273 in th is  case repre-  
sents  comple t e  loss of  the  side chain  w i th  a 
h y d r o g e n  r ea r r angemen t ,  m / e  303 par t ia l  loss 
and  m/e  255 loss of  the  18 mass un i t s  of  wa te r  
w i th  the  side chain.  Figures  3 and  4 show the  
mass spectra  o f  a u t h e n t i c  campes te ro l  and  
campes te ro l  f rom Ruppia, respect ively .  The  ion  
at  m / e  414  in the  spec t rum of  campes te ro l  
f r o m  Ruppia ind ica tes  t h a t  /3-sitosterol is a 
c o n t a m i n a n t .  Figures  5 and  6 show t he  mass 
spect ra  of  a u t h e n t i c  s t igmas tero l  and  st igma- 
s terol  f rom Ruppia. In b o t h  cases the re  is good  
ag reemen t  b e t w e e n  s t andard  and  sample.  Mass 
spectra  of  co r r e spond ing  s terols  of  the  o t h e r  
p lan ts  also co r r e spond  well  w i t h  the  s t anda rd  
spectra .  I t  is n o t e d  t ha t  mass spec t rome t r i c  data  
do n o t  e l imina te  the  poss ibi l i ty  of  t he  respec- 
tive 24-epimers .  

Table  I shows  per  cen t  of  each dry p lan t  
wh ich  is ex t r ac t ab l e  w i th  hexane ,  a m o u n t s  of  
unsapon i f i ab les  and  s terols  in each  as well  as 
compos i t i ons  of  the i r  s terol ic  f rac t ions .  

I t  has been  shown  t h a t  five coastal  spe rma to -  
p h y t e s  con ta in  s terols  as 0.1% to  0.2% of  the i r  
dry  weights  and  the  s terol ic  c o m p o n e n t s  were  
t en ta t ive ly  iden t i f i ed  as campes te ro l ,  s t igma- 
s te ro l  and/3-s i tos te ro l .  In  Halophila engelmanni 
and  Thalassia testudinum (Fami ly  Hydrocha r i -  
taceae)  and  Ruppia rnaritima (Fami ly  Rup-  
piaceae)  f l-si tosterol  is i nd ica t ed  as the  ma jo r  
s terol ;  in Diplanthera wrightii and  Syringodium 
filiforme (Fami ly  Zanniche l l i aceae)  s t igmastero l  
p redomina te s .  The  s terol ic  f r ac t ion  of  Ruppia is 
pecul iar  in  having a lmos t  twice  as m u c h  cam- 

pes tero l  as each  of  the  o t h e r  co r r e spond ing  
f rac t ions .  
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LETTER TO THE EDITOR 

Melting Points of Several 

Sir: In the preparation of substrates for 
lipase specificity studies several enantiomeric 
mono, di and triglycerides have been synthe- 
sized (Quinn, J.G., Ph.D. Thesis, University of 
Connecticut, Storrs, 1967). The melting points 
of three of these glycerides as well as one 
specific rotation have not yet been described in 
the literature. Since this information may be 
useful to other lipid chemists, these values are 
herein reported. 

These glycerides were synthesized and puri- 
fied essentially as described by Quinn, J.G., et 
al., JAOCS 44:439-442, 1967. The monoglycer- 
ide, sn-glyceryl-3-oleate, mp 22.5-23.5 C, [a] ~2 
-4.63 ~ (c, 4.0 in pyridine) was prepared frown 
1,2-isopropylidene sn-glycerol (Baer, E., "Bio- 
chemical Preparations," Vol. 2, Edited by E.G. 
Ball, John Wiley and Sons, Inc., 1952, p. 31-38) 
and oleoyl chloride. 

Diglyceride was prepared by acylating 
sn-glyceryl-3-palmitate with oleoyl chloride 
(s n - g l y  c e ry l -  1 - o l e a t e - 3 - p a l m i t a t e ,  mp 
48.5-48.9 C). The triglyceride, sn-glyceryl-l-2- 
dioleate-3-palmitate, mp 18.5-19.0 C, was iso- 

Enantiomeric Glycerides 

lated as a by-product from the synthesis of the 
above diglyceride. 

The purity of the glycerides was determined 
by thin layer chromatography and their fatty 
acid composition by gas liquid chromatography 
(Quinn, J.G., Ph.D. Thesis, 1967). A stereospe- 
cific analysis (Sampugna, J., and R.G. Jensen, 
Lipids 3:519-529, 1968) was used to charac- 
terize the diglyceride and the triglyceride sub- 
jected to pancreatic lipolysis (Jensen, et al., 
Lipids 5:580-581, 1970). On the basis of the 
methods employed, the purity and correctness 
of position is estimated to approach 99%. 

JAMES G. QUINN 
Graduate School of Oceanography 
University of Rhode Island 
Kingston, Rhode Island 02881 
ROBERT G. JENSEN 
Department of Nutritional Sciences 
University of Connecticut 
Storrs, Connecticut 06268 

[ Received June 14, 1971 ] 
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(1971). 

2.de la Roche, I.A., E.J. Weber and 
D.E. Alexander, Ibid. 6:537-540 
(1971). 

P. 540, 1. Weber, E.J., I.A. de la Roche and 
D.E. Alexander, Lipids 6:525-530 
(1971). 

2. de la Roche, I.A., E.J. Weber and 
D.E. Alexander, Ibid. 6:531-536 
(1971). 
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Lipids and the Pill 
R.B. ALFIN-SLATER and L. AFTERGOOD, School of Public Health, 
University of California, Los Angeles, California 90024 

A B S T R A C T  

The widespread use of anovulatory 
compounds and the well-known effects of 
sex hormones on various aspects of me- 
tabolism prompted this review of our 
work and the work of others on observed 
changes in lipid metabolism resulting 
from the administration of oral contra- 
ceptives and their components. In the rat, 
female sex hormone administration re- 
suits in a decreased plasma cholesterol 
level, an accumulation of cholesterol in 
liver and a decreased hepatic cholesterol 
biosynthesis. On the other hand, choles- 
terol biosynthesis is enhanced in ovaries 
and adrenals. There is also a diminished 
alpha lipoprotein content and a corre- 
sponding decrease in the alpha/beta lipo- 
protein ratio. In some cases these changes 
are comparable to those observed during 
pregnancy. The results of sex hormone 
administration to women are more vari- 
able. In this case the most often observed 
effect is hypertriglyceridemia. Changes in 
lipoprotein content and distribution are 
also evident and may be the result of 
changes in metabolism in the liver, e.g., 
lipid synthesis or lipid transport from 
liver to plasma and tissues, or both. Many 
of these changes may be mediated indi- 
rectly through the action of estrogen- 
progestin on other hormones. In both 
species the effects of oral contraceptives 
are attributable principally to the estro- 
gen component. The combination of 
estrogen with progestin compounds, 
which constitutes the oral contraceptive, 
modifies the effects of estrogen adminis- 
tered alone. 

! NT R O D U C T I  ON 

The popularity of "the pill" is a remarkable 
event of modern scientific technology and 
excellent public relations. One decade following 
its introduction, approximately 20 million 
women throughout the world are using the 
various estrogen-progesterone mixtures avail- 
able as anti-ovulatory drugs, not for therapy 
but to intentionally modify certain natural 
processes relating to reproduction. Public 
health and medical authorities have viewed this 
phenomenon with mixed feelings. On the one 

hand is the great promise offered in the control 
of threatened overpopulation; the other consid- 
eration is the potential danger of undesirable 
and possibly still unknown accompanying 
symptoms.. In spite of continuing reports of  
unpleasant and even dangerous side effects, the 
relative ease of use of anovulatory compounds 
and their effectiveness in preventing preg- 
nancies have promoted their widespread accept- 
ance. 

Oral contraceptives are mixtures of hor- 
mones or hormone-like synthetic compounds, 
or both, which influence a variety of metabolic 
processes and which induce biochemical 
changes over and above those necessary for 
conception. The effects of oral contraceptives 
on various aspects of intermediary metabolism 
have been reviewed by many investigators. This 
review will be limited to effects on lipid 
metabolism. 

H I S T O R I C A L  B A C K G R O U N D  

Approximately 30 years ago it was reported 
(1) that the administration of  estrogens t o  

women inhibited ovulation. At about the same 
time Makepeace et al. (2) demonstrated that 
progesterone had similar properties. Subse- 
quently the anovulatory activity of a series of 
synthetic progestins was reported by Pincus and 
Chang (3) and others (4) and as a result of  these 
investigations, research toward the development 
of safe, orally active steroid compounds was 
greatly stimulated. Commercial products to 
control ovulation became available shortly 
thereafter. 

Clinical trials of these newly developed 
products were performed in Puerto Rico (5,6) 
and as a result, in 1957, the first of these 
compounds, Enovid, was released, first as treat- 
ment for menstrual disorders and then later, in 
1960, as an oral contraceptive. The combina- 
tion in this drug of  the orally active 19-nor- 
progestational steroid together with a small 
amount of estrogen resulted in an inhibition of 
ovulation, although the regular, cyclic men- 
strual period was maintained. The original dose 
level was a mixture of 10 mg norethynodrel and 
0.15 mg of ethinyl estradiol-3-methyl ether 
(mestranol); these levels have since been re- 
duced. Subsequently, in addition to 19-nor- 
steroids, other groups of compounds were 
found to be effective in this regard, e.g., the 
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17-acetoxy-progesterone and its derivatives (7). 
The 19-nor-progestational steroids, e.g., noreth- 
ynodrel, can undergo conversion into biologi- 
cally active estrogens, thus potentiating the 
effects of the estrogen originally present in the 
combined drug. Rat liver preparations have 
been shown to convert norethynodrel to the 
3-alpha and 3-beta diols by means of dehydro- 
genases and to carry out aromatization to form 
the estrogenic compound 17-alpha ethinyl es- 
tradiol (8). A variety of compounds are avail- 
able at present using the minimal effective dose 
of estrogen, since most of metabolic effects are 
apparently due principally to the estrogen 
component of the drug. 

MODE OF ACT ION OF A N O V U L A T O R Y  DRUGS 

The primary action of the combined oral 
contraceptives is a suppression of the synthesis 
or of the secretion of pituitary gonadotropins 
(9), or both. The estrogenic component of the 
anovulatory drug is chiefly responsible for the 
suppression of the secretion of the follicle- 
stimulating hormone of the pituitary resulting 
in incomplete follicular maturation and inter- 
ference with ovulation. Also changes in cervical 
mucus render it hostile to the penetration by 
sperm. In addition progestin can prevent the 
secretion of the luteinizing hormone (the "LH 
peak") necessary to trigger ovulation (10,11). 
Other investigators feel that the estrogen com- 
ponent is chiefly responsible for the inhibition 
of ovulation with progestin lending constancy 
to the cycle (12). 

METABOLIC  EFFECTS OF A N O V U L A T O R Y  
DRUGS U N R E L A T E D  TO LIPIDS 

To date a plethora of supposedly unrelated 
metabolic changes has been reported as result- 
ing from oral contraceptive administration, e.g., 
a disturbance in tryptophan metabolism sugges- 
tive of vitamin B 6 depletion, an increased 
circulating level of blood coagulation factors, 
an elevated renin-substrate level and increased 
aldosterone secretion, an increased circulating 
level of serum iron, copper, cortisol, thyroxine, 
insulin, growth hormone, serum transaminase 
and an increased retention of bromsulphthalein, 
an altered carbohydrate metabolism (13), a 
decreased serum and urine magnesium (14), 
lowered plasma zinc levels (15), and an altered 
platelet behavior similar to that observed in 
atherosclerosis (16). 

EFFECTS OF THE FEMALE 
SEX HORMONES ON L IP ID METABOLISM 

Animal Studies 

Effects on Cholesterol Content o f  Liver and 

Plasma. Oral contraceptives are synthetic 
steroid mixtures with biological activity simu- 
lating that of female sex hormones. Sex hor- 
mones have been shown to affect various phases 
of lipid metabolism. There have been numerous 
reports in the literature indicating sex differ- 
ences in lipid metabolism of the rat. In general 
female animals have higher plasma cholesterol 
but lower liver cholesterol levels than do males 
(17). Females also have higher rates of hepatic 
cholesterol synthesis (18) which are decreased 
after gonadectomy (19-21), although in cas- 
trated female rats Kritchevsky et al. (22) have 
reported no significant differences in this regard 
between control and experimental animals. 

Estradiol benzoate administration to male 
rats has resulted in a marked decrease in plasma 
total lipid concentration (23) as well as in a 
lowered plasma cholesterol concentration, and 
higher liver cholesterol levels. Boyd (24) also 
reported a decreased plasma cholesterol level in 
male rats following the administration of a 
variety of estrogens. Similarly Premarin (a 
mixture of equilin, estrone sulfate and estriol 
glucuronide), fed to hyperlipemic rats at two 
levels (8 or 12 mg/kg) was equally effective in 
reducing serum cholesterol, triglycerides and 
atherosclerotic lesions. It was also observed that 
the higher dosage increased the corticosterone 
level in plasma and decreased serum albumin 
level (25). Merola et al. (26) explained these 
changes by suggesting that the primary effect of 
estrogens is a redistribution of the cholesterol 
between the plasma and the liver. They ob- 
served that the oral administration of estrogens 
to male rats caused a decrease in serum choles- 
terol levels, and even though hepatic cholesterol 
synthesis was inhibited in slices and homoge- 
nates, no such response could be elicited in in 
vivo studies. Morin (27) also suggested the 
possibility that estradiol may effect a redistri- 
bution of cholesterol by concentrating it in the 
hepatic pool. He observed that estrogen-treated 
rats showed an increased hepatic concentration 
of cholesterol; however at the same time an 
increased degradation and excretion of choles- 
terol was reported. 

Fatty Acid Composition of  Phospholipids 
and ChoIesteryl Esters. In vitro studies reported 
by Schweppe and Jungmann (28) showed that 
the action of 17-beta-estradiol on cholesterol 
esterification by rat liver microsomes depended 
on the concentration of hormone used. Choles- 
terol oleate formation increased inversely with 
hormone concentration, being the highest at 
the lowest levels of hormone, whereas the 
esterification of cholesterol with palmitate and 
linoleate responded in an irregular fashion to 
changes in hormone level. These authors believe 
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TABLE I 

Composition of Some of the Oral Contraceptives a 
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Trade name Ratio 
combination Progestin component Estrogen component prog.-estr. 

Anovlar Norethindrone acetate, 4 mg Ethinyl estradiol, 0.05 mg 80:1 
Enovid Norethynodrel, 9.85 mg Mestranol, 0.15 mg 66:1 
Enovid E Norethynodrel, 2.5 mg Mestranol, 0.1 nag 25:1 
Norinyl Norethindrone, 2 mg Mestranol, 0.1 mg 20:1 
Norlestrin Norethindrone acetate, 2.5 mg Ethinyl estradiol, 0.05 mg 50:1 
Ortho-Novum 10 Norethindrone, 10 mg Mestranol, 0.06 mg 167:1 
Ortho-Novum 1 Norethindrone, 1 mg Mestranol, 0.05 mg 20:1 
Ovulen Ethynodiol diacetate, 1 mg Mestranol, 0.1 mg 10:1 
Provest Medroxyprogesterone acetate, 10 mg Ethinyl estradiol, 0.05 mg 200:1 
Volidan Megestrol, 4 mg Ethinyl estradiol, 0.05 mg 80:1 

Sequential 

C-Quens Chlormadinone acetate, 2 mg Mestranol, 0.08 mg 
Ortho Novum Norethindrone, 2 mg Mestranol, 0.08 mg 

aAdapted from S.M. Kalman Ann. Rev. Pharmacol. 

t ha t  es t rogenic  h o r m o n e s  exer t  ef fects  on  cho-  
lesterol  me tabo l i sm at th ree  levels: (a) on  the  
b iosynthes i s  of  choles te ro l  f rom ace ta te  or 
meva lona te ;  (b)  on  the  es te r i f ica t ion  of  choles- 
te rol ;  (c) on  the  l i popro te in  t r anspo r t  complex .  
In the  rat  17-beta-es t radiol  was found  to reduce  
in v i t ro  hepa t ic  l ipogenesis  by  50% (par t icu lar ly  
the  synthes is  of  t r igiycer ides  and p h o s p h o -  
lipids) while choles te ro l  synthes is  was not  
seriously af fec ted .  There  was a m a r k e d  increase  
in the  p o l y u n s a t u r a t e d  fa t ty  acid c o n t e n t  of  
t r iglycer ides  a ccompan i ed  by  a decrease in 
c o n c e n t r a t i o n  of  s a tu ra t ed  and  m o n o e n o i c  
fa t ty  acids (29 ,30) .  On the  o t h e r  h a n d  es t rone ,  
estr iol  and  es t radiol  in smal l  a m o u n t s  s t imu-  
la ted l ipogenesis  in adipose  tissue of  female  ra ts  
in vitro.  These  h o r m o n e s  acted synergist ical ly 
wi th  insul in  (3 I) .  

The  act ivi ty  of  l ec i th in -cho les te ro l  acyl 
t ransferase  (LCAT)  in ra t  plasma as re f lec ted  by 
the  e x t e n t  of  es te r i f lca t ion  of  free cho les te ro l  
was found  to be h igher  in ma tu re  female  rats 
t han  in the  males  (32).  These  au thors  suggested 
tha t  f a t ty  acid c o m p o s i t i o n  of  plasma l ipid 
f rac t ions  was s ex -dependen t ;  t he re  was a h igher  
c o n c e n t r a t i o n  of  u n s a t u r a t e d  fa t ty  acids in the  
plasma lipids of  the  female.  L y m a n  et al. (33)  
have also shown  tha t  female  ra ts  had  h igher  
a m o u n t s  of  serum p o l y u n s a t u r a t e d  fa t ty  acids;  
plasma lec i th ins  of  female  ra ts  c o n t a i n e d  more  
a rach idona te  t h a n  did p lasma lec i th ins  of  male 
rats.  S ubsequen t l y  these  inves t igators  (34)  re- 
p o r t e d  t h a t  dur ing  the  deve l opm en t  of  E FA  
def ic iency female  rats  and  es t rogen- t rea ted ,  
cas t ra ted  male rats  m a i n t a i n e d  h igher  p ropor -  
t ions  of  a r ach idona te  in  p lasma phospho l ip ids  
and  choles te ry l  esters t h a n  did in tac t  males.  
Similar results  showing  the  sparing o f  po lyun-  
s a tu ra t i on  in f a t ty  acids by  es t rogens  have  been  

9:363 (1969). 

previously r epo r t ed  by Af te rgood  and  Alfin- 
Slater  (20).  

On the  o t h e r  h a n d  when  o t h e r  phases of  
lipid m e t a b o l i s m  were s tud ied  Chr is t iansen  et 
al. (35)  found  no  sex di f ferences  in the  abil i ty 
of  rats  to  pe r fo rm  d e h y d r o g e n a t i o n  and chain  
e longa t ion  reac t ions  dur ing  which  l inolea te  was 
conver t ed  to a rach idona te .  In the i r  in v i t ro  
studies these  au tho r s  observed  t h a t  female  ra ts  
were able to  effect  e longa t ion  of  palmit ic  to  
s tearic  acid wi th  a capaci ty  twice  as h igh  as did 
the  males,  However  the  i n c o r p o r a t i o n  of  
a r ach idona te  in to  c o m p l e x  lipids was no t  inf lu-  
enced  by  the  sex of  the  animal .  

Lipoprotein Composition. The  c o m p o s i t i o n  
of  se rum l ipopro te ins  is a f fec ted  by  es t rogen 
admin i s t r a t ion .  When Hill and  Dvornik  (36)  
c o m p a r e d  n o r m a l  male ra t  se rum l ipopro te ins  
wi th  those  f rom rats  previously  t r ea ted  wi th  
17-beta-estradiol ,  t hey  observed af te r  t r e a t m e n t  
an e leva t ion  of  t r ig lycer ide in the  very low 
dens i ty  l i popro te in  (VLDL)  f rac t ion  as well as a 
decrease in the  choles te ro l  c o n t e n t  in the  same 
f rac t ion.  Phospho l ip ids  were e levated in b o t h  
the  V L D L  and  h igh  dens i ty  l i pop ro t e in  (HDL) 
fract ions .  

Bile Production and Liver Function. Choles- 
te ro l  ca tabo l i sm has also been  shown  to be 
sex-l inked.  Mi tochond r i a  f rom in t ac t  female  
rats  were f o u n d  to oxidize  choles te ro l  to a 
greater  ex t en t  t h a n  m i t o c h o n d r i a  f rom in tac t  
males  (37) .  Saini and  Patr ick (38)  r epo r t ed  t ha t  
the  i n c o r p o r a t i o n  of  rad ioac t iv i ty  f r o m  labeled 
choles te ro l  was increased  in bile of  rat  hver  
per fused  wi th  es t rone ,  a l t h o u g h  the re  was no 
change  in the  ra te  of  bile acid fo rma t ion .  
T r e a t m e n t  w i th  es t radiol  was shown  to increase  
c h e n o d e o x y c h o l i c  acid p r o d u c t i o n  in ra ts  (39)  
while bile cho les te ro l  c o n t e n t  was d iminished.  
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On the other hand Kreek et al. (40) observed 
that in estrogen-treated rats, bile flow was 
reduced to 50% that of controls. This estrogen- 
induced cholestasis may involve an enhanced 
diffusion of materials from bile to blood as well 
as an inhibition of active transport in the 
opposite direction (41). The impairment of 
liver function due to estrogens is reflected by 
an increase in the bromsulphthalein (BSP) 
retention time (42). Similar disturbances in 
liver function also occur during pregnancy 
(43,44). 

Ovarian and Adrenal Cholesterol Relation- 
ships. Since steroid hormone production in the 
ovary is closely regulated by pituitary hor- 
mones and since cholesterol is the precursor of 
steroid hormones, it is not surprising to find 
changes in ovarian cholesterol levels as a result 
of sex hormone administration. One of the 
most dramatic effects of luteinizing hormone 
upon the ovary is its ability to deplete choles- 
terol stores; the depletion coincides with the 
time of increased progestin secretion, and evi- 
dence has been provided that a precursor- 
product relationship exists between these com- 
pounds. LH alone causes estrogen production 
by corpora lutea, while in the interstitial tissue, 
LH requires other factors for estrogen produc- 
tion. LH causes an accumulation of cholesterol 
by interstitial tissue but not by the luteal tissue 
(45). Herbst (46) also found a depletion of 
cholesterol ester in the rat ovary in response to 
LH. Esterified cholesterol was found to be the 
substrate for the in vitro synthesis (47) as well 
as the in vivo synthesis (48) of progesterone by 
luteinized ovarian slices. Behrman and Arm- 
strong (49) have observed that an iv administra- 
tion of LH to rats results in a significant 
increase in cholesterol hydrolase activity in the 
ovaries. It is possible that the intracellular 
transfer of stored (esterified) cholesterol into 
mitochondria for conversion into pregnenolone 
is stimulated by this hormone. Cholesterol ester 
depletion occurs simultaneously with steroid 
secretion in both adrenal and ovarian tissue. 
Increased ester hydrolysis may be the cause 
rather than the effect of an increased choles- 
terol-pregnenolone conversion. LH exerts an 
inhibitory action on cholesterol esterification in 
the ovary. 

There is a circadian rhythm in the ovarian 
cholesterol content (50). A 50% decrease in 
cholesterol content takes place on the day of 
proestrus. Depletion occurs during metaestrus 
and diestrus as well. Similarly Hunter and 
Stewart (51) observed a decrease in plasma free 
cholesterol between proestrus and diestrus and 
a decrease in plasma esterified cholesterol be- 
tween estrus and diestrus. However no such 

rhythm is evident when there is constant 
exposure to light. 

Some variations in ovarian cholesterol levels 
due to strain differences have been observed. A 
very thorough review of ovarian metabolism 
and steroid biosynthesis has been recently 
published by Armstrong (52). 

There is considerable evidence that gonada! 
hormones exert an important influence on 
adrenocortical function. Estrogens lead to in- 
creased plasma corticosteroid levels, enlarged 
adrenal size, enhanced response of adrenal 
steroid production of ACTH, and also increased 
synthesis of ACTH by the pituitary (51 :~ Eve: 
the intermediate biochemical reaction: in the 
adrenal have been found to be influenced by 
sex hormones, i.e., it has been reported recently 
that estradiol stimulates the hydroxylation of 
desoxycorticosterone (54). It appears that the 
pituitary is particularly responsible for the 
hypocholesterolemic effect of estrogen in rats 
since no such effects are present in immature or 
hypophysectomized aminals (55,56). The exis- 
tence of  a hypophyseal factor involved in the 
regulation of cholesterol metabolism and which 
is subject to stimulation by estrogen has been 
postulated. 

It has been suggested (57) that large doses of 
estrogen inhibit steroid secretion whereas 
smaller doses are stimulatory. Uchida et al. (58) 
showed this biphasic effect of estrogen on rat 
plasma cholesterol levels. Apparently a hyper- 
cholesterolemic effect is produced slowly by a 
small dose of estrogen administered over a long 
period of time, whereas a hypocholesterolemic 
effect is caused rapidly by a higher dose of 
estrogen administered for a short time period. 
In addition there is a difference between the 
effects produced by different types of estro- 
genic compounds. For instance estradiol, 
estrone, estriol and ethinyl estradiol produce a 
transient "hypo"  effect followed by a marked 
"hyper"  effect, whereas hexestrol, diethyl stil- 
bestrol and norethynodrel produce only a 
transient "hypo"  effect. 

Recapitulation. There is no doubt that fe- 
male sex hormones exert a regulatory role in 
lipid metabolism of the rat. Conflicting results 
appearing in some investigations are probably 
due to a variety of experimental factors, e.g., 
the type of estrogen preparation used, the dose 
level and its method of  application, the length 
of exposure of the animal to the estrogen 
compound, the age of the animal, the in vivo vs. 
in vitro conditions and techniques employed, 
and the nutritional status of the animal at the 
time of the accompanying metabolic stress. 
When large doses of estrogen preparations are 
given to the normal adult female rat certain 
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events become apparent, i.e., plasma cholesterol 
is decreased and hepatic cholesterol synthesis is 
inhibited. This may result from either an 
estrogen-induced redistribution of lipids, cho- 
lesterol in particular, in the organism, or from a 
selective catabolism of these lipids. Liver func- 
tion is also affected. Lipid distribution among 
various lipoproteins may be changed. The me- 
tabolism of steroids in ovaries and adrenals is 
greatly stimulated. 

A comparison between the effect of the 
administration of female sex hormones and the 
pregnancy state on lipid metabolism reveals 
some similarities. Apparently fluctuations in 
plasma cholesterol levels have been observed in 
the pregnant rat, with the free cholesterol 
component increasing during the second half of 
gestation (51); on the other hand a decline in 
total cholesterol in the pregnant monkey was 
reported within one month following concep- 
tion (59). 

Human Studies 

Studies on the effect of female sex hor- 
mones on lipid metabolism were stimulated due 
to the observations that there were sex differ- 
ences in susceptibility to the disease athero- 
sclerosis; pre-menopausal women were found to 
be more resistant to the disease than were men 
in comparable age brackets. As a result female 
sex hormones were introduced as therapy to 
male patients suffering from atherosclerotic 
involvements and a better understanding 
evolved of the role of estrogens in lipid metabo- 
lism mediated through investigations on blood 
lipids. 

Serum Lipid Levels. Plasma cholesterol levels 
are related to age, diet and sex. All plasma lipid 
fractions have been found to be lower in 
menstruating, 50-year-old women than in post- 
menopausal females of the same age, due 
presumably to the hormonal effect (60). During 
the menstrual cycle many blood constituents 
vary considerably, probably also a function of 
variations in hormonal activity. In general 
although "femaleness" may be responsible for 
the lower serum cholesterol level found in 
women, this sex difference is not always con- 
sistently seen, particularly in populations other 
than the U.S. Evidently it is being attenuated 
by other environmental factors (61). 

Some of the results on the effects of  
estrogens on lipid metabolism obtained by 
investigators seem to be controversial. There- 
fore although estradiol was found to be instru- 
mental in reducing lysolecithin levels (62), the 
same authors (63), in a study of 25 women, 
reported no significant differences in levels of 
cholesterol, phospholipids or EFA during the 
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8th through 23rd day of the menstrual cycle. 
On the other hand Hunter and Stewart (51) 
reported increasing plasma cholesterol levels 
between menstruation and ovulation. Free cho- 
lesterol was significantly reduced following 
ovulation. Estrogen administration was re- 
ported to diminish the cholesterol-phospholipid 
ratio by increasing serum phospholipid concen- 
tration or lowering serum cholesterol, or both 
(64), and to increase serum triglyceride concen- 
tration (65). An increased incorporation of 
labeled acetate into lecithin of human pe- 
ripheral arteries in vitro due to estradiol was 
reported by Morin (66), while Hagopian and 
Robinson (67) have observed an increase in 
lecithin in postmenopausal women treated with 
estrogen for a month. 

Liver Function. An increase in bromsulph- 
thalein retention has been reported in 5 of 9 
women treated with estrogen (68). 

Lipoprotein Distribution. The three major 
groups of lipoproteins characterized by flota- 
tion in the ultracentrifuge and by migration in 
various electrophoretic media are alpha lipo- 
proteins, or HD fraction, which carry some 
cholesterol and most of the plasma phospho- 
lipid; beta-lipoproteins, or LD, which contain 
most of the cholesterol and the triglyceride 
rich, very low density (VLD), pre-beta, or 
alpha 2 migrating lipoprotein fraction (69). 

Estrogens are apparently responsible for 
cholesterol distribution between the lipoprotein 
fractions. An increase in the cholesterol content 
of HDL and a decrease in LDL cholesterol 
during estrogen administration were first ob- 
served by Barr et al. (70). Progestins have little 
or no effect on these lipoproteins (71). The 
effect of estrogen appears to be both on the 
number of circulating lipoprotein aggregates 
and on the chemical composition of each 
lipoprotein class. According to Furman et al. 
(67,72) estrogen administration increases the 
lipid content of the HD and the VLD lipo- 
proteins resulting in higher serum phospho- 
lipid and triglycerides and lower cholesterol: 
phospholipid ratios. The cholesterol response 
varies depending on magnitude and direction of 
change in the cholesterol of beta lipoproteins. 
The increased amounts of cholesterol and phos- 
pholipids in the HD lipoproteins suggest in- 
creased levels of this lipoprotein fraction. The 
increase in lipid-protein ratio of VLD lipopro- 
tein is due primarily to the increase in triglyc- 
erides. The same investigator (73) later sug- 
gested that estrogen should be regarded as a 
cholesterol lowering hormone in respect to the 
cholesterol content of the HDL particle al- 
though it increases the concentration of HDL 
particles in the blood. 
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Lipoprotein Lipase. Hypertriglyceridemia 
induced by corticoid treatment has been found 
to be associated with a decreased postheparin 
lipolytic activity (74). It has been suggested 
that since this enzyme is critical for the 
assimilation of circulating lipoprotein triglyc- 
erides, its deficiency could well lead to hyper- 
triglyceridemia. Hormones other than cortisone 
compounds, e.g., insulin, also affect this post- 
heparin lipoprotein lipase resulting in high 
triglyceride levels in blood (75). Hypertriglyc- 
eridemia in pregnancy in animals has been 
associated also with low lipoprotein lipase (76). 
This enzyme is released into the circulation by 
the intravenous administration of heparin. 
Fabian et al. (77) have shown that post-heparin 
lipolytic activity was decreased after estrogen 
administration. 

Pregnancy. During pregnancy the organism is 
exposed to high estrogen levels. As a result 
lipoprotein lipase levels are decreased (78), 
levels of FFA are higher than in nonpregnant 
women, and there is a decreased utilization of 
fatty acids in tissues. During the 15-18th week 
of pregnancy serum cholesterol, phospholipid 
and triglyceride concentrations begin to in- 
crease in conjunction with increased placental 
estrogen synthesis, as is evidenced by urinary 
estriol excretion (79). The decline of these 
lipids begins in the first postpartum week (80). 
In an extensive study of fatty acid composition 
of serum Iipids during pregnancy, deAlvarez et 
al. (81) have shown that not only do the serum 
FFA increase progressively but a trend toward 
saturation of the fatty acids, manifested by a 
reduction in linoleic acid, occurs in middle to 
late pregnancy. The authors postulate a tenta- 
tive mechanism of fatty acid metabolism in 
pregnancy as follows. Under stress, e.g., preg- 
nancy, growth hormone is released from the 
anterior pituitary and through its diabetogenic 
action decreases carbohydrate utilization while 
enhancing fat mobilization. Growth hormone 
together with corticosteroids stimulate a major 
lipoprotein production and antagonize insulin 
action. As a result there is decreased carbo- 
hydrate tolerance associated with hyperlipemia 
during pregnancy, an increased deposit of fat 
and the appearance of gestational diabetes 
during pregnancy. 

Recapitulation. Studies of the effects of sex 
hormones on lipid metabolism in humans yield 
more variable results than those which are 
obtained after investigations on rats. The 
response of serum cholesterol to estrogen 
administration is not always definitive; some 
variations in cholesterol content occur during 
the menstrual cycle and a general lipemia is 
observed during pregnancy. However hypertri- 

glyceridemia is a characteristic response to 
estrogen therapy. An effect on liver function 
involving biosynthesis or release of certain lipid 
components, or both, may be a partial cause of 
observed changes in lipoprotein distribution 
and content. At the same time the activity of 
lipoprotein lipase is under hormonal control 
and it, in turn, may be involved in establishing 
levels of lipoproteins in general and of individ- 
ual lipids in particular. 

A N O V U L A T O R Y  DRUGS A N D  
THEIR  EFFECT ON L IP ID METABOLISM 

The available oral contraceptives are of two 
types: the progestin-estrogen combinations 
which are given throughout each cycle of 
treatment, and the sequential preparations con- 
sisting of estrogen administration for the first 
five days. The use of the first type of the drug 
is much more widespread, perhaps as a result of 
its more frequent use in animal investigations. 
There are dozens of the combination type 
products available; these differ mainly in the 
nature and quantity of the progestin compo- 
nent (82). The composition of some of the 
most often used oral contraceptives is presented 
in Table I. As the estrogen component only 
ethinyl estradiol or mestranol (ethinyl estradiol- 
3-methyl ether) are used. The way in which 
these preparations ~re administered may be of 
importance. For example medroxyprogesterone 
acetate given orally exerts no inhibitory effect 
on the secretion of gonadotropins; however 
when injected it exhibits an intense and persist- 
ent pituitary-inhibitory action (83). Although 
the estrogen component seems to be the more 
important ingredient of the combination, the 
two components may act synergistically (84). 

In order to minimize the metabolic side 
effects of oral contraceptives which often ac- 
company their desired anovulatory activity, as a 
result of  animal experimentation, the effective 
dose levels have been decreased over the years. 

Animal Studies 

There are few reports available which involve 
the use of oral contraceptives in rats. It has 
been tentatively established that the daily dose 
required to prevent conception in the rat is 200 
/Jg of progestin per kilogram of body weight 
(85). This is comparable to the level of 50/ag 
Enovid (48 gg progestin; 2/ag estrogen) per rat 
(86) and the levels of 191 /~g norethynodrel 
(progestin) and 2.8 #g mestranol (estrogen) per 
kilogram of body weight per day administered 
by Yang et al. (87), and 10gg of estrogen with 
100 #g progestin per rat per day administered 
by Banik et al. (88). 
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Tissue Cholesterol Levels, Cholesterol Bio- 
synthesis and Excretion. Extensive studies of  
the effect of  an oral contraceptive drug, Enovid 
E, have been performed by Aftergood et al. 
(89). These authors originally used a high, 
unphysiological dose of the drug to test the 
toxicity of the preparation and to exaggerate 
the appearance of metabolic effects. Thus in 
the early studies 1 mg of Enovid E (human dose 
is 2.6 rag/day, which consists of 2.5 mg 
norethynodrel and 0.1 mg mestranol) was 
administered to adult female rats for seven 
days. In later studies both the length of the 
experimental period and the dose level have 
been decreased. The results obtained were 
similar regardless of dose level (90,91), 

In general Enovid E administration resulted 
in a marked decrease in the level of total 
cholesterol in plasma and adrenals. The de- 
crease in adrenal cholesterol was manifested 
primarily by decreases in the esterified choles- 
terol fraction. Cholesterol in the liver was 
substantially elevated. Similar trends have been 
previously obtained when castrated female rats 
were treated with estradiol benzoate (20). In 
plasma cholesterol esters a decrease in arachi- 
donic acid content was attributed to Enovid 
administration. In adrenals and ovaries the 
decreased total cholesterol content was re- 
flected by the decreased content of arachidonic 
and docosatetraenoic acids (characteristic fatty 
acids esterified with cholesterol in these 
organs). Previously an increased hepatic choles- 
terol had been observed in castrated female rats 
given estradiol benzoate, at an approximate 
level of 0.17 mg hormone per rat per day. When 
cholesterol biosynthesis from 1-14C-acetate 
was examined in vitro studies it was found that 
sterol synthesis was depressed in livers of 
Enovid-treated animals whereas it was signifi- 
cantly enhanced in ovaries and adrenals, indi- 
cating perhaps an increased requirement for 
cholesterol in those organs which are the main 
sites for steroid hormone synthesis. At the same 
time less cholesterol was excreted in the feces. 
A return to normal conditions was rapidly 
achieved after treatment was discontinued; 
however repeated dosing yielded values compa- 
rable to the initial response (92); no tolerance 
or intolerance to the drug seems to have been 
established. The administration of low physio- 
logical doses of Enovid E (0.052 mg/day/rat) 
resulted in findings similar to those obtained 
when the dose level was 20 times higher. 
Esterified cholesterol decreased rapidly in the 
serum and in adrenals and accumulated in the 
liver. Serum phospholipids also decreased. 
Alpha-lipoproteins, ordinarily quite abundant 
in the rat, were significantly decreased as was 

shown by the decrease in alpha-beta lipoprotein 
ratios. These effects were shown not to be 
secondary to a decreased food consumption 
(91). 

Comparisons Between Various Anovulatory 
Drugs. A comparative study of the effects of 
two anovulatory drugs, namely, Enovid E and 
Provest (a mixture of medroxyprogesterone 
acetate and ethinyl estradiol) were also per- 
formed (90). Both of these drugs are effective 
anovulatory agents and are comparable in their 
activity in this respect. However at comparable 
dose levels administered to rats, their effects on 
cholesterol metabolism vary in intensity with 
Enovid exerting a much greater influence on all 
of the variables examined. The reasons for these 
differences may be due to the amount and kind 
of progestin and/or estrogen component and/or 
the ratio of progestin to estrogen within the 
product. Vyas (93). has reported changes occur- 
ring in rat tissue cholesterol levels following an 
oral or intraperitoneal administration of 0.1 mg 
Anovlar (norethindrone acetate, 4 mg + ethinyl 
estradiol, 0.05 mg per kilogram of the rat for 
175 days. In general increases of hepatic choles- 
terol were accompanied by decreases in choles- 
terol of serum, adrenals and ovaries. The author 
suggests that some of these effects may be due 
to the formation of estrogenic metabolites. 

Comparison of  the Effects of the Compo- 
nents of  Anovulatory Drugs. The effects of the 
separate administration of  the components of 
one of these contraceptive drugs (Provest) were 
compared with the effects of the combined 
product (94). The dose used, 80% of the human 
dose, is unphysiological for the rat but was used 
to magnify the effects previously observed. As 
expected the mixture of the progestin and 
estrogen compounds produced the same re- 
sponse as did the original, commercially pre- 
pared product. On the other hand progestin 
when administered alone was without effect on 
rat lipids whereas the estrogen component 
alone yielded enhanced results. The combina- 
tion of the two drugs modified the enhanced 
effect produced by estrogens alone. This was 
true as far as effects on liver, serum and adrenal 
cholesterol levels, as well as on serum arachi- 
donate and adrenal docosatetraenoate, were 
concerned. 

Recapitulation. In general in the rat the 
effects of oral contraceptives simulate those of 
estrogenic sex hormones. However the combi- 
nation of estrogen-progestin compounds modi- 
fies the effects of estrogen administered alone. 

Human Studies 

The effects of oral contraceptives on human 
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blood lipids have attracted wide attention due 
to their possible influence on the etiology and 
development of vascular disease, especially 
thrombogenesis. Extensive, long term effects of 
observed changes in short term experiments are 
not available at present, although reports 
dealing with the various areas under investi- 
gation are now accumulating. 

Liver Function. Since the main organ con- 
cerned with lipid metabolism is the liver, it is 
pertinent to point out that mild hepatic dam- 
age, similar to cholestasis of pregnancy, has 
been reported in many women using oral 
contraceptive drugs (95). This author claims 
however that most of the adverse reactions 
thought to be associated with the oral contra- 
ceptives occur spontaneously in the population, 
albeit as a very low rate. Apparently treatment 
with oral contraceptives puts an added load on 
the mbtabolic functions of the liver. An in- 
creased serum transaminase and alkaline phos- 
phatase are also common in anovulatory drug- 
treated patients (96). Some changes in bile 
canaliculi and liver cell mitochondria, of the 
same type as have been seen in jaundiced 
patients, have also been observed (97). Moder- 
ate dilatation and vesiculation of endoplasmic 
reticulum, as well as fatty vacuolations of the 
liver cells, have been reported by Martinez- 
Manautou et al. (98) in women undergoing 
contraceptive therapy. Also striking alterations 
in plasma proteins, particularly those known to 
be synthesized by the liver, have been observed 
in women taking oral contraceptives (99). The 
effects of oral contraceptives paralleled those 
produced by late pregnancy. Similarly Burton 
(100) reports that urinary total coproporphyrin 
(bile pigment) concentration was increased in 
26% of women taking oral contraceptives while 
16% of women had mild hepatic dysfunction. 
According to Arias (101) oral contraceptive 
agents have resulted in a reduced hepatic 
excretory function in every patient studied. 
There is evidence for both a primary impair- 
ment of bile salt excretion as well as an 
enhancement of the back diffusion of substance 
from bile to plasma (42). According to Adler- 
creutz and Tenhunen (102) female sex hor- 
mones affect the liver cell in all the subjects but 
only some react with cholestasis, possibly due 
to a defect of the drug metabolizing system. It 
is possible that steroids interfere with the 
secretion of the conjugated chotates essential 
for micelle formation. While estrogen would 
affect mainly protein synthesis in the rough 
endoplasmic reticulum, progestin might affect 
the smooth ER and the drug metabolizing 
system. 

Lipoprotein Distribution and Plasma Lipid 

Levels. The fact that the liver excretory system 
is affected as shown by disturbances in bile 
metabolism and in some of its enzymes may be 
related to changes observed in lipoprotein 
concentrations. The effect on lipoprotein 
synthesis would be localized in the liver. 

The effects of contraceptive agents on lipo- 
proteins, plasma cholesterol and TG levels have 
produced conflicting reports. In 1966 Wynn et 
al. (103) reported that LDL and VLDL levels 
were markedly increased in women taking oral 
contraceptives whereas total cholesterol was 
only slightly increased. The authors suspected 
that these changes reflected a decrease in HD 
lipoprotein cholesterol. The lipid and lipopro- 
tein changes were similar to those taking place 
during pregnancy; however here the increase of 
triglycerides was much greater. It was suggested 
that since the progestins used were 17-alkylated 
and 19-nortestosterone derivatives and there- 
fore were similar to methyl testosterone deriva- 
tives, the effects observed might be due to the 
progestational or testosterone like component 
of the anovulatory drug. 

The effects of androgens on serum lipids are 
of relevance in view of the chemical similarity 
between certain synthetic progestins and 
methyl testosterone. Androgens usually in- 
crease serum LDL and decrease serum HDL 
levels while serum cholesterol levels remain 
unchanged (104). However the administration 
of a combination of synthetic steroids may 
result in changes which cannot be accounted 
for by the effects of these steroids administered 
singly. More recently Wynn et al. (105) re- 
ported elevations in several types of lipopro- 
teins resulting from oral contraceptive therapy, 
i.e. , increases in the Sf 0-12, 200-100 and 
100-400 but no change in Sf 12-20. Barton et 
al. (106) surveyed serum cholesterol and tri- 
glyceride levels in women taking oral contracep- 
tives at three monthly intervals for two years 
and found an elevation in both of these values 
in patients taking both estrogen and progesto- 
gen, but no change in those taking progestogen 
only. The increase was proportional to the size 
of the dose administered; the elevated lipid 
levels decreased following the withdrawal of 
treatment for six months. 

Pincus (107) however reported no change in 
cholesterol levels or in LD lipoproteins in 
women receiving the oral contraceptive drug 
Enovid for one year. But Aurell et al. (108) 
studied the effect of  another compound, Anov- 
lar, for one year in eight patients and observed 
a significant rise in serum lipids, especially in 
serum LD lipoproteins, similar to the levels 
typical of post-menopausal women. This ele- 
vated level of LD lipoproteins lasted as long as 
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the drug was administered whereas the hyper- 
lipidemia of pregnancy is seen only during the 
last two trimesters. The authors suspect either 
an androgen-like activity of norethisterone or 
possibly an inhibition of normal ovarian estro- 
gen secretion. Contrary to these results Brody 
et al. (109) reported no significant changes in 
plasma triglycerides or cholesterol in two 
groups of five women receiving Anovlar or 
Volidan for six months. Glueck et al. (110) 
showed improvement in type V hyperlipidemia 
when progestogens were given to women, thus 
the adverse effects on lipid levels appear to be 
due to estrogens. 

A report by Smith and Prior (111) indicated 
that Anovlar interfered with the serum choles- 
terol-lowering action of clofibrate in a 30-year- 
old woman with familial hypercholesterolemia 
(type II). 

Daily treatment with 5 mg Enovid resulted 
in similar changes in estrogen-dependent lipid 
levels (I 12). Whereas total cholesterol and the 
LD lipoprotein cholesterol decreased, there was 
an increase in phospholipids and in HD lipopro- 
tein cholesterol. This effect was not manifest 
when the daily dose was increased to 10 mg. It 
was assumed that at the higher dose there was 
sufficient progestin component to inhibit the 
changes induced by the estrogenic component. 

According to Elgee (113) a combination of 
peripheral resistance to insulin with hyperin- 
sulinemia may enhance insulin-induced hepatic 
synthesis and release of VLDL thereby causing 
hypertriglyceridemia. Progestin alone can de- 
crease hypertriglyceridemia in type V hyper- 
lipoproteinemia. 

Sachs et al. (114) reported that the contra- 
ceptive drug Ovulen given for periods of 18 
months increased plasma triglycerides in 
women by 76%. They also observed increases in 
V L D L  and in plasma phospholipids and choles- 
terol. They suggested that a possible increase of 
apoprotein associated with VLDL might be 
expected since estrogen therapy is known to be 
associated with increased serum levels of certain 
carrier proteins (115). Furman et al. (116) 
stated that the alpha and beta lipoproteins 
contain a greater percentage of protein than 
normal during estrogen therapy and the possi- 
bility exists that increased lipoprotein levels 
during oral contraceptive therapy may be 
secondary to increased rates of lipoprotein 
apoprotein synthesis by the liver (117). 

When serum lipids were measured in women 
over a period of 6-60 months of treatment with 
a combination of mestranol and norethynodrel, 
it was observed that HDL level increased and 
remained slightly elevated (118). Serum total 
cholesterol was not affected whereas triglyc- 

erides increased during the first 6-18 months 
only. Zorilla et al. (119) reported increased 
serum triglycerides, VLDL and cholesterol dur- 
ing sequential therapy with mestranol and 
mestranol-chlormadinone acetate combination. 
When the once a month contraceptive (quin- 
estrol with quingestanol) was administered to 
nine women for 12-52 weeks it was observed 
that although plasma cholesterol did not 
change, both triglycerides and phospholipids 
increased by 32% and 16% respectively (120). 
The elevated triglyceride was believed to occur 
as a result of increased hepatic synthesis. In 
general changes were qualitatively similar to 
those occurring as a result of more conventional 
administration of oral contraceptives. 

Decreased FFA levels in plasma of women 
taking the anovulatory drug Anoncene were 
observed by Larsson-Cohn et al. (121). This 
may be due to elevated insulin levels which 
were reported to occur during contraceptive 
treatment (122). Insulin reduces FFA concen- 
tration (123). However Spellacy et al. (124) 
and Wynn et al. (103) found elevated levels of 
FFA in patients treated with oral contracep- 
tives. Changes in insulin activity could possibly 
stimulate hepatic triglyceride synthesis and 
secretion into plasma (125,126). Also an altera- 
tion in liver function may result in an increased 
formation or release of triglycerides (127). 

Individual plasma phospholipids have been 
shown to be influenced by female sex hor- 
mones, e.g., estradiol, with a reduction espe- 
cially in the percentage of lysolecithin present 
(62). Similar changes also have been observed 
after the administration of anovulatory hor- 
monal compounds (109). In general the concen- 
tration of individual phospholipids changes in a 
manner similar to that found during pregnancy 
(128). 

Even though Eisalo et al. (68) reported that 
in women changes in liver function tests re- 
sulting from oral contraceptives could be attrib- 
uted to the influence of either estrogen or 
progestin rather than to their synergistic action, 
Brody et al. (129) concluded that the overall 
effects of Anovtar, Ovulen and Volidan reflect 
competition between their estrogenic and pro- 
gestogenic components. In these cases norethi- 
sterone acetate resulted in an effect on plasma 
lipids opposite to that induced by estrogen. 
Although triglycerides were increased by Ovu- 
len and Anovlar administration, phospholipids 
were decreased by Anovlar and increased by 
Ovulen and Volidan. When Seng et al. (130) 
investigated the effects of lynestrol and mes- 
tranol on various aspects of fat metabolism, 
they observed increased fatty acid oxidation in 
addition to increases in triglycerides, glycerol, 
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beta-hydroxybutyrate and acetoacetate. 
Effect on Platelets. It has been reported that 

in women receiving oral contraceptives, platelet 
behavior resembles that of  patients with arterial 
disease in that the sensitivity of platelets to 
ADP increases (16). Apparently this is the 
result of the appearance of an abnormal lecithin 
in LDL in plasma: under the influence of a 
labile plasma component the lecithin is con- 
verted to a substance that affects platelets. The 
estrogen component of the anovulatory drug is 
evidently responsible for this effect since pro- 
gestin alone is inactive. 

Although Ham and Rose (131) found no 
difference in platelet count and adhesiveness, 
studies of Adams et al. (132) confirm the 
results previously reported by Bolton and co- 
workers (16). In subjects from whom paired 
blood samples were obtained the mean post- 
heparin lipolytic activity was depressed by the 
administration of combined estrogen-progestin 
contraceptive preparations (a variety of com- 
mercial products). A change in platelet behavior 
was also observed although this alteration was 
less striking and less consistent than was the 
depression of PHLA. Bolton et al. (16) sug- 
gested that such behavior was not due to an 
abnormality in the platelets but rather to an 
alteration in plasma lipids. However Adams et 
al. (132) concluded that a correlation between 
PHLA and platelets behavior did not necessarily 
exist either before or after oral contraceptive 
administration. 

Effect on Circulating Hormones. It is not 
known whether the effects of oral contracep- 
tives on serum lipids and lipoproteins are due to 
a primary effect of estrogen or progestin, or 
both, or whether the elevated levels of circu- 
lating hormones which have been observed then 
affect the lipid levels. In patients newly ex- 
posed to oral contraceptives Spellacy and co- 
workers (133-135) found an increase in growth 
hormone levels accompanied by hyperinsulin- 
emia, the latter probably arising as a conse- 
quence of the elevated growth hormone. Spel- 
lacy et al. (136) believe that observed derange- 
ments in carbohydrate metabolism resulting 
from oral contraceptive administration were 
mediated through the increased levels of growth 
hormone wich are known to be diabetogenic. 
The hyperinsulinemia could be also related to 
the increased plasma triglycerides or cortisol 
levels (137). 

In view of the hyperinsulinemia reported by 
several investigators it is not surprising that 
there are also several reports of clinical im- 
provement of diabetes due to estrogen treat- 
ment. Successful treatment of patients with 
abnormal (diabetic) glucose levels accom- 

panying acromegaly (which results from an 
excess secretion of growth hormone) with 
estrogen has been reported by McCullagh et al. 
(138). Spiegelman (139) noted that insulin 
requirements decreased by 63% in premeno- 
pausal and by 42% in postmenopausal women 
after estrogen therapy. 

Although estrogens seem to protect the 
diabetic experimental animal and mildly dia- 
betic human, they tend to cause an excess 
secretion of insulin and growth hormone and an 
elevated glucose level in normal human beings. 
It appears that in normal subjects the insulin 
levels become high enough so that the glucose 
levels return to their pretreatment range after 
several months of use. In some subjects the 
glucose levels rise again with prolonged usage of 
estrogenic compounds. The effect on glucose 
metabolism is related to the type and dose of 
estrogen used (122). Oral contraceptive therapy 
also was found to increase the activity of 
adrenal cortex hormones. Thus an increase in 
biological activity of hydrocortisone was ob- 
served by Wynn and Doar (140). Also William- 
son (141) reported elevations of plasma cortisol 
in 72% of oral contraceptive users. Significant 
increases in plasma cortisol (as well as aldoster- 
one) had been previously observed by Layne et 
al. in 1961 (142) as a result of Enovid, 
norethynodrel or mestranol administration. 

Cortisol by itself exerts a great influence on 
several aspects of  carbohydrate and fat metabo- 
lism. It mobilizes free fatty acids, decreases 
their reesterification, increases lipogenesis in 
the liver, increases the mobilization of triglycer- 
ides from the liver and promotes greater fatty 
acid oxidation. At the same time its gluconeo- 
genic effect leads to hyperglycemia which 
stimulates insulin secretion, which in turn has 
antilipolytic effect (143). It is obvious there- 
fore that most of the observed metabolic 
effects of oral contraceptives could be related 
to an oversupply of cortisol. Finally it has been 
observed (144) that cholesterol content of the 
menstrual discharge while in general lower than 
that of serum is even lower in women using oral 
contraceptives. 

Relationship to Atherosclerosis. Since oral 
contraceptives have profound effects on lipid 
metabolism, be it directly or indirectly, and since 
elevated serum lipid and lipoprotein levels are 
associated with the development of clinical 
manifestations of atherosclerosis, it is of  great 
importance to look for changes in susceptibility 
to this disease in the millions of women to 
whom these drugs are being administered. 

According to Oliver (145) oral contracep- 
tives per se do not seem to increase the risk of 
developing myocardial infarction in normal 
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w o m e n ,  a l t hough  by  raising se rum lipids,  re- 
duc ing  c a r b o h y d r a t e  to l e rance ,  raising b l o o d  
pressure and  increas ing pla te le t  adhesiveness ,  
t hey  may  do so in w o m e n  p rone  to i schaemic  
hear t  disease. F u r t h e r  s tudies  in this  area are 
needed ;  c o n t i n u a l  tes t ing  and  e x a m i n a t i o n s  
shou ld  a c c o m p a n y  adm i n i s t r a t i on  of  oral  con-  
t racept ives .  

Summary. It  is obv ious  t h a t  oral  con t racep-  
t ives affect  m a n y  aspects  o f  l ipid metabo l i sm.  
In all p robab i l i t y  the  observed  me tabo l i c  
changes  are the  resul t  of  several i n d e p e n d e n t  
effects.  

Since the  anovu l a to r y  drugs are a m i x t u r e  o f  
very specific me tabo l i c  agents  which  may  at 
one  t ime  act  in  o p p o s i t i o n  to and  at o t h e r  t imes  
synergist ical ly w i t h  each  o the r ,  the  observed  
ef fec ts  are s o m e t i m e s  controvers ia l .  In add i t i on  
these  exogenous  ho rmone - l i ke  subs tances  mus t  
act by re in forc ing  or  an tagoniz ing  the  endoge-  
nous  indiv idual  h o r m o n a l  ba lance  which  in- 
creases the  inc idence  of  conf l ic t ing  results .  The  
e n d o g e n o u s  h o r m o n a l  ba lance  may  be a charac-  
ter is t ic  of  the  indiv idual  i n f luenced  to a cer ta in  
degree by age. On the  o t h e r  h a n d  the  dose level 
and the  type  of  the  c o m b i n e d  drugs may  also 
af fec t  the  resu l t ing  me tabo l i c  changes.  

A l t h o u g h  n o t  all t he  inves t igat ions  p roduce  
comparab le  and  c o n f i r m a t o r y  results ,  those  
o b t a i n e d  on  l i pop ro t e i n  d i s t r i bu t ion  and  com- 
pos i t ion  appear  to  be of  par t icular  i m p o r t a n c e .  
These  obse rva t ions  may  or may  no t  be a direct  
consequence  of  the  adm i n i s t r a t i on  of  the  estro- 
gen-progest in  m ix tu r e  or m ay  or may  no t  be 
med ia t ed  ind i rec t ly  t h r o u g h  the  ac t ion  of  th is  
mix tu re  on  o t h e r  h o r m o n e s .  I t  is also possible 
t h a t  the  ac t ion  of  o the r  h o r m o n e s  in add i t i on  
to g rowth  h o r m o n e ,  cort isol  and  insul in  is 
evoked in response  to  direct  me tabo l i c  changes  
caused by the  anovu la to ry  mix ture .  

There  is cons iderab le  con t roversy  as to  
w h e t h e r  cho les te ro l  levels are elevated or de- 
pressed dur ing  the  con t r acep t ive  t h e r a p y ;  re- 
sults  on  choles te ro l  are d e p e n d e n t  on  the  level 
and  d i s t r i bu t ion  of  l ipopro te ins ,  since even 
t h o u g h  the  cho les te ro l  c o n t e n t  of  HDL relative 
to phospho l i p id  and  p ro t e in  c o n t e n t  d imin-  
ishes,  t he  c o n c e n t r a t i o n  of  HDL increases.  
A p o p r o t e i n  syn thes i s  appears  to  be s t imula ted  
as well. 

It is general ly  accep ted  t h a t  t r ig lycer ide 
levels are increased  due poss ibly  to  changes  in 
l i pop ro t e in  lipase or  else as a resul t  of  increased  
insul in  levels or  de r angem en t s  in  l iver func t ion .  
Since liver f u n c t i o n  is a f fec ted  by  the  drugs, it 
may  affec t  l i pop ro t e in  c o m p o s i t i o n  and  release 
and  t hus  in f luence  l ipid t r anspor t .  

Obviously  s tudies  on  an imals  pe rmi t  more  
t h o r o u g h  obse rva t ions  of  changes  t ak ing  place. 

A l t h o u g h  these  m a y  be  di rect ly  appl icable  to  
h u m a n s ,  the  f inal  analysis  and  e leva t ion  of  
these  drugs mus t  come  f rom h u m a n  experi-  
ments .  L i t t le  is k n o w n  a b o u t  long  range effects  
of  oral  con t r acep t ives  on  w o m e n  and  on  any  
p rogeny  b o r n  a f te r  d i s c o n t i n u a t i o n  of  oral  
con t r acep t ive  t he rapy .  Much  more  research  is 
needed  to  def ine the  effects  o f  an t i ovu l a to ry  
drugs on  l ipid metabo l i sm.  Long t e rm  s tudies  to  
d e t e r m i n e  w h e t h e r  the  effects  of  oral  con t ra -  
cept ives on  l ipid m e t a b o l i s m  are reversible  a f te r  
the i r  use is d i s con t i nued  are i m p o r t a n t  to  
ma in t a in  the  h e a l t h  and  welfare  of y o u n g  
w o m e n  dur ing  t he i r  r ep roduc t ive  years .  Studies  
on  inc idence  of  a therosc leros is  in  y o u n g  w o m e n  
need  to  be in i t i a t ed  to  d e t e r m i n e  w h e t h e r  the re  
is an increased suscept ib i l i ty  or  res is tance  to  
vascular  disease as well as to  o t h e r  h o r m o n e -  
l inked  diseases, e.g., os teoporos is ,  d iabetes ,  
gout ,  etc.  
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Fatty Acid Synthesis in Rat Testes Injected 
Intratesticularly or Incubated with 1-14C Acetate 1 

O.B. EVANS,  JR., R ICHARD Z S E L T V A Y ,  R ICHARD WHORTON, and 
JOHN G. CONIGLIO,  Department of  Biochemistry, Vanderbi l t  University, 
School of Medicine, Nashville, Tennessee 37203 

ABSTRACT 

Fa t ty  acid synthes is  was s tud ied  in 
testes  of y o u n g  and  adul t  rats  e i the r  
in jected in t ra tes t i cu la r ly  or i n c u b a t e d  
wi th  1-14C acetate .  The pa t t e r n  of  14C 
i n c o r p o r a t i o n  in to  lipids and  individual  
fa t ty  acids in the  two age groups  was 
similar bu t  results  o b t a i n e d  wi th  in t ra tes -  
t icular  in jec t ion  dif fered cons iderab ly  
f rom those  ob ta ined  in the  in vi t ro  
studies.  In the  fo rmer  more  t han  70% of  
the 14C i n co rpo ra t e d  in to ta l  l ipids was 
in phospha t ides ,  wi th  a b o u t  15% in tri- 
glycerides and  on ly  m i n o r  a m o u n t s  in 
choles te ry l  esters and  free fa t ty  acids. 
Most of the  14C inco r po r a t ed  in to  to ta l  
fa t ty  acids was in sa tu ra ted  acids (pre- 
d o m i n a n t l y  16:0).  A small  a m o u n t  of  
14 C was in the  h igher  polyenes  and there  
was a progressive increase wi th  t ime  a f te r  
ace ta te  in jec t ion  in the  14C c o n t e n t  of  
22:5  W6. In testes  i n c u b a t e d  wi th  1o14C 
aceta te ,  the  phospha t i de ,  t r iglyceride,  and  

tpresented at the ISF-AOCS World Congress 
Chicago, September 1970. 
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FIG. 1. The amount of 14C found in testicular 
fatty acids at various time intervals after intratesticular 
injection of 1-14C-acetate expressed as per cent of the 
injected dose. Each bar represents the average of 
results obtained using two different animals and these 
values usually agreed within 15%. 

free fa t ty  acid f rac t ions  had  similar 
a m o u n t s  of  14C. In the  to ta l  f a t ty  acid 
f rac t ion  a b o u t  40% of  the  i n c o r p o r a t e d  
14C was in sa tu ra ted  acids (p redomi -  
nan t ly  14:0 and  16 :0)  and  a b o u t  50% in 
the  higher  polyenes .  T w e n t y  ca rbon  pol- 
yenes  and 22 :5  W6 had  s ignif icant  14C 
inco rpo ra t i on ,  bu t  mos t  of  the  14C was 
in 22 :4  W6. A b o u t  80% of  the  14C in the  
la t ter  c o m p o u n d  was in the  ca rboxy l  
carbon,  ind ica t ing  its origin f rom endoge-  
nous  20 :4  W6 e longa ted  by  the  added  
1-14C aceta te  used as subst ra te .  The 14C 
22 :4  was present  p r e d o m i n a n t l y  in the  
t r iglyceride and  p h o s p h a t i d e  f rac t ions  
wi th  m i n o r  a m o u n t s  in o t h e r  lipids. 
] 4C.labele d c o m p o u n d s  of  r e t e n t i o n  t ime  
greater  than  22 :5  were also present  in all 
lipid fract ions.  

INTRODUCTION 

Rat  tes t icular  tissue is qui te  active in the  
synthes is  and in t e rconver s ion  of  fa t ty  acids 
(1-3). Because of  this  active me tabo l i sm and  the  
accessibil i ty of  this  organ for  direct  i n t roduc -  
t ion  of subs t ra te ,  it is a useful  sys tem for  the  
s tudy  of  lipid me tabo l i sm.  In this  paper  we 
repor t  some expe r imen t s  in which  we compare  
the  i n c o r p o r a t i o n  of  14C in to  fa t ty  acids and  
lipids in rat  tes tes  in jec ted  in t ra tes t i cu la r ly  wi th  
those  i n c u b a t e d  wi th  14C-acetate .  The  results  
ob t a ined  by these  two m e t h o d s  di f fered consi- 
derably  and b o t h  may be useful  for  s tudy ing  
the  l ipid me tabo l i c  activit ies of  this  organ. 

EXPERIMENTAL PROCEDURES 

Sprague-Dawley rats  of  30 days o f  age 
(young  rats) or of  f rom six m o n t h s  to  one  year  
of  age (adul t  rats)  ma in t a ined  on  Pur ina  labora-  
to ry  chow were used in the  in vivo studies.  The  
rats  were in jec ted  in t ra tes t i cu la r ly  wi th  .05 ml 
of a water  so lu t ion  of  1-14C sod ium ace ta te  
con ta in ing  5 ~c and  less t h a n  0.1 mg ace ta te  
and  killed at  var ious t ime  intervals  as indica ted .  
For  the  in vi t ro  s tudies ,  tes tes  were r emoved  
and chil led in ice immed ia t e ly  af te r  the  rats 
were decapi ta ted .  Af te r  removal  of  the  tunica 
albuginea each testis was weighed and  divided 
in to  four  a p p r o x i m a t e l y  equal  pieces which  
were placed in flasks con ta in ing  the  appropr ia t e  
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TABLE I 

Weight of Testes and Amounts  of Testicular Fatty Acids in Young 
and Adult  Rats Injected Intratest icularly with 14C Acetate 

707 

Number Weight of testes, Total fat ty acids, 
Age of rats of rats ge mg/g testes 

4 weeks a 16 0.64 (0.56-0.76) 10.1 (8.4-12.0) 
5 weeks b 2 1.23 (1.02-1.44) 9.1 (8.5-9.6) 
6 weeks c 2 1.56 (1.48-1.64) 11.3 (10.2-12.4) 
6-12 months d 20 3.52 (3.20-3.91) 11.4 (9.5-14.4) 

aIncludes all young rats of t ime periods from one sixth through 24 hr after injection. 
blncludes young rats of t ime period one week after injection. 

CIncludes young rats of t ime period two weeks after injection. 
dIncludes adult rats of all time periods. 
eAverage and range of  values. 

i ncuba t ion  m e d i u m  and  subs t ra te .  One test is  of  
an adul t  an imal  was used per  flask. In t he  case 
of y o u n g  animals  mul t ip le  testes  were used in 
one flask in o rder  to  a p p r o x i m a t e  the  weight  of  
one adult  testis.  The fo l lowing m e d i u m  was 
used:  0 .20 ml of  a water  so lu t ion  con ta in ing  10 
#c (~0.2 mg) 1-14C sod ium aceta te ,  0 .50 ml of  
1.0 M p h o s p h a t e  buffer  (pH 7.4),  1.30 ml of  l 0  
mM glucose,  and disti l led water  to  make  a to t a l  
of 2.6 ml. I ncuba t i ons  were at 37 C for  3 hr  
and the  gas phase  was air. In these  expe r i m en t s  
the  young  rats were e i ther  four  or seven weeks 
of  age; adul t  rats were b e t w e e n  six and  twelve 
m o n t h s  of age. I n c u b a t i o n s  were t e r m i n a t e d  by  
add i t ion  of po tass ium h y d r o x i d e  to those  sam- 
ples which  were to be h y d r o l y z e d  for  subse- 
q u e n t  i so la t ion  of  to t a l  f a t ty  acids or by 
pour ing  the  reac t ion  c o n t e n t s  in to  Fo lch  mix-  
ture  in the  case of the  samples  in which  to ta l  
l ipid was ex t rac ted .  Procedures  for  e x t r a c t i o n  
and  separa t ion  of  lipids, hydrolys is  of  tissues 
and lipids, ex t r ac t ion  of  fa t ty  acids, gas chro-  
ma tograph ic  and  gas r a d i o c h r o m a t o g r a p h i c  pro- 
cedures  have been  descr ibed previously  (2,4).  
P rocedures  for  i sola t ion,  comple t e  ident i f ica-  
t ion,  and degrada t ion  of  docosa t e t r aeno ic  acid 
were, l ikewise, similar to  those  used previously  
for  o the r  h igher  po lyenes  (2). Rad ioac t iv i ty  
de t e rmina t i ons  of  i so la ted  lipids and  fa t ty  acids 
were made  in a l iquid sc in t i l la t ion  s p e c t r o m e t e r  
opera t ing  at 80% eff iciency.  

R E S U L T S  

In Vivo Experiments 

In adul t  rats the  a m o u n t  of  t 4 C  f o u n d  in 
tes t icular  fa t ty  acids increased f rom a b o u t  1.9% 
of  the  in jec ted  dose at  10 min  a f te r  in jec t ion  to  
a b o u t  4.5% at 30-120 min (Figure  1). There-  
a f te r  it decreased to  2% and to 1.5% at one  and  
two weeks, respect ively.  In the  y o u n g  rats  the  
a m o u n t  of  14C in tes t icu lar  fa t ty  acids 

increased f rom a b o u t  1% of  the  in jec ted  dose at  
l0  min  to a b o u t  9% at 1-2 hr ;  t he rea f t e r  it 
decreased to a b o u t  3% at the  end of  two  weeks. 
The results  shown  in Figure 1 are averages of  
values ob ta ined  for  two d i f fe rent  rats  dur ing 
each t ime interval .  In abou t  75% of  the  cases 
the two values agreed wi th in  15%, bu t  varia- 
t ions  up to 30% were encoun t e r ed .  In spite of  
these  var ia t ions  there  appa ren t ly  was a signifi- 
cant  d i f ference  b e t w e e n  y o u n g  and  adul t  
animals  in the  a m o u n t  of  14C re ta ined  in to t a l  
f a t ty  acids at  mos t  of  the  t ime  per iods  s tudied.  
This is more  appa ren t  if the  weights  of  the  
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FIG. 2. The amount of 14C found in various lipid 
classes of adult rat testes at several time intervals after 
intratesticular injection of 1-14C-acetate expressed as 
per cent of the total counts eluted from the chroma- 
togram. Recovery of counts spotted on the chroma- 
tograms was greater than 85%. Values for young 
animals were similar to those of the adults. Significant 
quantities (1-3%) of 14C in the free fatty acid fraction 
were found only in time intervals up to 1 hr. 
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FIG. 3. The distribution of 14C in the total 
saturated and monoenoic acids of adult and young rats 
at various time intervals after intratesticular injection 
of 1-14G-acetate. Results are expressed as per cent of 
the total 14C eluted from the column and for each 
component are averages of two different animals per 
time period. 

testes of  young  and adult  rats, shown in Table 
I, are considered and the data expressed as per 
cent  of  administered dose retained per gram of  
tissue. Al though  the weights of  testes of  young 
and adult rats were markedly different ,  there 
was lit t le or no difference in the concent ra t ions  
of  to ta l  fa t ty  acids (mg/g testis, Table I). 

The distr ibution of  the 14C in various lipid 
fract ions was de termined  after  separat ion of  the 
lipid classes by thin layer chromatography  
(TLC) using silicic acid, and the results are 
shown in Figure 2 for adult  rats at several t ime 
periods. Values obta ined  for the young  animals 
were similar to those of  the adult animals. Most 
of  the activity (>70%) was in the to ta l  phos- 
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phatide fraction at all t ime periods with the 
triglyceride fract ion having the  next  highest 
activity ( a b o u t  15%). Small amounts  were 
found in the cholesteryl  ester fract ion and 
significant quanti t ies  (1-2%) in the free fa t ty  
acid fraction only in the t ime periods up to 1 
hr. Only traces of activity were found in the 
free fa t ty  acids fraction in t ime intervals after 1 
hr. Recovery of  14 C from thin layer plates in 
exper iments  repor ted  in this paper was always 
greater than 85% of the 14C activity applied to 
the plates. 

The distr ibution of  the 14C in individual 
fa t ty  acids of  the total  fa t ty  acid fract ion was 
determined using a cont inuous  flow radio- 
activity moni to r  (heated propora t ionat  counter )  
a t tached to a gas liquid chromatograph.  Ident i f-  
icat ion has been made for most  componen t s  by 
relative re tent ion t ime using standards. Some 
components  for which standards are not  avail- 
able were ident i f ied in previous work by use of  
chemical  procedures  (2,5). In Figure 3 are given 
results of  the 14C in saturated acids and in 
monoenoic  acids, expressed as per cent of the 
total  fa t ty  acid 14C in the to ta l  chromatogram.  
The values p lo t ted  are the averages of the two 
animals per t ime interval. In bo th  young  and 
adult animals most  of the  14C was found in 
palmit ic  acid with some decrease occurr ing by 
the end of  the second week after injection.  
Act ivi ty  in 14:0 was significant only in the 
short t ime intervals (1 hr or less after injection).  
The amount  of  14C in 18:0 and 18:1 increased 
with time. Results of 14C in higher polyenes 
have been grouped in five sections because of  
overlap of some peaks and for  convenience of 
presentat ion (Fig. 4). A significant incorpora-  
t ion into 18:2 in practically all t ime periods 

I W E E K  I D A Y  2 W E E K S  

TIME AFTER INJECTION 

FIG. 4. The distribution of 14C in the higher polyenes of the total fatty acid fraction of adult and young rats 
at various time intervals after intratesticular injection of 1-14C-acetate. Results ate expressed as for Figure 3 and 
they are averages of  two animals per time period. 
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TABLE II 

Distribution of  14C in Lipid Classes 
of Adult  Rat Testes Incubated with 1-14C-Acetate 

Per cent of  total  14C eluted 
Lipid fraction from chromatogram a 40 

Phospholipid 30 
Diglyceride 3 
Cholesterol 7 30  
Free fat ty acid 25 
Triglyceride 30 % 
Cholesteryl ester 5 

2O 

aRecovery of  14C activity from eluted spots was 
greater than 85% of the 14C activity applied to plate. 
Data are averages of two different determinat ions 10 
which agreed within 10%. 

occurred in young  rats but  no t  in adults. This 
f ract ion was no t  fur ther  character ized but 
presumably it is the A6,9 18:2, since the 
A9,12isomer  (linoleic acid) should not  be la- 
beled. These two isomers elute at the same t ime 
under  our condi t ions  of gas radiochromatog-  
raphy.  The to ta l  amount  of  incorpora t ion  into 
all higher polyenes is not  large for ei ther young  
or  adult rats, but there was a progressive 
increase with t ime after inject ion in the  14C 
incorpora ted  into  the 22:5 fraction.  Not  
enough 14C activity was present in the 24 
carbon polyenes to detect  by this me thod  of  
radiochromatography.  

In Vitro Experiments 

Total  incorpora t ion  of  14C from 1-14C- 
acetate in 3 hr of  incubat ion was about  5% of 
the substrate per gram of testis for bo th  young  
and adult animals. The concent ra t ion  of  fa t ty  
acids in testes of  these animals was not  deter- 
mined,  but  in exper iments  done similarly to 
these using testes f rom two 4-week-old rats and 
two 6-months-old rats (one de terminat ion  per 
each testis) the concentra t ions  of  total  fa t ty  
acid were similar to those repor ted  in Table 1 
for the in vivo exper iments  (9.1-10-7 mg/g for 
4-week-old and 12.4-13.0 mg/g for 6-month-old  
rats). In Table II is shown the distr ibut ion of  
14 C in various lipid classes for adult rats. It is 
evident that  the pat tern is far different  than 
that  seen after intratest icular  inject ion of  14C 

acetate.  In the in vitro studies only about  25% 
of the activity was found in the phosphat ide  
fract ion with similar amounts  in tr iglyceride 
and in free fa t ty  acids. Other  fractions had 
small but  significant amounts  of  ~4C activity. A 
similar distr ibution of  14C in lipids of  testes of  
young animals was observed. 

The distr ibution of  14C in total  fa t ty  acids 
of  the incubated testes of  rats o f  various ages is 
shown in Figure 5. About  half of  the activity in 

% OF TOTAL FATTY ACID t4C 
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FIG. 5. The distribution of 14C in the total fatty 
acids of testes of adult and young rats incubated with 
1-14C-acetate. Incubation conditions and further 
identifications of the various fractions are given in the 
text. Results are expressed as for Figure 3. 

the saturated fract ion was in 16:0, one third in 
14:0,  and one sixth in 18:0. The act ivi ty in the 
monoene  fract ion was essentially all in 18:1. 
Act ivi ty  in the 20C polyene fract ion was spread 
rather  uni formly  in several peaks, including 
20:2,  20:3,  20:4,  and perhaps 20:5.  At least 
two thirds of  the activity of  the 22 carbon 
polyene fract ion was in a compound  ident i f ied 
by relative re tent ion  t ime as 22:4,  while the 
remainder  was in the 22:5 fraction.  Because o f  
the unusually large incorpora t ion  into the 
compound  ident i f ied as 22:4,  the pure com- 
pound was isolated f rom pooled samples and 
purified to greater than 99% radiopuri ty  as 
evaluated by gas rad iochromatography.  Hydro- 
genation of the compound  and analysis of  the 
hydrogenated  derivative indicated that  all the 
14C was in a 22 carbon acid. The original 
compound  was isomerized at 1 8 0 C  in 21% 
potassium hydroxide  for 20 min and the result- 
ing material  had a max imum ultraviolet  absorp- 
tion band at 315 m# indicating that there were 
four  double bonds. Finally oxidative ozonolysis  
yielded a radioactive 7 carbon dicarboxylic  acid, 
indicating that the first double bond from the 
carboxyl  group was seven carbons away. Thus, 
the structure of the material  was shown to be 
A7,10,13,16 22:4.  14C compounds  with a 
re tent ion  t ime greater than 22:5 were grouped 
together,  and as shown in Figure 5, a consider- 
able amount  of  14 C was incorpora ted  into this 
group. Al though detailed ident i f ica t ion o f  these 
has not  yet  been done,  they have been hydro-  
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TABLE III 

Distribution of 14C-Fatty Acids in Lipid Fractions 
of Adult  Rat Testes Incubated with 1-14C-Acetate 

Per cent of  total  14C eluted from chromatogram 

Cholesteryl Free fat ty 
Fat ty  acid Triglycerides Phosphatides esters acids 

14:0 20.0 12.5 10.0 16.2 
16:0, 16:1 15.0 30.5 8.8 26.5 
18:0, 18:1 2.5 19.2 2.0 14.3 
20:2, 20:3, 20:4 10.1 4.0 8.9 1.3 
22:4 21.8 12.7 44.0 18.2 
22:5 5.2 4.7 6.1 0.8 
) 22:5 20.7 13.3 14.2 20.2 

genated and shown to be predominantly 24 
carbon compounds. On the basis of  relative 
retention time it is suggested that 24:4 and 
24:5 are two of the components.  

Chemical degradation of the isolated t4C 
22:4 after hydrogenation to 22:0 showed that 
most of the t4C activity was in the carboxyl 
carbon, the ratio of specific activities of car- 
boxyl carbon to average carbon being 16. 

It was of interest to determine in which lipid 
fractions the 14 C 22:4 was incorporated. 
Therefore gas liquid radiochromatographic anal- 
yses were done of fatty acids obtained after 
hydrolysis of various lipid classes separated by 
TLC. The results, expressed as per cent of the 
total counts eluted from the chromatogram, are 
summarized in Table III. The largest concentra- 
tion of 14C 22:4 was in cholesteryl esters. 
However quantitatively this is not significant 
since the cholesteryl ester fraction is a minor 
component of the total lipid in testis. A larger 
concentration of 14C 22:4 was in triglycerides 
and in free fatty acids than in phosphatides. 
Free fatty acids also represent a minor compo- 
nent of total lipid so that a significant percent- 
age of the t4C 22:4 in the testis occurs in 
triglycerides. In contrast to the 22:4, 14C 22:5 
was uniformly distributed in these fractions, 
except for free fatty acids. Of considerable 
interest also is the large proportion of  the 14C 
in compounds of retention time greater than 
22:5 that is in triglycerides and the detection of 
these labeled compounds in cholesteryl esters 
and in free fatty acids. 

DISCUSSION 

Results obtained in the experiments using 
intratesticular injection of 14C acetate were 
quite different from those obtained in incuba- 
tion experiments. Not only was the distribution 
of 14 C in lipid classes different in the two types 
of experiments, but also the pattern of 14C 
labeling in the fatty acids was different. The 

mechanisms which are responsible for the ob- 
served differences are probably multiple and 
complex. These include hormonal and nervous 
influences acting in the intact animal as well as 
accessibility of substrate in each case, possible 
faster deterioration of the incubated tissue, 
differences in transport in the two cases not 
only of the 14C substrate but also of the 
synthesized fatty acids and differences in rates 
of related reactions such as esterification. 

The possibility that 14C fatty acids were 
made in organs other than the testes and 
transported back to this organ in the in vivo 
experiments is considered negligible for the 
following reasons: In other experiments (not 
published) 20/1c of 1-14C-acetate were injected 
intraperitoneally into rats and after 24 hr less 
than .03% of the administered dose was incor- 
porated into testicular fatty acids; 4 hr after 
intratesticular injection of 1-14C-linoleat e into 
one testicle of a rat the other testicle of the 
same rat had only 0.3% of the total 14C 
recovered in the injected testicle. About 7% of 
the 14 C activity of testicular total fatty acids in 
these experiments was in palmitic acid, indica- 
ting that a significant part of the labeled 
linoleate had been catabolized to 2 carbon 
fragments which were then available for de 
novo synthesis in the testis or transport to 
other organs (4). 

If it is assumed that the metabolism of the 
i4C-acetate after intratesticular injection fol- 
lows the "more physiological" pathway, in 
vitro experiments may still not only be useful 
but also necessary to allow modification of 
conditions and opportunity for events to be 
observed which otherwise might be masked in 
the intact animal. Therefore it appears that 
both types of experiments yield useful informa- 
tion. In the intact animal 14C-acetate was used 
mostly for formation of saturated acids, but as 
time progressed the longer chain, more highly 
unsaturated fatty acids had relatively increased 
amounts of 14C. In the incubation expert- 
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ments, under these conditions, elongation of 
endogenous fatty acids by the added 14C- 
acetate formed a significant portion of the 
over-all incorporation with the predominant 
products being polyenes of 20,22 and 24 
carbons. The large 14C activity in the 22:4 
fraction indicates that arachidonic acid in the 
testis is available to the enzymes responsible for 
elongation with added 14C-acetate. That the 
formation of the 14C 22:4 was apparently a 
simple elongation of endogenous arachidonic 
acid was proven by chemical degradation of the 
isolated pure 14C 22:4. About 80% of the 
activity in the whole molecule was in the 
carboxyl carbon. A/though the polyenoic acids 
are thought to be important in membrane 
structures through their association with phos- 
pholipids, much of the labeled 22:4, 22:5 and 
labeled components of retention time greater 
than 22:5 was found in triglycerides. The latter 
probably included the 24:4 and 24:5 described 
recently by Bridges and Coniglio (2). Although 
in a recent report (6) the statement is made 
that these occur exclusively in the triglyceride 
fraction of total lipid isolated from testis, much 
of the labeled 24:4 and 24:5 in the in vitro 
experiments reported here was found in the 
phospholipid fraction. In our experiments the 
total phosphatide fraction was not fractionated 
into individual types of phosphatides. Morin (7) 

had previously reported that phosphatidyl 
choline incorporated more 14 C than phospha- 
tidyl ethanolamine or sphingomyelin when 
slices of rabbit testes were incubated with 
14C-acetate. The significance of the large 
amount of 14C 22 and 24 carbon polyenes in 
triglycerides is not known, but these may 
represent transport forms of these polyenes. 
Incubation studies will be useful in elucidating 
the sequence and controls of the reactions 
which are responsible for these products. 
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Occurrence of Cis-6-Hexadecenoic Acid as the 
Major Component of Thunbergia alata Seed Oil 1 

G.F. SPENCER, R. KLEIMAN, R.W. MILLER and F.R. EARLE, 
Northern Regional Research Laboratory,2 Peoria, Illinois 61604 

ABSTRACT 

An unusual series of monoenoic fatty 
acids constitutes about 85% of the total 
acids in seed oil from Thunbergia alata. 
The major component in the oil, cis-6- 
hexadecenoic acid (82%), is accompanied 
by the homologous 4-tetradecenoic (ca. 
0.2%) and 8-octadecenoic (1.8%) acids. 
Another homologous series is represented 
by 5-tetradecenoic (ca. 0.2%), 7-hexa- 
decenoic (1.8%) and the familiar 9-octa- 
decenoic (4.4%) acids. Traces (<0.1%) of 
three other acids, 6-tetradecenoic and 10- 
and l l-octadecenoic, are also present 
along with palmitic (5.8%), stearic (0.6%) 
and linoleic (2.2%) acids. Some of the 
monoenoic acids have not previously 
been known to occur in seed oils. 

INTRODUCTION 

Members of the genus Thunbergia (family 

lpresented at the Fifth Great Lakes Regional 
Meeting of the American Chemical Society, Peoria, 
Illinois, 1971. 

2No. Market. Nutr. Res. Div., ARS, USDA. 

TABLE I 

Analytical Data on Thunbergia alata Seed and Oila, b 

Component  % by GLC 

14:0 0.1 

14:14 1 
14:15 0.4 
14:16 
15:1 0.1 
16:0 5.8 
16:16 82.2 
16:17 1.8 
17:1 0.2 
18:0 0.6 
18:18 1.8 
18:19 4.4 
18:29'12 2.2 
18:3 0.1 
20:0 0.1 
20:1 Trace 
22:0 0.1 

aSeed weight, 25 g/1000 g; per cent of oil, 20 db; 
per cent of protein, 24 db (N x 6.25); HBr equivalent 
as epoxyoleie  acid, 0.7%; refractive index, 1.4625 n40; 
iodine value, 88.7 Wijs, 88.8 calculated. 

bFat ty  acid composit ion based on area percent- 
ages of methyl  esters; percentages of  positional iso- 
mers based on peak areas of ozonolysis fragments (5). 

Acanthaceae) are mostly tall perennial climbers 
widely grown in greenhouses or in the open air 
in warm climates. Thunbergia alata Boj. ex Sims 
(Black-eyed Susan, but not to be confused with 
the nonviny Rudbeckia spp. also called black- 
eyed Susan) is often grown as an annual garden 
plant which flowers in the late summer (1). Gas 
liquid chromatography (GLC) of T. alata seed 
oil and the methyl esters prepared from it 
indicated that almost 90% of the acids in the oil 
contained 16 carbon atoms. Since these acids 
rarely constitute such a large proportion of a 
seed oil, the further characterization studies 
reported here were undertaken. 

EXPERIMENTAL PROCEDURES 

Oil was extracted from ground seed with 
petroleum ether (bp 30-60 C) and was analyzed 
by direct GLC in a manner similar to that of 
Litchfield et al. (2). Methyl esters were pre- 
pared from the oil (3) and their equivalent 
chain lengths were determined by GLC (4) on a 
Packard 7401 gas chromatograph. Esters were 
fractionated by chain length by preparative 
GLC on an Autoprep A-700 gas chromatograph 
equipped with a 6 ft x 1/4 in. stainless steel 
column packed with 20% Apiezon L on 60/80 
mesh Celite 545. In the column held at 225 C, 
helium served as the carrier gas at a rate of 180 
ml/min. To minimize losses, the collection 
device on the chromatograph was modified by 
replacing the collector tip with a 1/4 in. brass, 
male, Swagelock fitting silver-soldered to the 
outlet. Fractions were collected in 8 in. x 1/4 
in. O.D. glass tubes packed with Adsorbosil 
CAB and attached to the fitting with 1/4 in. 
Teflon ferrules and brass nuts. 

Preparative thin layer chromatography 
(TLC) was performed on plates spread with a 
0.25 mm layer of Silica Gel G containing 20% 
AgNO 3. The developing solvent was a 50:50 
mixture of C6H 6 and CHC13. After develop- 
ment the plates were sprayed with an alcoholic 
solution of 2',7'-dichlorofluorescein so that the 
bands could be observed under ultraviolet (UV) 
light. The bands were scraped from the plates 
and the esters were recovered from the adsorb- 
ent with ether. 

Combinations of ozonolysis and GLC (5) 
and of GLC and mass spectrometry (MS) were 
used to locate double bonds. In the GLC-MS 
combination, methoxy derivatives were pre- 
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pared (6) from the mixed esters. These deriva- 60 
tives were introduced into a CEC 21-492-1 mass 
spectrometer by a GC inlet system (jet sample 
enricher) from a Packard 7401 gas chromato- :'4o 
graph equipped with a 6 ft glass column packed 
with 3% OV-101 on Gas Chrom Q. The column -z Ic6 
oven was held at 200 C and the source of the ~ l /  l~? 

mass spectrometer at 210C.  Infrared ( I R ) ~ 2 0  ]t till 
spectra of the samples were recorded on a 
Perkin-Elmer Model 137 spectrophotometer i[ 
either from liquid films (sodium chloride disks) [ , 
or from carbon disulfide solutions (1 mm 0 100' ' lz0 
sodium chloride cells). 

RESULTS AND DISCUSSION 

GLC of T. alata oil indicated a range of 
triglycerides from C46 to C56 with the major 
peak at C48. Over 98 (area) per cent of the 
material eluted from the column was included 
in the triglyceride region of the curve. IR and 
UV spectra of the oil were consistent with 
those of normal seed oils. GLC analysis of the 
methyl esters prepared from the oil indicated 
that almost 90% of the fatty acids were 16 
carbon acids; small amounts of  acids containing 
14, 15, 17, 18, 20 and 22 carbon atoms were 
also in evidence. 

I d e n t i f i c a t i o n  o f  F a t t y  A c i d  Esters 

Preparative GLC yielded three fractions: 
CI4 ,C16 and C18 esters. These fractions were 
analyzed by GLC to determine the esters 
present. C 16 and C 18 fractions were essentially 
free of contamination by esters of other chain 
lengths. The C14 fraction was small and con- 
tained 20% of other esters carried over during 
collection and about 20% of BHT that had been 
concentrated from the ether used to recover the 
esters (7). IR analysis of the C16 and C18 
fractions showed them to be free of trans 
unsaturation. 

The C18 fraction was further separated 
according to degrees of unsaturation by prepar- 
ative TLC on silver nitrate-impregnated plates. 
The saturated, monoenoic and dienoic esters 
were collected, and their purity was again 
established by GLC. The trace of trienoic ester 
(Table I) was not recovered. 

Since the C14 and C16 fractions contained 
essentially no polyunsaturated esters by GLC, 
these fractions were subjected to ozonolysis- 
GLC without further fractionation. Of the 
aldehyde-ester (AE) and aldehyde (A) frag- 
ments produced from the C16 fraction, C 6 AE 
and ClO A made up 98%. Trace amounts of C 7 
AE and C 9 A were also found. This evidence 
established that the major hexadecenoate had 
cis-6-unsaturation and that there was a small 

?CH3 

A. C--ICIt21,,--C~ 
CIt30 / \H 

A3 /0CIt3 
e. CH3[CH2),C~ 

C. CH3(CH2;. (~ 
67 

ka A5 

69 

140 160 180 200 220 240 260 280 
Mass Number 

FIG. 1. Mass spectrum of methyl methoxytetra- 
decanoates from Thunbergia alata esters by gas liquid 
chromatography-mass spectrometry. Fragment type is 
denoted by letter with subscript indicating the number 
of carbon atoms. Peaks below mass 90 are not 
essential to the identification of the esters and are not 
shown. 

amount of 7-hexadecenoate. The C18 monoene 
fraction gave essentially four peaks totaling 96 
area per cent from ozonolysis-GLC. These were 
C 9 AE, C 9 A, C 8 AE and ClO A. The fragments 
define the parent structures as 18:19 and 
18:18. Traces of fragments which could have 
arisen from 18:11~ and 18:111 were also 
found. The only component found in the C18 
diene fraction was methyl linoleate. 

Ozonolysis of the C14 fraction did not 
provide a clear-cut definition of  the parent 
esters because the large amounts of impurities 
contributed fragments which were indistin- 
guishable from those from the C14 esters. 
Combinations of the fragments indicated that a 
14:14, a 14:15 and a 14:16 could be present. 
Some of the AE and A formed from these 
esters also could have come from the 18:1 and 
16:1 known to be present in this fraction. 
Nevertheless, the identities of the C14 esters 
were established by MS of their methoxy 
derivatives (6). Combined GLC-MS, applied to 
T. alata esters, showed strong peaks for the 4-, 
5-, 6- and 7-methoxytetradecanoates (Fig. 1). 
Although these derivatives could come from 
only a 14:14 and 14:16, the relative intensities 
of the peaks together with ozonolysis results 
strongly suggest the presence also of a 14:15. 
Reliable quantitative data for the C14 m o n o -  
enes were not obtained. Indications were, how- 
ever, that the 14:14 was the most abundant 
followed by 14:15 and then 14:16 . Spectra 
from the methoxyhexadecanoates and meth- 
oxyoctadecanoates were also consistent with 
ozonolysis-GLC results. 

Total fatty acid composition and some 
characteristics of T. alata oil are given in Table 
I. Excellent agreement between the iodine value 
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de r i ved  b y  c h e m i c a l  m e a n s  (Wijs)  a n d  t h a t  
c a l c u l a t e d  f r o m  t h e  f a t t y  ac id  c o m p o s i t i o n  
i n d i c a t e s  t h a t  t h e  a m o u n t s  o f  u n s a t u r a t e d  ac i d s  
g iven  are s u b s t a n t i a l l y  c o r r e c t .  

A c c o r d i n g  to  t h e  l a t e s t  r ev i ew o f  u n u s u a l  
f a t t y  ac ids  in  p l a n t s  (8) ,  cis -6-hexadecenoic  ac id  
was  n o t  k n o w n  to  ex i s t  in  s eed  oils.  S ince  t h i s  
c o m p i l a t i o n  it  h a s  b e e n  f o u n d  as a m i n o r  
c o n s t i t u e n t  o f  Picramnia se l lowi i  (9 )  a n d  Beau- 
prea balansae ( 1 0 )  seed  oi ls  a n d  n o w  as a m a j o r  
c o n s t i t u e n t  in  T. alata oil. A l t h o u g h  t h e  u n u -  
sual  t e t r a d e c e n o i c  a c i d s  h a v e  n o t  h e r e t o f o r e  
b e e n  f o u n d  in s eed  oi ls  (8 ) ,  cis-8-octadecenoic  
ac id  w a s  r e c e n t l y  d i s c o v e r e d  in m a n y  s p e c i e s  o f  
t h e  P r o t e a c e a e  (10 ) .  

ACKNOWLEDGMENTS 

C.Y. Hopkins donated Thunbergia seeds and L.R. 
Bair modified the  equipment .  

REFERENCES 

1. Bailey, L.H., "The Standard Cyclopedia o f  Horti- 

R.W. MILLER AND F.R. EARLE 

culture,"  The Macmillan Co., New York, 1939, p. 
3337. 

2. Litchfield, C., R.D. Harlow and Ri Reiser, JAOCS 
42:849-857 (1965). 

3. Kleiman, R., G.F. Spencer and F.R. Earle, Lipids 
4:118-122 (1969). 

4. Miwa, T.K., K.L. Mikolajczak, F.R. Earle and I.A. 
Wolff, Anal. Chem. 32:1739-1742 (1960). 

5. Kleiman, R., G.F. Spencer, F.R. Earle and I.A. 
Wolff, Lipids 4:135-141 (1969).  

6. Abley, P., F.J. McQuillin, D.E. Minnikin, K. 
Kusamron,  K. Mashers and N. Polgar, Chem. 
Commun .  1970:348-349.  

7. Libbey, L.M., and J.P. Walrodt, Lipids 3:561 
(1968).  

8. Smith,  C.R., Jr., in "Progress in the Chemistry o f  
Fats and Other  Lipids," Vol. 11, Part 1, Pergamon 
Press, England, 1970, p. 137-177. 

9. Spencer, G.E., R. Kleiman, FiR. Earle and I.A. 
Wolff, Lipids 5:285-287 (1970). 

10. V i c k e r y ,  J.R., Phytochemist ry  10:123-130 
(1971). 

[ R e c e i v e d  M a y  24 ,  1971 ] 

LIPIDS, VOL. 6, NO. 10 



Fluorescent Products of Lipid Peroxidation 
of Mitochondria and Microsomes 
C.J. DILLARD and A.L. TAPPEL, Department of Food Science 
and Technology, University of California, Davis, California 95616 

ABSTRACT 

Liver microsomes and mitochondria 
and heart sarcosomes from rats fed diets 
with varying c~-tocopherol concentrations 
and lipid contents were peroxidized over 
a 6 hr time period. Lipid peroxidation 
was measured by absorption of oxygen, 
production of thiobarbituric acid (TBA) 
reactants and by development of fluores- 
cence. The spectral characteristics of the 
fluorescent compounds were the same for 
all peroxidizing systems; the excitation 
maximum was 360 nm and the emission 
maximum was 430 rim. As time of 
peroxidation increased, uptake of oxygen 
and production of fluorescent com- 
pounds increased. These two parameters 
as well as production of TBA reactants 
were dependent upon dietary antioxidant 
and all three had an inverse relationship 
with the amount of dietary a-tocopherol. 
The relationship between absorption of 
oxygen and development of fluorescent 
compounds was also dependent upon 
dietary polyunsaturated fats (PUFA). 
Subcellular particles from animals fed 
higher levels of PUFA produced more 
fluorescent products per mole of oxygen 
absorbed than did those from animals on 
a diet with lower PUFA content. TBA 
reacting products increased with time 
during the initial phase of peroxidation; 
in the microsomal systems their pro- 
duction stabilized or decreased by 4-6 hr 
of peroxidation. Using the synthetic 1- 
amino-3-iminopropene derivative of gly- 
cine as standard for quantitation of fluo- 
rescence, the molar ratios of oxygen 
absorbed per fluorescent compound pro- 
duced were calculated. This ratio for 
subcellular particles isolated from rats fed 
diets with PUFA ratios similar to those in 
the average American human diet was 
393:1. The fluorescent compounds had 
the same spectral characteristics as the 
lipofuscin pigment that accumulates in 
animal tissues as a function of age, 
oxidative stress or antioxidant deficiency. 
The fluorescent molecular damage repre- 
sented by that accumulated in human 
heart age pigment by 50 years of age was 

calculated to have been caused by 
approximately 0.6/~mole of free radicals 
per gram of heart tissue. 

INTRODUCTION 

The relatively large amounts of  polyunsatu- 
rated fatty acids (PUFA) in the phospholipids 
of mitochondria and microsomes (1) cause 
these organelles to be highly susceptible to lipid 
peroxidation. In previous studies (2,3) the 
course of peroxidation of mitochondria was 
followed by measurements of oxygen absorp- 
tion and thiobarbituric acid (TBA) reactants 
and decrease in succinoxidase activity. These 
studies showed that lipid peroxidation can be 
inhibited by the lipid antioxidants a-tocopherol 
and ubiquinol. 

Malonaldehyde has been shown to be an 
important product of  oxidized methyl arach- 
idonate and methyl linolenate (4,5). Enzymes 
with lysine residues such as ribonuclease A are 
inactivated and crosslinked by malonaldehyde 
with the production of fluorescent products 
(6). Fluorescent products derived from malo- 
naldehyde and amino acids have been synthe- 
sized and characterized (7). The fluorescence 
characteristics of  products formed during lipid 
peroxidation of subcellular organelles in vitro 
were studied previously (8) and the production 
of these products was shown to be a function 
of time of peroxidation. The fluorescent pro- 
ducts measured are a family of compounds 
having the structure -N=C-C=C-N - (7,9,10). 
Fluorescent compounds with the same spectral 
characteristics have been extracted from age 
pigments (8,10). Previously only histochemical 
studies using fluorescence microscopy or stain- 
ing techniques have been available to study 
these pigments. Lipid peroxidation in vivo has 
been identified as a basic deteriorative reaction 
involved in a variety of oxidative conditions 
(1 1-17). 

This paper describes studies of lipid peroxi- 
dation in liver microsomes and mitochondria 
and heart sarcosomes from rats fed various 
levels of c~-tocopherol. This in vitro lipid peroxi- 
dation system provided a biochemical model 
for the production of fluorescent compounds 
and for the determination of the quantitative 
relationships among absorption of oxygen, pro- 
ductioa of TBA-reactants and development of  
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fluorescence. These relationships were found to 
be related to dietary PUFA and their protection 
by a-tocopherol obtained through dietary 
sources. 

EXPERIMENTAL PROCEDURES 

Animals and Diets 

Male Sprague-Dawley rats were placed on 
their respective diets at four weeks of age. The 
basal diet (Nutritional Biochemicals Corp.) was 
similar to the tocopherol deficient diet de- 
scribed by Draper et al. (18). The diet was 
composed of 10% tocopherol-stripped lard, 
65% glucose, 20% casein, 4% salt mixture, and 
all necessary vitamins except for tocopherol;  
cod liver oil was added to a concentration of 
1% of the diet. This basal tocopherol deficient 
diet was fed to one group of  rats and the same 
diet supplemented with either 10.5 or 45 mg of 
dl~-tocopherol  acetate (Nutritional Biochemi- 
cats Corp.) per kilogram of diet was fed to two 
other groups of  rats. A fourth group of rats was 
fed a basal rat chow diet (Purina) for approxi- 
mately 16-20 weeks. This diet contained 5% fat 
and 23% protein; the a-tocopherol content was 
66 mg/kg of diet. 

Preparation of Liver Mitochondria 
and i icrosomes and Heart Sarcosomes 

Animals maintained on the above diets for 
five to six weeks were fasted for 20 hr, 
decapitated and exsanguinated. The mitochon- 
dria and microsomes were prepared from the 
pooled livers as described by Ragab et al. (19). 
Heart muscle sarcosomes were prepared from 
rats fed the tocopherol deficient diet for 14 
weeks. The procedure followed was that of 
Cleland and Slater (20) with saline-versene 
(0.12 M KCI, 0.02 M phosphate and 0.01 M 
EDTA, at pH 7.4) as the suspending medium. 
The final pellets were resuspended in 0.15 M 
KC1 and stored at -15 C. Protein in the above 
subcellular fractions was determined by the 
method of Miller (21) with bovine albumin as a 
standard. 

Analytical Methods 

Peroxidation of microsomal, mitochondrial 
and sarcosomal membranes was measured by 
the Warburg manometric method in an oxygen 
atmosphere at 37 C. A separate reaction flask 
was used for each time interval at which 
parameters of peroxidation were measured. The 
4 ml reaction mixtures consisted of 15 mg of 
subcellular particle protein in a final concentra- 
tion of 75 mM potassium phosphate buffer, pH 
7.04, 1 mM ascorbic acid, 1 mM FeC13 and 10 
p p m  chlorotetracycline. Control reaction 

mixtures were incubated under nitrogen in the 
absence of  initiators of  peroxidation. Measure- 
ments of oxygen uptake as well as the following 
assays were made in duplicate. 

Fluorescence was measured as follows: ali- 
quots of  0.5 ml of the reaction mixtures were 
extracted at room temperature with 3 ml of 
chloroform-methanol (2:1 v/v) by mixing for 1 
min on a vortex mixer at high speed. The 
extracts were centrifuged for 1-2 min after 
mixing briefly with 3 ml of water. To 1.0 ml of 
the chloroform layer was added 0.1 ml of 
methanol and the fluorescence and excitation 
spectra were determined with an Aminco- 
Bowman spectrophotofluorometer (American 
Instrument Co., Inc.) calibrated with quinine 
sulfate. The slit arrangement for recording 
fluorescence spectra was slits 3, 4 and 6 set at 
3, 1 and 3 ram, respectively. The sensitivity 
setting was at 50. Spectra were recorded on an 
X-Y recorder (Houston Instrument). Under 
these instrument parameters 1 pg of quinine 
sulfate/ml of 0.1 N H 2SO 4 had a fluorescence 
intensity of 60 at a 0.3 meter multiplier setting. 

The TBA test was done according to the 
method of Wills (22). Aliquots of 0.2 ml of the 
reaction systems were added to 1.8 ml of water 
and 1 ml of 20% (w/v) trichloroacetic acid. 
Immediately 2 ml of 0.67% (w/v) 2-thiobar- 
bituric acid (Sigma) was added and the tubes 
were placed in boiling water for 10 rain. The 
absorbance of the cooled and centrifuged 
samples was read at 532 nm; malonaldehyde 
was used as a standard. 

Mitochondrial succinoxidase was measured 
polarographically. To the cell thermostated at 
25 C was added 2 ml of  buffer, pH 7.4 (0.34 M 
sucrose, 15 mM potassium phosphate, 7.5 mM 
MgC12 and 30 mM KC1), 1.45 ml water and 0.5 
ml of  the lipid peroxidation reaction mixture. 
After 3 rain of equilibration 0.05 ml of 0.2 M 
disodium succinate was added and oxygen 
uptake was recorded for 5-10 min. Microsomal 
DPNH cytochrome c reductase was measured 
spectrophotometrically by the reduction of 
cytochrome c at 550 nm (23). 

RESULTS 

Development of Fluorescence During Peroxidation 

In Figure 1 are shown typical fluorescence 
spectra of the products found in the chloro- 
form phase of the chloroform-methanol 
extracts of  liver mitochondria and microsomes 
peroxidized for 0, 1, 2 and 4 hr. These spectra 
with excitation and emission maxima at 360 
nm and 430 nm, respectively, are typical of  the 
fluorescence that developed in the reaction 
systems of all subcellular particles used in these 
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FIG. 1. Excitation and fluorescence spectra of (A) 
1.9 mg mitochondria and (B) 1.6 mg microsomes from 
rats fed 10.5 mg a-tocopherol per kilogram of diet and 
peroxidized over a 4 hr time period. Excitation, 360 
nm; emission, 430 rim; and meter multiplier, 0.03. 

studies.  The f luorescence  in r eac t ion  mix tu re s  
i n c u b a t e d  u n d e r  n i t rogen  ( n o t  s h o w n  in the  
figure) was qual i ta t ive ly  and  quan t i t a t ive ly  sim- 
ilar to  the  zero  t ime  samples.  
Effect of Dietary a-Tocopherol on the 
Time Course of Oxygen Absorption and 
Development of Fluorescence 

Figure 2 shows t ha t  as the  t ime  of  pe rox ida-  
t ion  of  m i t o c h o n d r i a  and  m i c r o s o m e s  increased  
(A) the  u p t a k e  of  oxygen  and  (B) t he  p roduc-  
t ion  o f  f luorescen t  c o m p o u n d s  increased.  The  
m i t o c h o n d r i a  and  mic rosomes  f rom animals  o n  
the  diets  t h a t  c o n t a i n e d  s t r ipped  lard wi th  a 
s u p p l e m e n t  of  1% cod  l iver oil pe rox id i zed  at 
ra tes  d e p e n d e n t  u p o n  p r o t e c t i o n  a f fo rded  the  
P U F A  by die tary  an t iox idan t .  No p e r o x i d a t i o n  
occur red  wi th in  6 hr  in  m i t o c h o n d r i a  f rom 
animals  fed 45 mg  of  t~-tocopherol  per  k i logram 
of  die t ;  m i t o c h o n d r i a  f rom an imals  on  the  
t o c o p h e r o l  def ic ien t  diet  pe rox id ized  at t he  
greates t  rate .  Microsomes  are more  labi le  t h a n  
m i t o c h o n d r i a  and  those  f rom animals  fed the  
h ighes t  level of  a - t o c o p h e r o l  did a b s o r b  oxygen  
bu t  at  a ra te  lower  t h a n  mic rosomes  f rom 
animals  in the  o t h e r  two  d ie ta ry  groups.  The  
d e v e l o p m e n t  of  f luorescence  in t he  peroxidiz-  
ing subcel lu lar  part icles  fo l lowed  the  same 
p a t t e r n ,  the  a m o u n t  of  f luorescence  hav ing  an 
inverse re la t ionsh ip  wi th  the  a m o u n t  of  d ie ta ry  
a-tocopherol. 
Relationship Between Fluorescence 
Development and Oxygen Absorption 

For  all subcel lu lar  part icles  used in these  
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FIG. 2. Effect of dietary a-tocopherol on (A) 
absorption of oxygen and (B) development of fluores- 
cence. Microsomes from rats fed (o) tocopherol 
deficient diet, (a)  10.5 mg a-tocopherol per kilogram 
of diet, (n) 45 mg a-tocopherol per kilogram of diet; 
mitochondria from rats fed (o) tocopherol deficient 
diet, (A) 10.5 mg ~-tocopherol per kilogram of diet, 
and (=) 45 mg a-tocopherol per kilogram of diet. 
Instrument parameters for fluorescence measurements 
were meter multiplier, 0.03; excitation, 360 nm; 
emission 430 nm; slits and sensitivity settings are 
indicated in the text. 
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FIG. 3. Relationship of development of fluores- 
cence to absorption of oxygen. Microsomes from rats 
fed (~) 10.5 mg ~-tocopherol per kilogram of diet; (~) 
45 mg a-tocopherol per kilogram of diet; mitochon- 
dria from rats fed a (o) tocopherol deficient diet, (A) 
10.5 mg a-tocopherol per kilogram of diet; micro- 
somes from rats fed (o) chow diet; sarcosomes from 
hearts of rats fed (=) tocopherol deficient diet. 
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TABLE I 

Molar Ratios of Oxygen Absorbed Per Fluorescent Compound Produced a 

Subcellular Dietary Hours of peroxidation 
particle c~-tocopherol b 1 2 4 

Mitochondria 0 363 411 473 
Mitochondria 10.5 386 275 360 
Mitochondria 45 0 0 0 
Microsomes 10.5 317 362 408 
Microsomes 45 458 436 470 
Microsomes 66 c 1072 912 992 

aStandard used was the 1-amino-3-iminopropene derivative of glycine. 
bMilligrams per kilogram of diet containing 10% stripped lard and 1% cod liver oil. 
Cpurina rat chow diet. 

s tudies  there  was a direct  r e l a t ionsh ip  b e t w e e n  
oxygen  a b s o r p t i o n  and  f luorescence  develop-  
m e n t  (Fig. 3). I t  is a p p a r e n t  how eve r  t h a t  the  
l ipid c o n t e n t  of  the  diet  and  the  level of  d ie ta ry  
a n t i o x i d a n t  are fac tors  t h a t  in f luence  the  
e x t e n t  of  p e r o x i d a t i o n  and  th is  re la t ionsh ip .  
Note  t ha t  the  re la t ionsh ip  was s imilar  for  all 
pe rox id iz ing  par t ic les  f rom an imals  fed the  
h igher  fa t  con ta in ing  diet  regardless o f  t o c o p h -  
erol  c o n t e n t .  Microsomes  f rom an imals  fed the  
lower  l ipid and  higher  t o c o p h e r o l  diet  ( c h o w  
diet)  ab so rbed  more  oxygen  per  f luorescen t  
c o m p o u n d  p roduced  at all t ime  per iods  t han  
those  f rom animals  fed t he  h igher  P U F A  diets.  
The  age d i f fe rence  be t w een  groups one ,  two 
and  th ree  and  group four  is a n o t h e r  possible  
fac to r  t h a t  could  in f luence  the  d i f fe rence  in 
ra t io  of  oxygen  abso rbed  to  f luorescence  
p roduced .  

For  compara t ive  purposes  m e a s u r e m e n t s  of  
relative f luorescence  give adequa te  i n f o r m a t i o n .  
For  quan t i t a t ive  ca lcu la t ions  of  the  r e l a t ionsh ip  
be tween  oxygen  a b s o r p t i o n  and  f luorescence  
d e v e l o p m e n t  a Schiff-base s t anda rd  was pre- 
pared  by  reac t ion  of  glycine wi th  ma lona lde -  
hyde  to  fo rm a f luorescent  N ,N ' -d i subs t i t u t ed  
1 -amino-3- iminopropene  (7).  The  c o m p o u n d  
has a mola r  f luorescence  one  f o u r t h  t ha t  of  
qu in ine  sulfate.  Unde r  the  i n s t r u m e n t  para- 
me te r s  used in these  s tudies  1 n m o l e  of  the  
s tandard  glycine derivat ive per  mil l i l i ter  of  
solvent  had  11.6 f luorescence  un i t s  at  a 0.3 
me te r  mul t ip l i e r  set t ing.  The  mola r  ra t ios  of  
oxygen  absorbed  per  f luorescen t  c o m p o u n d  
p roduced  per  mil l igram of  p ro t e in  af te r  1,2 and  
4 hr  of pe rox ida t ion  are s h o w n  in Table  I. This 
Table  again shows the similari t ies o f  the  rat ios 
ob ta ined  for  part icles  f rom animals  on  diets  
wi th  the  same l ipid con t en t .  The Table does no t  
inc lude  values for  hear t  sarcosomes  since oxy-  
gen u p t a k e  was in i t i a ted  s lowly;  however  the  
average mola r  ra t io  by 8 h r  of  p e r o x i d a t i o n  was 
240 :1 .  

Production of TBA-Reacting Products 

A n o t h e r  pa r ame te r  used as a m e a s u r e m e n t  of 
l ipid pe rox ida t i on  is the  f o r m a t i o n  of  TBA 
reac t ing  mater ials ,  p r imar i ly  c a r b o n y l  com- 
pounds .  Table  1I p resen ts  t he  data  o b t a i n e d  for  
var ious peroxid iz ing  sys tems  over  a 6 hr  t ime  
course.  As has been  n o t e d  in some repor t s  the  
p r o d u c t i o n  of  TBA reac tan t s  increased wi th  
t ime  dur ing the  ini t ial  phase  of  p e r o x i d a t i o n  
and  t h e n  in mic rosoma l  f rac t ions  t he  level of  
p r o d u c t i o n  e i the r  s tabi l ized or decreased.  The  
best  cor re la t ion  for  the  ra te  of  p r o d u c t i o n  o f  
TBA reac tan t s  w i th  the  o t h e r  indices  of  peroxi-  
da t ion  was f o u n d  a f te r  1 hr  of  p e r o x i d a t i o n  of  
m i tochondr i a .  Oxygen  abso rp t ion ,  TBA reac- 
t an t s  and  f luorescence  cor re la ted  inverse ly  w i th  
the  th ree  levels of  d ie tary  a - tocophe ro l .  

Effect of Peroxidation on Enzyme Activities 

During the  course of  l ipid p e r o x i d a t i o n  the  
activi t ies of  m i t o c h o n d r i a l  succ inoxidase  and  
mic rosomal  DPNH c y t o c h r o m e  c reduc tase  
were measured .  The  decreases in act ivi t ies  over  
those  of  0- t ime samples  by  2 hr  r anged  f rom 
35% to 60% and 9% to 45% for  succ inoxidase  
and  DPNH c y t o c h r o m e  c reduc tase ,  respec- 
t ively;  a f te r  6 h r  of  p e r o x i d a t i o n  t he  activi t ies 
had  decreased 83% to 86% and 36% to  74%, 
respect ively.  

DI SC USSI ON 

It  has long b e e n  k n o w n  t h a t  m i t o c h o n d r i a  
i sola ted f rom t o c o p h e r o l  def ic ien t  an imals  per- 
oxidize  more  rapid ly  t h a n  those  f r o m  animals  
on  diets  s u p p l e m e n t e d  w i th  c~-tocopherol (2) ;  
t he re fo re  a co r re l a t ion  b e t w e e n  a b s o r p t i o n  of  
oxygen  by  m e m b r a n o u s  subce l lu la r  part icles  
and the  t o c o p h e r o l  c o n t e n t  of  the  diets  was 
expec ted .  As f o u n d  in prev ious  s tudies  (2)  of  
p e r o x i d a t i o n ,  m i t o c h o n d r i a l  succ inoxidase  
act ivi ty  decreased wi th  t ime  as did t h e  act iv i ty  
of  mic rosoma l  DPNH c y t o c h r o m e  c reductase .  
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TABLE II 

Production of TBA Reacting Material During 
Peroxidation of Mitochondria, Microsomes and Sarcosomes 

719 

TBA reactants a 
a-Tocopherol Peroxidation 

content of diet time Mitochondria Microsomes Sarcosomes 

Tocopherol 0 0 1.4 
deficient basal 0.5 4.5 18.8 
diet b 1.0 6.5 29.5 

1.5 7.2 33.5 
2.0 7.7 4O.2 
4.0 8.7 40.2 
6.0 12.3 34.7 
8.0 m 

10.5 mg 0 0 1.5 
~-Tocopherol/kg 0.5 1.3 21.3 
basal diet 1.0 2.9 22.8 

1.5 5.6 24.4 
2.0 6.7 26.8 
4.0 8.9 27.1 
6.0 12.9 25.4 

45 mg ee-Tocopherol/kg 0 0 0.5 
basal diet 0.5 0 8.3 

1.0 0 14,8 
1.5 0 1"7.9 
2.0 0 18.5 
4.0 0 19.7 
6.0 0 19.2 

Chow diet, 66 mg 0 0.7 
~-Tocopherol/kg diet 0.5 15.2 

1.0 24.8 
1.5 28.1 
2.0 34.1 
4.0 34.9 
6.0 10.7 

0 

1.4 

2.4 
5.3 
6.4 
7.2 

aMeasured as nmoles of malonaldehyde per milligram of protein. 
bThe tocopherol deficient basal diet is described in the text. 

The  mos t  in te res t ing  and  po ten t i a l ly  useful  da ta  
were those  showing  a direct  r e la t ionsh ip  
be tween  a b s o r p t i o n  of  oxygen  and  p r o d u c t i o n  
of  f luorescen t  c o m p o u n d s .  These  t w o  para- 
me te r s  were in f luenced  by  b o t h  d ie ta ry  fat  
c o m p o s i t i o n  and  d ie ta ry  o~-tocopherol levels. 
The  basal t o c o p h e r o l  def ic ien t  diet  c o n t a i n e d  
a p p r o x i m a t e l y  11% of  the  t o t a l  fat  as l inoleic 
acid and  4% as h igher  PUFA.  This  diet  com- 
pares w i th  the  average Amer i can  d ie t a ry  which  
has similar ra t ios  of  PUFA,  nam e l y ,  15% of  t he  
to ta l  fa t  is l inoleic  acid and  2% is o t h e r  PUFA.  
In the  chow diet  30% of  t he  fa t  was l inoleic  
acid and  3% was l ino lenic  acid. The  p r o t e c t i o n  
a f fo rded  the  P U F A  by d ie ta ry  a n t i o x i d a n t  is 
s h o w n  by t he  inverse r e l a t ionsh ip  b e t w e e n  
f luorescence  d e v e l o p m e n t  and  the  level of  
a - t o c o p h e r o l  in the  diet .  In  sys tems  where  
oxygen  was abso rbed  the  lowest  mo la r  ra t io  of  
f luorescen t  c o m p o u n d  p r o d u c e d  pe r  oxygen  
abso rbed  was for  mic rosomes  f r o m  animals  fed 
the  low fa t  c h o w  diet  t h a t  c o n t a i n e d  66 mg o f  
a - t o c o p h e r o l  per  k i logram of  diet .  This  is 
p r o b a b l y , r e l a t e d  to  the  smal ler  a m o u n t s  of  

highly u n s a t u r a t e d  lipids in  th is  diet ,  wh ich  
u p o n  p e r o x i d a t i o n  would  p roduce  co r re spond-  
ingly lower  levels of  con juga ted  c a r b o n y l s  and  
m a l o n a l d e h y d e ,  p recursors  of  t he  f l uo re scen t  
p roduc t s .  A l t h o u g h  n o t  s h o w n  in t he  resul ts  t he  
ini t ial  fluorescence of microsomal f rac t ions  
f rom animals  fed the  basal  t o c o p h e r o l  def ic ien t  
diet  also cor re la ted  w i th  t h e  d ie tary  t o c o p h e r o l  
levels, At  zero t ime  the  relat ive f luorescence  
values and  the  d ie ta ry  t o c o p h e r o l  levels pe r  
k i logram of  diet  were:  5.5, 45 rag; 10.9, 10.5 
mg; and  18.5, 0 rag. The  co r r e spond ing  value for  
mic rosomes  f rom animals  fed  t he  c h o w  diet,  
con ta in ing  66 mg o f  a - t o c o p h e r o l  per  k i logram 
of  diet ,  was 9.0. These  values ind ica te  t h a t  
f luorescence  m e a s u r e m e n t s  may  be useful  in 
s tudy ing  the  in vivo perox ida t ive  s t a tu s  of  an  
animal .  

A l t h o u g h  it has  l imi ta t ions  one  of  t he  m o s t  
useful  m e t h o d s  for  the  d e t e r m i n a t i o n  of  l ipid 
p e r o x i d a t i o n  in t issue h o m o g e n a t e s  has  been  
the  TBA e s t i m a t i o n  o f  m a l o n a l d e h y d e  and  
o t h e r  p e r o x i d a t i o n  p r o d u c t s  such  as 2,4-dienals  
or  2-enals. TBA values  can increase  o u t  o f  
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proportion to oxygen absorption in the pres- 
ence of ascorbate and it is likely that partially 
oxidized fatty acids in a tissue homogenate 
could break down without further oxygen 
absorption to give additional TBA reacting 
products (22). In the studies reported here the 
level of TBA reactants formed in peroxidizing 
microsomes stabilized or decreased after a 
period of time (Table I) while oxygen absorp- 
tion continued (Fig. 2). The decreased values 
may possibly represent further reactions of 
malonaldehyde among which a minor reaction 
is with amines to form fluorescent products. 
Schiff base products with similar fluorescence 
characteristics are known to form by reaction 
of lipid peroxidation products, mainly malon- 
aldehyde and other c~-dicarbonyls, with the 
primary amino groups of ethanolamine, amino 
acids and nucleic acids (24). These are the 
fluorescent chromophoric products that were 
measured and correlated with oxygen absorp- 
tion and TBA reactions in the studies reported 
here. 

One advantage to using the fluorescence 
method is the high sensitivity of the technique. 
The inherent sensitivity of the fluorescence 
technique allows the measurement of the Schiff 
base product at a level of one part per billion. 
On a molar basis the measurement of fluores- 
cence was 10 to 100 times more sensitive than 
the colorimetric TBA assay used in this study. 
tfowever the molecular extinction coefficient 
of 1.56 x l0 s also allows measurement of 
malonaldehyde at a concentration of approxi- 
mately 0.1 nmole/ml. A second advantage to 
the fluorescence technique is that fluorescence 
development closely parallels absorption of 
oxygen even in the later stages of peroxidation. 
A third advantage is that the fluorescence 
technique can be applied to studies of lipid 
peroxidation in vivo. 

In animal tissues, particularly brain, heart 
and testes (10), fluorescent pigments accumu- 
late with age; their accumulation is also a 
function of antioxidant nutrition or oxidant 
damage. These lipofuscin pigments have been 
characterized histologically and biochemically 
as complexes of lipid protein substances whose 
composition and characteristics indicate that 
they are derived by lipid peroxidation of 
polyunsaturated lipids of subcellular mem- 
branes (25-27) such as those used in the studies 
reported in this paper. Other studies (10) have 
shown that chloroform-methanol extracts of 
fluorescent molecular damage to subcellular 
membranous organelles have spectral character- 
istics identical with those of isolated age pig- 
ments (430-470 nm maxima for fluorescence 
and 350-380 nm maxima for excitation); there- 

fore a more direct link of lipid peroxidation 
deteriorative reactions with formation of fluo- 
rescent compounds in animals is provided. This 
link allows for the quantitative assessment of 
accumulated damage. 

To date there has been no method available 
to easily quantitate lipid peroxidation damage 
that occurs in vivo. The methods used most 
frequently to study lipofuscin pigments are 
histological techniques especially those employ- 
ing fluorescence microscopy (28,29). From 
information gained in the studies reported here 
interesting and pertinent calculations were 
made of the magnitude of damage that could 
occur in vivo. Because of the influence of the 
type and amount of dietary PUFA and of the 
variability of antioxidant status of animals only 
a rough estimation of free radical damage can 
be made. In spite of the approximate nature of 
such calculations this type of estimation is the 
closest that can be made with the techniques 
and knowledge available. For making these 
calculations the fluorescent standard used was 
the  1-amino-3-iminopropene derivative of 
glycine. On a dry weight basis it has been found 
(Fletcher, Tappel and Siakotos, unpublished) 
that 1 mg of human heart age pigment has 
chloroform-methanol extractable fluorescence 
equivalent to 0.11 nmole of the 1-amino-3- 
iminopropene derivative of glycine. Strehler et 
al. (28) have reported that the mean value for 
volume of age pigment in human heart is 1.43% 
(50 year value). For each gram of heart muscle 
14.3 mg of age pigment would have accumu- 
lated. The fluorescence could thus be equiva- 
lent to 1.59 nmoles of fluorescent pigment. 
Based upon the data shown in Table I for molar 
ratios of oxygen absorbed per fluorescent com- 
pound produced, an average value for these 
molar ratios for subcellular particles from rats 
fed diets with PUFA ratios similar to those of 
the human diet was 393:1. Assuming that in 
human tissue there would be a similar molar 
ratio, approximately 625 nmoles of oxygen 
would have been absorbed with the production 
of a similar molar amount of free radicals for 
the fluorescent pigment accumulated in each 
gram of human heart tissue by age 50 years. In 
vivo and in vitro free radical damage has been 
most extensively studied in radiation biology 
and biochemistry (30). Large magnitude biolog- 
ical effects are produced from small amounts of 
radiation-induced free radicals. Although less 
well known and apparently less damaging than 
those of radiation, the free radical interme- 
diates of  lipid peroxidation have been related to 
a wide variety of biological damage (10,11). 
Thus the available evidence indicates significant 
damaging effects from free radical reactions of 
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0 .6  ~ m o l e / g  t i s sue .  T h i s  c a l c u l a t e d  v a l u e  is 
c l ea r ly  an  a p p r o x i m a t i o n .  N o t  all f l u o r e s c e n t  
d a m a g e d  m a t e r i a l  p r o d u c e d  w o u l d  a c c u m u l a t e  
ove r  t h i s  t i m e  p e r i o d  a n d  t h e  d i e t s  o f  i nd iv id -  
ua l s  w o u l d  va ry  in  P U F A  a n d  in  a n t i o x i d a n t  
c o n t e n t .  T h e  r ange  o f  ave rage  v a l u e s  f o r  m o l e s  
o f  o x y g e n  a b s o r b e d  pe r  m o l e  o f  f l u o r e s c e n t  
c o m p o u n d  p r o d u c e d  d u r i n g  p e r o x i d a t i o n  o f  
s u b c e l l u l a r  pa r t i c l e s  f r o m  a n i m a l s  f e d  v a r i o u s  
d i e t a r y  levels  o f  f a t s  a n d  c~ - tocophe ro l  was  
a p p r o x i m a t e l y  2 5 0  t o  1 , 0 0 0 ,  w h i c h  is o n l y  a 
f o u r f o l d  d i f f e r e n c e  b e t w e e n  t h e  l o w e s t  a n d  
h i g h e s t  va lues .  T h e  l o w e r  va l ue  is f o r  h e a r t  
s a r c o s o m e s  f r o m  a n i m a l s  o n  a t o c o p h e r o l  de f i -  
c i en t  d ie t  f o r  14 weeks .  O n e  w o u l d  e x p e c t  t h i s  
d ie t  to  p r o d u c e  m o r e  f l u o r e s c e n c e  b e c a u s e  o f  
t h e  fa i r ly  h i g h  P U F A  c o n t e n t  a n d  t h e  l o w e r  
level  o f  p r o t e c t i o n  a f f o r d e d  t h e  P U F A  in t h e  
m e m b r a n e s .  
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Net Esterification in Vitro of Plasma 
Cholesterol in Human Primary Hyperlipidemia 
YVES L. MARCEL,  HCLENE D. FABIEN and JEAN 
D A V I G N O N ,  Clinical Research Institute of Montreal, 110 
Pine Avenue West, Montreal, Quebec, Canada 

ABSTRACT 

Net esterification of cholesterol was 
studied in vitro in the plasma of normal 
subjects and of patients with different 
types of hyperlipidemia. Net esterifi- 
cation of cholesterol was found to be 
significantly enhanced in types lIa, IV 
and V of human primary hyperlipidemia. 
In the plasma of all normal and hyper- 
lipidemic subjects taken as a group, net 
esterification of cholesterol is signifi- 
cantly correlated with free cholesterol 
(p<0.001) and with phosphatidyl choline 
(p<0.001 ). 

I N T R O D U C T I O N  

Plasma cholesterol esterification is known to 
be catalyzed by lecithin-cholesterol acyltrans- 
ferase (LCAT) (1). It has been reported that 
experimental hypercholesterolemia in the rab- 
bit, chicken and rat caused a decrease in LCAT 
activity (2). However, conflicting evidence of 
enhanced cholesterol esterification in plasma 
with increased concentration of free cholesterol 
was found in normal human subjects and in 
patients with myocardial infarction and familial 
hypercholesterolemia (3). 

The heterogeneity of human primary hyper- 
lipidemia has been clearly established (4). Each 
of the five types of hyperlipidemia recognized 
is characterized mainly by an increased concen- 
tration of one or two of the lipoprotein classes 
or by the presence of an abnormal lipoprotein 
in the plasma. Because LCAT is more active 
with high density lipoproteins (HDL) than with 
low density lipoproteins (LDL) (5), and does 
not appear to act directly on very low density 
lipoproteins (VLDL) (6), it is likely that an 
imbalance in the distribution of lipoproteins 
will influence cholesterol esterification in hy- 
perlipidemic plasma. In the present communica- 
tion we have studied cholesterol esterification 
in the plasma of 7 normal subjects and 25 
hyperlipidemic subjects with different types of 
primary hyperlipidemia. 

EXPERIMENTAL PROCEDURES 

Patient Screening and Analytical Methods 

The criteria for the classification of the 

patients (4) were based on the clinical features, 
the plasma lipid values and especially the 
plasma lipoprotein pattern on paper electro- 
phoresis (7). Patients with type lI hyperlip- 
idemia were further separated into two sub- 
groups on the basis of plasma triglyceride- 
cholesterol ratio. Patients with a ratio <0.40 
were classified as " type IIa," and those with a 
ratio >0.40 as "type IIb." Plasma total choles- 
terol (8), free cholesterol (9) and triglycerides 
(10) were measured with an autoanalyzer, and 
esterified cholesterol was calculated by the 
difference of total to free cholesterol. 

Plasma lipids were extracted (11) and the 
phospholipids were separated into classes by 
thin layer chromatography with the solvent 
system chloroform-methanol-water (65:25:4 
v/v/v). Phosphatidyl choline concentration was 
measured by determination of inorganic phos- 
phorus (12). 

Assays for Net Esterification of Plasma Cholesterol 

Two different assays were used. In the first 
method, 0.5 ml of plasma was thoroughly 
mixed at 4 C with 25 /11 of a suspension of 
4-14C-cholesterol in human albumin ( 1 3 ) ( 2  
/Jc/ml) and the mixture was incubated for 24 hr 
at 37 C. In the second method, a labeled 
substrate was prepared by incubation for 2 hr 
at 37 C of a heat-inactivated plasma (14) with a 
suspension of 4 -14C-cholesterol in human albu- 
min (13) containing puromycin (2 mg/ml) and 
chloramphenicol (4 mg/ml). This labeled plas- 
ma substrate was kept frozen at -30 C for 
periods up to three months. Aliquots (0.8 ml, 
350 /~g free cholesterol) of the labeled inacti- 
vated plasma were incubated at 37 C for 24 hr 
with 0.2 ml of the plasma to be studied. In each 
method the reaction was stopped by addition 
of methanol, and the lipids were immediately 
extracted (11). 

The lipid extract was chromatographed on 
glass fiber sheets impregnated with silicic acid 
(Gelman Inst. Co., USA) with the solvent 
s y s t e m  h e x a n e - d i e t h y l  ether-acetic acid 
(90:10:1 v/v). The fractions identified as cho- 
lesterol and cholesteryl esters were cut, 
dropped into scintillation vials and counted for 
radioactivity with Permablend II (Packard In- 
strument Corp., USA) in toluene solution. The 
yield of the reaction in a microgram of choles- 
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FIG. 1. Correlation between free cholesterol and 
net esterification (first method) in all normal and 
hyperlipidemic subjects taken as a group (r=0.731, 
p<0.001). 
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FIG. 2. Correlation between phosphatidyl choline 
and net esterification (first method) in all normal and 
hyperlipidemic subjects taken as a group (r=0.768, 
p~0.001). 

terol  esterified per 24 hr /ml  of  active plasma 
was calculated f rom the  per cent of radioactiv- 
i ty incorpora ted  in cholesteryl  esters and the 
initial concent ra t ion  of  free cholesterol .  

In order  to demonst ra te  that  the yield of  
reactions calculated in that  manner  was repre- 
sentative of  the net  esterif icat ion of  endogen-  
ous cholesterol ,  free cholesterol  was measured 
at 0 and 24 hr in the two methods  by 
digitonide precipi ta t ion (9). In bo th  methods,  
net  esterif icat ion obta ined  by radioact ivi ty  as- 
say was consistent ly 15% lower than that  
obta ined by color imetr ic  dosage of  cholesterol ,  
results which are in agreement  with those found 
for the init ial  rate of  the react ion (15). 

RESULTS A N D  DISCUSSION 

In order  to test the  reproducibi l i ty  of  the 
net  esterif ication of  plasma cholesterol ,  b lood  
was wi thdrawn once a week f rom four  normal  
subjects over a period of  five weeks and each 
plasma sample was assayed for cholesterol  
esterif icat ion in five separate exper iments .  The 
coeff ic ient  of  variat ion for  each group of  five 

de terminat ions  on one plasma sample was 
found to be 2% by the first me thod  and 8% by 
the second. In each subject,  cholesterol  esterifi- 
cat ion varied f rom one plasma sample to the 
o ther  by an average of  l 1% and 13%, respec- 
tively, with each method.  

Because in the second method ,  the ratio of  
substrate to enzyme  concent ra t ion  (microgram 
of free cholesterol  per milli l i ter of  active 
plasma) is double that  in the first method ,  the 
values for net  esterif icat ion are double those 
obta ined  by the first me thod  (Table I). In all 
types of  hyperl ipidemia under  study,  with the  
excep t ion  of  type III, bo th  methods  give 
increased yields for net  estef if icat ion.  However  
the relative increments  are more drastic wi th  
the first method ,  probably because of  the  
higher ratio of  enzyme to substrate.  Since the 
two different  assays are based on the same 
assumption that  exogenous  radioactive choles- 
terol  equil ibrates wi th  endogenous  cholesterol  
o f  the l ipoproteins ,  the similari ty of  the results 
could be expected .  Al though the exogenous  
radioactive cholesterol  has been repor ted  to  
form particulate dispersions whose s t ructure  is 
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different  f rom that  of  plasma l ipoproteins  (16), 
esterif ication of  the radioactive cholesterol  was 
shown to be similar to that  of  endogenous  
cholesterol  (15,17) and therefore  represents a 
useful tool  in the s tudy of  plasma cholesterol  
esterif ication.  

With two tailed analyses o f  variance the 
groups were compared  in terms of  net  esterifi- 
cations (first and second methods)  and rat io of  
esterified to total  plasma cholesterol  (Table I). 
As compared  to the cont ro l  group, ne t  esterifi- 
cation (first me thod)  is significantly increased 
in type  IIa (p<0 .05) ,  type  IV (p<0 .001)  and 
type  V (p<0.05) .  The increase in ne t  esterifica- 
t ion (second method)  is significant only in type 
IV (p<0 .001)  and type V (p<0.001) .  In spite 
of  the increase in ne t  ester if icat ion,  the percent-  
age of  plasma cholesteryl  esters is decreased in 
hyperl ipidemia (Table I). This decrease is statis- 
t ically significant when all types  are taken as a 
group (p<0.05)  as well as in type  IV (p<0 .05)  
and type  V (p<0 .01)  taken individually.  This 
apparent  cont radic t ion  may have a simple 
explanat ion.  The rat io of  esterified cholesterol  
to total  cholesterol  decreases together  with the 
density of  l ipoproteins,  i.e., f rom HDL to LDL 
to V L D L  (18). Therefore ,  since types  V and IV 
are character ized by an increased concent ra t ion  
of  V L D L  and type II by an increased concen-  
t ra t ion of  LDL, the ratio of  cho les t e ry les t e r s  
to total  cholesterol  in the unf rac t iona ted  plas- 
ma should be most  decreased in types V and IV 
and tess decreased in type II. Indeed,  it has 
been previously repor ted  that  patients wi th  
essential familial hyper l ip idemia  have a low 
percentage of  esterified cholesterol  in their  
plasma (19). It is probable that  this decrease in 
plasma cholesteryl  esters would  be more impor-  
tant  if it were no t  opposed by an increase in net  
esterif icat ion of  cholesterol  in these types o f  
hyperl ipidemia.  

In all normal  and hyper l ip idemic subjects 
taken as a group,  there is a highly significant 
positive correlat ion be tween  net  esterif ication 
(first method)  and cholesterol  concent ra t ion  
(Fig. 1) and be tween  net  ester if icat ion (first 
me thod)  and phosphat idyl  choline concentra-  
t ion (Fig. 2). It has been shown (20) that  b o t h  
cholesterol  and phosphat idyl  choline transfer 
f rom V L D L  and LDL to HDL, which appears 
to be the preferred substrate for LCAT. There- 
fore, whether  V L D L  or LDL concent ra t ions  are 
increased, bo th  cholesterol  and phosphat idyl  
choline will transfer f rom these l ipoproteins  to 
HDL and be esterified. The highly significant 
correlat ions found  be tween  substrate concen-  
t ra t ion and net  ester i f icat ion are suppor t ing 
evidences for this transfer since LCAT does no t  
react direct ly  wi th  VLDL.  These results are in 

agreement  wi th  those of  Monger and Nestel  (3) 
who found a positive correlat ion be tween 
LCAT activity and free cholesterol  in a group 
of  normal  and hypercholes te ro lemic  subjects. 

Again in the group which includes all normal  
and hyper l ip idemic  subjects, net  ester if icat ion 
(second method) ,  is significantly correlated 
w i t h  cho le s t e ro l  concent ra t ion  (r=0.460,  
p<0 .02)  and with  phosphat idyl  choline concen-  
t ra t ion (r=0.555, p<0 .01) .  In this method ,  the 
fivefold di lut ion brought  about  by the inacti- 
vated plasma used as substrate minimizes  the 
inf luence of  the l ipoproteins  in the active 
plasma studied and decreases the enzyme  con- 
centrat ion.  This di lut ion probably accounts  for 
the less significant correlat ions found with  
cholesterol  and phosphat idyl  choline.  

In conclusion,  we have demons t ra ted  that  
esterif icat ion of  plasma cholesterol  is signifi- 
cantly increased in types IIa, IV and V of 
human pr imary hyperl ipidemia.  This increase is 
significantly correlated with  the increase o f  
bo th  plasma substrates,  cholesterol  and phos- 
phat idyl  choline.  However ,  since net  esterifica- 
tion does no t  prove whether  or  not  substrate 
concent ra t ions  are rate-limiting, fur ther  studies 
are needed to determine  the initial rate of  
react ion of  LCAT in the plasma of normal  and 
hyperlipiderrfic subjects. 
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Mass Spectrometric Analysis 
of Mono-and Dialkyl Ethers of Diols 1 
JOHN K.G. K R A M E R ,  RALPH T. H O L M A N  and W O L F G A N G  J. B A U M A N N ,  
University of Mi nnesota, The Hormel I nstitute, Austin, Mi nnesota 55912 

ABSTRACT 

Mass spectra of homologous series of 
long chain mono- and dialkyl ethers of 
ethanediol and propanediols were mea- 
sured and general patterns of fragmenta- 
tion were established. Both classes of diol 
lipids produce ions which are character- 
istic for the alkoxy moieties as well as 
ions which are typical of the constituent 
short chain diols. Prominent ions are 
formed by cleavages a and/3 to the ether 
oxygen and by rearrangement of one or 
two hydrogens and concurrent fission. 
High resolution mass spectrometry and 
deuterium labeling techniques were used 
to verify the composition of ions and to 
substantiate fragmentation mechanisms. 

I NTRODUCTI  ON 

Dialkyl ethers of short chain diols have been 
shown to occur in the jaw oil of the porpoise 
Phocoena phocoena (2), whereas monoalkyl 
ethers of short chain diols have not been 
detected in nature as yet (3). Previous work 
from our laboratories has shown that mass 
spectrometry of diol lipids is not only the most 
useful tool for the detection and analysis of 
these novel types of lipid constituents (1,4), 
but has also demonstrated that a better under- 
standing of the mass spectral fragmentation of 
diol lipids aids in interpreting the more com- 
plex spectra of structurally related glycerol- 
derived lipids (W.J. Baumann et al., in prepara- 
tion). 

Electron impact induced fragmentations of 
diol ether esters (1) and of simple dialkyl 
ethers, R-O-R, have been studied previously 
(5,6). Less is known about the more complex 
spectra of glycerol ethers (7-9). 

In this communication we describe the mass 
spectra of series of saturated and of some 
unsaturated monoalkyl ethers and dialkyl 
ethers of ethanediol and of some of the 
propanediol derivatives. Compositional assign- 
ments of ions and fragmentation mechanisms 
were verified by high resolution mass spec- 
trometry and specific deuterium labeling. 

1part VIII in the series "Naturally Occurring Diol 
Lipids" (part VII is Reference 1) and part IX in the 
series "Mass Spectrometry of Lipids" (part VIII is 
Reference 1). 

M A T E R I A L S  A N D  METHODS 

Monoalkyl ethers of short chain diols (2- 
alkoxy-ethanols and 3-alkoxy-propanols) and 
dialkyl ethers of short chain diols (1,2- 
dialkoxy-ethanes, 1,2-dialkoxy-propanes (10) 
and 1,3-dialkoxy-propanes) were prepared as 
described previously (11). 2-Octadecyloxy- 
1,1,2,2-tetradeuteroethanol was obtained in 
97% isotopic purity by hydrogenation of 2- 
o c t adec-1 '-enyloxy- 1,1,2,2-tetradeuteroethanol 
( 1 , 1 2 ) .  1 , 2 - D i oc t  adecy loxy- l , l , 2 ,2 - t e t r a -  
deuteroethane (isotopic purity of 94%) was 
prepared by alkylation (11) of the monoalkyl 
ether. All diol lipids were pure as judged by 
adsorption chromatography and gas chromatog- 
raphy. 

Low resolution mass spectra were recorded 
on a Hitachi Perkin-Elmer, RMU-6D, single 
focusing, magnetic scanning instrument at 70 
and 15 eV. The samples were introduced 
through the direct insertion system at a temper- 
ature (110-300 C) at  which a constant total ion 
concentration was achieved. Simultaneous scan- 
ning of perfluorokerosene which was intro- 
duced through the liquid inlet system permitted 
accurate counting of peaks. Abundances of ions 
are given as percentages relative to the most 
prominent peak. Ranges of abundances refer to 
saturated compounds only. High resolution 
mass spectra of 2-hexadecyloxy-ethanol and 
1,2-dihexadecyloxy-ethane were recorded on an 
AEI MS-9 instrument at the Molecular Struc- 
ture Laboratory, Department of Chemistry, 
Purdue University, Lafayette, Indiana. 

RESULTS A N D  DISCUSSION 

The mass spectra of monoalkyl ethers and 
dialkyl ethers of short chain diols recorded at 
low electron energies (15 eV) showed the 
major modes of fragmentation. They were 
useful in interpreting the more reproducible 
and more complex spectra measured at 70 eV. 
Only the latter spectra are discussed. In the 
spectra of both types of ethers series of peaks 
are present which are correlated to hydro- 
carbon ions. The m/e values of the series are: 
4 3 + 1 4 x , [ C y H 2 y + l  ] +; 42+14x,[CyH2y] + ; 
4 l + 1 4 x , [ C y H 2 y . l ]  +; 40+14x,[CyH2y-2 ] +; 
39+14x , [CyH2y_3]+ ;  38+14x,[CyH2y_4] +. 
The composition of these ions was confirmed 
by precise mass measurements. High resolution 
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mass spectrometry also showed that in the 
ser ies  4 3 + 1 4 x  ions [CyH2y. 10]  + and 
[CzH2z_a02] + contribute to the peak inten- 
s i t ies  and that series 42+14x contains 
[CyH2y_20] +. Only the most abundant  hydro- 
carbon ions are listed in the tables I and II, but 
they are of little diagnostic value. 

a.a.' 
Monoalkyl Ethers of Diols R-:O-(CH2)n-OH 

The mass spectra of monoethers of short 
chain diols show small molecular ion peaks M 
(0.1-3.6%). Loss of a hydroxy group, [M-17] + 
or of water, [M-18] +, does occur and isvery 
pronounced in the case of monoethers of 
1,3-propanediol (up to 4.0%). 

Cleavage of monoalkyl ethers of ethanediol 
and 1,3-propanediol in position a to the ether 
oxygen yields alkyl ions R + (I) (2.1-5.6%). 
Composition of I was confirmed by high 
resolution mass spectrometry. Ion I is.less 
abundantly produced from unsaturated alkyl 
moieties (see Table I). a'-Cleavage is more 
pronounced and is responsible for formation 
of ion [HO(CH2)n] +(II). Both ions, m/e 45 (39- 
49%) from ethanediol ethers and m/e 59 (38%) 
from 1,3-propanediol ethers, are approximately 
equal in intensities. In the spectrum of the mono- 
ether of perdeuterated ethanediol ion II 
(40%) is shifted by four mass units indicat- 
ing the presence of the intact diol moiety 
in II. W-Cleavage and a-cleavage of mono- 
alkyl ethers of ethanediol with charge reten- 
tion on the oxygen containing fragment pro- 
duce  ions [RO] + (III) (0.4-0.6%) and 
[HO(CHz)nO] + (IV) (0.6-0.9%), respectively. 
Ion IV (1.0%) was shown to contain the 
intact diol moiety. This type of cleavage 
was reported to be similarly insignificant 
for dialkyl ethers, R-O-R (5,6). Monoalkyl 
ethers of 1,3-propanediol produce ions III and 
IV in abundances of 4.5% and 77%, respec- 
tively. 

Cleavage /3 to the ether bond gives ion 
[HO(CH2)nOCH2] + (V), whose composition 
was confirmed by precise mass measurements. 
Deuterium labeling of the ethanediol moiety 
led to a shift of ion V from m/e 75 to m/e 79 
(22%), thus confirming its origin. Saturated 
monoalkyl ethers of ethanediol produce ion V 
in 14-18% abundance; monoalkyl ethers of 
propanediol form ion V even more abundantly 
(8 1%). Alternative /3-cleavages give ions 
[ROCH2] + (VI) and [HOCHz]+ (VII). Both 
ions were confirmed by high resolution mass 
spectrometry and by the increase of two mass 
units after deuterium labeling of the diol. 
Abundances of ion VI from monoalkyl ethers 
of ethanediol are quite independent of chain 

lengths (5.2-8.5%), unlike what is known of 
short chain dialkyl ethers (5). Saturated mono- 
alkyl ethers of 1,3-propanediol produce ion VI 
in much smaller abundance (0.6%). Cleavage/3 
to the alcohol oxygen gives ion [HOCH2] + 
(VII) which is less likely to be formed from 
monoalkyl ethers of ethanediol (2.9-5.5%) than 
from the corresponding ethers of 1,3-pro- 
panediol (22%). 

Under electron impact monoalkyl ethers of 
diols suffer e-cleavage, leading to ion [HO- 
(CH2)nO(CH2)4] + (VII1). Ion VIII which 
occurs at m/e 117 for ethanediol monoethers 
(0.8-2.2%) is shifted to m/e 121 (2.3%)for the 
monoalkyl ether of perdeuterated ethanediol. 
The elemental composition of VIII was con- 
firmed. In the spectra of the monoalkyl ethers 
of 1,3-propanediol ion VIII occurs at m/e 131 
(0.8%). 

Formal loss of the diol moiety from diol 
monoethers leads to JR-l] + (IX) as was shown 
by precise mass measurements. This type of 
cleavage is more favored for ethanediol mono- 
ethers (4.4-9.9%) than it is for monoethers of 
propanediol. In contrast formal loss of the long 
chain alcohol from saturated ethanediol mono- 
ethers gives ion [HO(CH2)n-1] + X (4.3-5.4%) 
whereas saturated monoalkyl ethers of propane- 
diol produce ion X in 20% abundance. 
Unsaturation in the long carbon chain increases 
the intensities of ions X. 

A rather intense ion [ R -  C2H5] + XI 
(4.3-23%) is produced primarily from ethane- 
diol monoethers. Ion XI is lower in intensity 
for 1,3-propanediol ethers and unsaturated 
analogs (Table I). The mechanism involved in 
the formation of XI is unknown. 

The spectra of monoalkyl ethers of ethane- 
d io l  a nd  of 1,3-propanediol exhibit a 
characteristic ion (XII) at one m/e unit  higher 
than expected for the diol, i.e., at m]e 63 for 
ethanediol ethers and m/e 77 for the propane- 
diol derivatives. In the spectrum of 2-octadec- 
yloxy-l , l ,2,2-tetradeuteroethanol ion XII ap- 
pears at m/e 67 (63%). The intensity of ion XII 
from ethanediol monoethers increases with 
increasing chain length of the alkyl group 
(34-57%). Increasing unsaturation decreases the 
intensity of this ion. In the spectra of mono- 
alkyl ethers of 1,3-propanediol, ion XII 
becomes the base peak at m/e 77. A double 
hydrogen rearrangement may be operative in 
the formation of ion [HO(CH2)nOH 2 ] + similar 
to that postulated in the formation of 
[ROH 2]+ from dialkyl ethers (6). Hydrogen 
transfers from the C-4 and C-5 methylene 
groups appear to be involved in the formation 
of XII (1,6). The alternative type of ion, 
[ROH~] +, was not formed from monoalkyl 
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ethers of ethanediol and propanediol, thus 
supporting the above mechanism. 

O/ t ~ '  OZ 

Dialkyl Ethers of Diols R}O!ICH2Jn'O-'R' 
The mass spectra of the saturated, long chain 

dialkyl ethers of ethanediol and propanediols 
show recognizable molecular ion peaks 
(0.2-1.3%). Stronger signals are observed for the 
unsaturated analogs (5.9-30%). Ions which 
would be formed through loss of a hydroxy 
group, [M-17] § or through loss of water, 
[M-181 +, do not occur. 

Cleavage of dialkyl diol ethers at the bonds 
to the ether oxygens leads to ions JR] + and 
[ R ' ]  + ( I ) .  0t ' -Cleavage produces ions 
[ RO(CH2)n I + and [ R'O(CH 2)n I + (XIII)(Table 
II). The elemental compositions of ions I and 
XIII were confirmed by high resolution mass 
spectrometry. In the spectrum of the diether of 
perdeuterated ethanediol only ion XlII (0.4%) 
was shifted upwards by four mass units as 
expected. Formation of ions I from saturated 
ethanediol diethers is greatly favored (19-22%) 
over formation of ions XIII (0.6-1.3%). In the 
spectra of 1,3-propanediol diethers, ion I is less 
abundant (5.8%) than ion XIII (9.0%), whereas 
in the spectra of the 1,2-propanediol derivatives 
only ion I (28%) is of significance, a-Cleavage 
of the ether bond with charge retention on the 
o x y g e n  con ta in ing  fragment gives ions 
[RO(CH2)nO] + and [R'O(CH2)nO] + (XIV), 
o~'-cleavage affords ions [RO] + and [R'O] + 
(III). The results of precise mass measurements 
and of deuterium labeling in the diol moiety 
agree with these structures. Formation of ions 
III (18-19%) from saturated ethanediol diethers 
is favored over formation of XIV (3.9-4.0%). 
Ion III is produced in lower abundance from 
diethers of propanediols (1.2-2.6%). 

Cleavages t3 to the ether oxygen in dialkyl 
ethers of short chain diols afford ions 
[ROCH21 + and [R'OCH21 + (VI), and 
[RO(CH2)nOCH2]+ and [R'O(CH2)nOCH2] + 
(XV). Again the composition of these ions was 
confirmed by high resolution mass spectrom- 
etry. The spectrum of the dialkyl ether of 
perdeuterated ethanediol showed ions VI and 
XV at two and four mass units greater, respec- 
tively. Symmetrical saturated dialkyl ethers of 
ethanediol produce ions VI (3.1-3.5%) and XV 
(2.9-3.3%) in similar abundances. In the spectra 
of the 1,3-propanediol diethers ion XV (7.5%) 
is slightly more intense than ion VI (3.6%). In 
the spectra of dialkyl ethers of 1,2-propanediol 
ion XV is negligible. However /3 cleavage gives 
rise to two ions of the type VI, [ROCH2] + 
(0.6%) and [ROCHCH 3] + (28%). 

Formal loss of monoalkyl diol ether from 

c~,eo-alkanediol diether, i.e., c~-fragmentation of 
the ether bond with concurrent rearrangement 
of one hydrogen atom, leads to the formation 
of olefinic ions [R-l] + and [R'-I]  + (IX) in 
high abundance (15-20%). Their elemental com- 
position was confirmed. In the spectrum of 
1,2-di-cis-9-octadecenyloxy-ethane, ion IX is 
observed in exceptionally high abundance 
(40%). Alternatively formal loss of alkanol 
from ethanediol diethers is less favored yielding 
i ons  [RO(CH2)n-1] + and [R'O(CHz)n-1] + 
(XVI) 0.7%). Peaks for both ions IX and XVI 
are very intense in the spectra of 1,3-propane- 
diol derivatives (15 and 31%, respectively), but 
they are weak for 1,2-propanediol diethers (1.3 
and 0.2%). When the diol moiety of dioctadecyl 
ethanediol ether was deuterated ions corres- 
ponding to XVI were shifted by 3 or 4 mass 
units suggesting loss of either one hydrogen or 
one deuterium. The structure of these ions 
remains to be elucidated. 

Cleavages of the ether bond in dialkyl ethers 
of diols and concurrent rearrangement of two 
h y d r o g e n s  either afford [ROH2] + and 
[R'OH2] + (XVII) or [RO(CH2)nOH2] + and 
[R'O(CH2)nOH2] + (XVIII). The elemental 
compositions of these ions were confirmed. In 
the spectrum of the dialkyl ether of perdeute- 
rated ethanediol ion XVIII was shifted by four 
mass units whereas ion XVII did not contain 
deuterium. The hydrogens transferred probably 
originate from the C-4 and C-5 methylene 
groups as mentioned before for monoethers. 
Formation of ions XVIII is greatly favored over 
that of XVII. In the spectra of dialkyl ethers of 
ethanediol, ion XVIII is a major ion (38-42%) 
whereas ion XVII is of little significance 
(0.8-0.9%). 1,3-Propanediol diethers produce 
ion XVIII in about 12% abundance but ion 
XVII is absent because its formation would 
required hydrogen transfer from a position 
occupied by the ether oxygen. Neither of these 
ions is formed from 1,2-propanediol diethers. 
Doubly protonated "alkoxy" ions have been 
described as unstable and presumably lose 
water quite readily (6). Hence ions XVII and 
XVIII could be expected to form ions I and 
XIII, respectively. However metastable peaks 
were not observed for such transitions. 

The mass spectra of dialkyl ethers exhibit 
ions [R-3] + and [R'-31 + (XlX)whose  ele- 
mental compositions were confirmed. Dialkyl 
ethers of ethanediol produce ions XIX in 
medium abundance (7.0-8.8%). Formation of 
XIX from 1,3-propanediol diethers is more 
pronounced (15%) but is less significant from 
1,2-propandiol diethers (2.1%). The same ion 
was observed previously in the spectra of alkyl 
ether esters of diols (1), alk-l-enyl ether esters 
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of ethanediol (1) and to a small extent in the 
spectra of dialkyl ethers (6). The mechanism 
leading to ion XIX remains unexplained. 

Similarly the structure and mode of forma- 
tion of another ion (XX) which is formed from 
dialkyl ethers of diols and which formally 
contains the alkoxy residue plus one carbon 
atom remains to be elucidated. Precise mass 
measurements confirmed the composition of 
XX as Cm+lH2m+lO.  The spectrum of the 
dialkyl ether of perdeuterated ethanediol sug- 
gested some scrambling. Ion XX is formed in 
1.6-2.5% abundance from dialkyl ethers of 
ethanediol and in 0.9% abundance from 
1,2-propanediol derivatives. However in the 
spectrum of 1,3-dioctadecyloxy-propane ion 
XX gives rise to the base peak at m/e 281. We 
have previously shown (1) that the same ion is 
produced from alkyl ether esters of diols in 
relatively high abundance (13-21%). Ions of the 
type [RO(CH2)n+2] + (XXI) (3.0-3.4%) are 
formed from dialkyl ethers of ethanediol only. 
Their elemental composition, Cm+2H2m+6, 
was verified by precise mass measurements. 
Deuteration in the diol moiety shifted ion XXI 
by four mass units showing that all deuterium 
atoms were retained. Dialkyl ethers of ethane- 
diol and 1,3-propanediol also produce hydro- 
carbon ions [R -C2H51 + and [ R ' - C 2 H 5 1  + 
(XI) (4.2-7.4%). Ion XI is formed in lower 
abundance (0.4%) from 1,2-propanediol di- 
ethers. 

Some low mass ions merit comment since 
they contain the diol moiety and thus aid in 
differentiating dialkyl ethers derived from dif- 
ferent diols. These ions of the structure 
[HO(CH2)nOH2] + (XII) occur in an abun- 
dance of 27-31% in the mass spectra of dialkyl 
ethers of  ethanediol (m/e 63) and are shifted by 
four mass units upon deuteration of  the ethane- 
diol moiety. Similar abundances are found for 
1,3-propanediol derivatives. The mechanism of 
formation of ion XII probably involves two 
rearrangements, i.e., single and double hydro- 
gen transfers. In the spectrum of 1,2-diocta- 
decyloxy-propane the corresponding "diol ion"  
[HOCHzCH(CH3)OH2] +, occurs at much 
lower abundance (1.3%). Generally in dialkyl 
ethers of  1,2-propanediol, rearrangements ap- 
pear to be less favored than fragmentations. 
This may be partially due to enhanced/3-cleav- 
age next to the methyl branch, partially to 
steric hindrance of hydrogen transfers. 

The mass spectra of diethers of ethanediol 
and 1,3-propanediol also show significant ions 
at m/e 75 (5.4-8.0%) and m/e 89 (8.0%), 
respectively. High resolution spectra and 
deuterium labeling suggested the structure 
[ HO(CH2) n OCH 2 ] + (V) for these ions. 

DI SCUSSI ON 

Mass spectra of mono- and dialkyl ethers of 
ethanediol and propanediols exhibit patterns of 
fragmentation that are characteristic for each of 
the individual compounds. Furthermore differ- 
ences exist between the mass spectra of mono- 
and dialkyl ethers as well as between these diol 
lipids derived from different diols. 

Monoalkyl ethers of short chain diols prefer- 
entially undergo a-cleavage with concurrent 
double hydrogen rearrangement to give ion XII, 
a'-cleavage (II) or fi-cleavage (V). Formal loss of 
alcohol (IX and X), a-cleavage (I), a-cleavage 
and loss of a C2H 5 group (XI) or r-cleavage 
(VI) occur to a lesser degree. 

Dialkyl ethers of 1,2-ethanediol undergo 
rearrangements rather than cleavages with the 
exception of a- and a'-cleavages giving ions I 
and III, respectively. Major modes of ion 
formation involve a-cleavage with concurrent 
rearrangement of two hydrogens (XVIII), a 
complicated rearrangement resulting in the 
formation of a protonated ethanediol (XII), 
and the formal elimination of 2-alkoxy-ethanol 
(IX). Less predominant ions are produced by 
a-cleavage and expulsion of C2H 5 (XI), 
/3-cleavage (V), and by an unknown mechanism 
leading to ion XIX. Dialkyl ethers of 1,3- 
propanediol undergo similar rearrangements. In 
addition formal loss of long chain alcohol 
(XVI) and the unexplained rearrangement 
giving rise to the base peak (XX) do occur with 
1,3-propanediol diethers. In contrast to both 
dialkyl ethers of ethanediol and of 1,3- 
propanediol, diethers of 1,2-propanediol pre- 
dominantly suffer a-cleavages (I) and/3-cleav- 
ages (VI) whereas rearrangements play a secon- 
dary role. 
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Synthesis of C-18 Mixed Acid Diacyl-sn-Glycerol Enantiomersl 
DMYTRO BUCHNEA, Banting and Best Department of 
Medical Research, University of Toronto, Toronto, Canada 

ABSTRACT 

Procedures have been developed for 
the synthesis of both enantiomeric forms 
of mixed fatty acid, saturated and poly- 
unsaturated 1,2-diacyl-sn-glycerols and 
2,3-diacyl-sn-glycerols from D-mannitol 
as starting material. The following diacyl- 
sn-glycerols have been synthesized: 1- 
Stearoyl-2-1inoleoyl-sn-glycerol, 1-stear- 
oyl-2-1in olenoyl-sn-glycerol, 2-1inoleoyl- 
3-stearoyl-sn-glycerol and 2-1inolenoyt-3- 
oleoyl-sn-glycerol. Their specific rota- 
tions, refractive indices, densities, solubil- 
ities, carbon and hydrogen analysis and 
iodine values have been reported. 

INTRODUCTION 

In order to obtain reference compounds for 

1presented in part at the ISF-AOCS World Con- 
gress, Chicago, September 1970. 

D - m a n n i t o l  > 1,2- 5,6-diisopropylidene- D-mannit ol 
------~1,2-isopropylidene-sn-glyceraldehyde 71,2 isopro- 
pylidene-sn-glycerol 1,2-isopropylidene-3-O-benzyl-sn- 
glycerol )3-O-benzyl-sn-glycer ol > l-O-triphenyl- 
methyl-  3-O-ben zyl-sn-glycerol---+l -O-tr iphenylmethyl-  
2-acyl- 3-O-ben zyl-sn-glycer ol ~ 1-acyl- 3-O-ben zyl-sn- 
gl y ce rol-----~ 1 -acyl-sn-glycerol 

(C6H5)3C'C1 [ 

Pyridine 

H2C-O-CO-R 

R'-CO-CI 
HO � 9 1 4 9  

Pyridine 

H2C-O-C(C6Hs) 3 

H2i-O-CO-R 

~ . I b - R ' O C - O  �9 C �9 H 

I 
H2C-O-C(C6H 5) 3 

I II & IV 

H2~-O-CO-R 

R ' -OC-O�9  C � 9  H 
1 

H2C-OH 

Silicic/Boric Acids 

Petroleum Ether 

III & V 

R-CO- = Stearoyl 
R'-CO- = Linoleoyl, II, III or Linolenoyl,  IV, V 

FIG. 1.Synthesis of 1,2-diacyl-sn-glycerol from 
D-mannitol via above intermediates. 

the natural diacyl-sn-glycerols when isolated, it 
has been necessary to devise methods of synthe- 
sis of various types of diacyl-sn-glycerols to 
duplicate the natural products. 

The synthesis of optically active 1,2-diacyl- 
sn-glycerols has been attempted by many inves- 
tigators through the optical resolution of the 
racemic intermediates possessing acidic or basic 
groups as precursors of the desired optically 
active acyl-sn-glycerols (I-5). However none of 
these methods has yielded enantiomerically 
pure diacyl-sn-glycerols. The synthesis of enan- 
tiomerically pure 1,2-distearoyl-sn-glycerol, 
1,2-dipalmitoyl-sn-glycerol and 1,2-dimyristoyl- 
sn-glycerol was achieved by Sowden and 
Fischer in 1941 from 1,2-isopropylidene-sn- 
glycerol (6). This was obtained from naturally 
occurring D-mannitol by the methods that 
transfer the asymmetry of the carbon 2 and 5 
of D-mannitol to the 1,2-isopropylidene-sn- 
glycerol (7-9). Thus the 1,2-isopropylidene-sn- 
glycerol provides the stereochemical key sub- 
stance as starting material for the synthesis of 
optically active 1,2-diacyl-sn-glycerols. Howe 
and Malkin (10) used the procedure of Sowden 
and Fischer for the synthesis of the corre- 
sponding racemic compounds and they were 
able to improve the method, obtaining higher 
yields in each stage of synthesis. 

All such diacyl-sn-glycerols prepared to that 
date contained solely saturated fatty acid sub- 
stituents, while the unsaturated acid 1,2-diacyl- 
sn-glycerols had defied attempts at synthesis. 

In 1958 Baer and Buchnea (11) reported for 
the first time the synthesis of 1,2-dioleoyl-sn- 
g l y c e r o l  and  2,3-dioleoyl-sn-glycerol by 
converting the oleic acid substituents into 
9,10-dibromostearic acids and regenerating the 
double bond with activated zinc after removal 
of the protective benzyl group from the 3 
position by catalytic hydrogenolysis. Two years 
later Buchnea and Baer (12) reported the 
synthesis of 1-stearoyl-2-oleoyl-sn-glycerol and 
1-oleoyl-2-stearoyl-sn-glycerol. These methods 
are readily adapted to the synthesis of mono- 
unsaturated acid diacyl-sn-glycerols and mixed 
acid, saturated and monounsaturated diacyl-sn- 
glycerols, but not of course to the synthesis of 
mixed acid saturated and polyunsaturated, 
diacyl-sn-glycerols. 

Recently, Pfeiffer et al. (13) were able to 
synthesize optically active, polyunsaturated 
1,2-diacyl-sn-glycerols by employing 2,2,2-tri- 
chloroethoxycarbonyl as a protecting group. So 
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far to the author's knowledge, no enantiomeric, 
mixed acid, saturated and polyunsaturated, 
1,2-diacyl-sn-glycerols and 2,3-diacyl-sn-glyc- 
erols have been synthesized. 

Now a general procedure is reported that 
permits the synthesis of mixed acid, saturated 
and polyunsaturated, 1,2-diacyl-sn-glycerols 
and 2,3-diacyl-sn-glycerols using D-mannitol as 
a starting material. 

The synthesis of 1-stearoyl-2-1inoleoyl-sn- 
g lyce ro l ,  1 - s t e aroyl-2-1inolenoyl-sn-glycerol 
starts with 1-stearoyl-sn-glycerol, and the 
synthesis of 2-1inoleoyl-3-stearoyl-sn-glycerol 
and 2-1inolenoyl-3-oleoyl-sn-glycerol starts with 
3-stearoyl-sn-glycerol and 3-oleoyl-sn-glycerol, 
respectively. 

1-Stearoyl-sn-glycerol was obtained by two 
different synthetic pathways: (a) from D-man- 
nitol by a more complicated procedure (12) as 
in Figure 1, and (b) by a relatively simple 
procedure using the same sequence of reactions 
as illustrated in Figure 2, but starting from 
L-mannitol (14). 

The synthesis of 1-stearoyl-2-1inoleoyl-sn- 
glycerol and 1-stearoyl-2-1inolenoyl-sn-glycerol 
is illustrated in the reaction scheme, Figure 1, 
and the synthesis of 2-1inoleoyl-3-stearoyl-sn- 
glycerol and 2-hnolenoyl-3-oleoyl-sn-glycerol is 
illustrated in the reaction scheme, Figure 2. 

EXPERIMENTAL PROCEDURES 

Materials 

L-mannitol was prepared from quebracitol 
via L-inositol. (The method for the preparation 
of L-mannitol (15,16,17) has been simplified 
and adapted to the preparation of larger 
amounts. The details of preparation will be 
reported elsewhere.) D-mannitol (certified) was 
obtained from Fisher Scientific Company. Tri- 
phenylmethyl chloride was prepared by meth- 
ods of Gomberg (18,19) as described by Bach- 
mann (20). For further purification the 
triphenylmethyl chloride was distilled in vacuo, 
bp 155 C/0.08 mm Hg; mp 113-114 C. Linoleic 
acid and linolenic acid of high purity were 
obtained from the Hormel Institute, University 
of Minnesota. Oleic acid of a purity of at least 
99.8% was prepared according to the method of 
Rubin and Paisley (21). Stearic acid, 99.5% 
pure, was obtained from Fluka A.G. Buchs SG, 
Switzerland. All fatty acids were converted into 
the corresponding chlorides with oxalyl chlo- 
ride. Anhydrous pyridine was prepared from 
"Certified," infrared analyzed pyridine. The 
benzene was thiophene free and dried over 
sodium wire. The silicic acid was Mallinckrodt, 
100 mesh (powder), "Analytical Reagent" with 
a 12% loss in weight on ignition. Boric acid was 

H•(CH3)2 O~C �9  
I 

H2C-OH 

(C6H5)3C-C1 
Pyridine 

H2C-( ~ R-CO-C1 tD- ~ . . ~ C ( C H 3 )  2 
Pyridine O~C�9 H 

1 
H2C-O-CO-R 

VI 

H2~-OH 

HO~.C�9 
I 

H2C-O-CO-R 

Conc. HC1 
Ether at -1S C 

VII 

H2~-O-C(C6Hs)3 

H O , C � 9  
I 

H2C-O-CO-R 

R'-CO-C1 
Pyridine 

VIII & XI 

Silicic/Boric Acids 

Petroleum Ether 

H2~-O-C(C6Hs)3 

R'-OC-O I, C �9 H 
I 

H2C-O-CO-R 

IX & XII 

H2~-OH 

R'-OC-O ~" C �9 H 
l 

H2C-O-CO-R 

X& XIII 

R-CO- = Oleoyl 
R'-CO- = Linolenoyl, IX, X 

o r  

R-CO- = Stearoyl 
R'-CO- = Linoleoyl, XII, XIII 

FIG. 2. Synthesis of 2,3-diacyl-sn-glycerol from 
D-mannitol via above intermediates. 

certified Fisher Scientific Company Stock. All 
experiments with unsaturated fatty acids were 
carried out under a nitrogen atmosphere. 

Preparation of 1-Stearoyl-3-O-Triphenylmethyl-sn- 
Glycerol (I) 

1-Stearoyl-sn-glycerol (25.0g, 0.07 mole) 
was dissolved in 200 ml of a mixture of 
anhydrous pyridine and anhydrous benzene 
(1:1 v/v). A solution of 19.5 g (0.07 mole) of 
pure triphenylmethyl chloride in 50 ml of 
anhydrous benzene was added with stirring 
under anhydrous conditions. The reaction mix- 
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TABLE I 

Analytical Data and Yields of the Acyl-Isopropylidene-sn-Glycerol (VI), 
Monoacyl-sn-Glycerol (VII), Monoacyl-Monotriphenylmethyl-sn-Glycerols (I, VIII, IX), 

Diacyl-Monotriphenylmethyl-sn-Glycerols (II, IV, IX, XII) and Diacyl-sn-Glycerols (III, V, X, XIII) 

Per cent carbon Per cent hydrogen Iodine value 
Formula and 

Compounds tool wt talc. found calc found calc. found Per cent yield 

I C40H5604 (601) 79.95 79.99 9.40 9.47 . . . . . .  73 
II C58H8705 (864) 80.60 81.00 10.14 10.21 58.7 59.0 95 

III C39H720 5 (621) 75.42 75.33 11.70 11.57 81.8 82.1 95 
IV C58H850 5 (862) 80.78 80.91 9.93 9.89 88.3 88.7 95 
V C39H700 5 (619) 75.67 75.55 11.40 11.42 123.0 122.5 76 

VI C24H440 4 (296) 72.68 72.62 11.20 11.16 64.0 63.8 96 
VII C21H400 4 (357) 70.08 69.98 1t.87 12.00 71.2 71.2 92 

VIII C40H540 4 (599) 80.20 80.15 9.10 9.23 42.4 42.5 80 
IX C58H8305 (860) 80.97 81.01 9.72 9.68 118.1 119.0 95 
X C39H6805 (617) 75.95 76.00 11.12 11.21 164.6 165.0 56 

XI C40H5604 (601) 79.95 79.92 9.40 9.50 . . . . . .  95 
XII C58H870 5 (864) 80.60 80.35 10.14 10.18 58.7 58.9 93 

XIII C39H720 5 (621) 75.42 75.50 11.70 11.58 81.8 82.0 75 

tu re  was kep t  at 45 C for  24 hr  and  t h e n  the  
r e a c t i o n  p roduc t ,  1-stearoyl-3-O-triphenyl- 
methyl -sn-g lycero l  was i so la ted  and  pur i f ied  as 
fol lows:  The  reac t ion  m i x t u r e  was d i lu ted  wi th  
300 ml of  d ie thy l  e the r  and  the  m i x t u r e  was 
washed in succession w i th  a 300  ml p o r t i o n  of  
dist i l led water ,  two  300 ml po r t i ons  of  ice cold 
2 N sulfuric  acid,  one  300  ml p o r t i o n  of  
disti l led water ,  two 300  ml po r t i ons  of  a 
sa tu ra ted  sod ium b i c a r b o n a t e  so lu t ion ,  and  
f inal ly wi th  two  300 ml p o r t i o n s  of  dist i l led 
water.  The so lu t ion  was dried w i th  100 g of  
a n h y d r o u s  sod ium sulfate,  and  t he  solvents  
were r emoved  by  dis t i l la t ion u n d e r  r educed  
pressure f rom a b a t h  at 35 C. The  r ema in ing  
mater ia l  was kep t  in vacuo  at 0 .08 m m  Hg unt i l  
its weight  was cons tan t .  The  1-stearoyl-3-O-tri-  
pheny lme thy l - sn -g lyce ro l  weighed 4 1 . 0 g ,  and  
was shown  to be a fairly h o m o g e n e o u s  sub- 
s tance  by t h i n  layer  c h r o m a t o g r a p h y .  Two 
recrys ta l l iza t ions  f rom p e t r o l e u m  e the r  (bp  
30-60 C) at +6 C yie lded a ch r om a t og r aph i ca l l y  
pure  mater ia l .  

Preparation of 1-Stearoyl-2-Linoleoyl-3-O-Triphenyl- 
methyl-sn-Glycerol (I I) 

To a so lu t ion  of  f reshly p repa red  1-stearoyl-  
3 - O - t r i p h e n y l m e t h y l - s n - g l y c e r o l  (I),  18.0 g 
(0 .03 mole)  in 60 ml of  a n h y d r o u s  b e n z e n e  and  
5 ml of  a n h y d r o u s  pyr id ine  was added  f reshly  
p repa red  and  dist i l led l ino leoyl  chior ide ,  9.0 g 
(0.03 mole )  in 20 ml of  a n h y d r o u s  benzene .  
The reac t ion ,  m i x t u r e  was kep t  u n d e r  a n h y d -  
rous  cond i t i ons  at  40 C for  24 hr ,  and  t h e n  
d i lu ted  w i th  200  ml of  d ie thy l  e ther .  The  
mix tu re  was washed in succession wi th  a 250 
ml p o r t i o n  of  disti l led water ,  wi th  t w o  250  ml 
po r t i ons  of  ice cold 2 N sulfuric acid,  t w o  250  
ml po r t i ons  of  sa tu ra ted  sod ium b i c a r b o n a t e  

so lu t ion  and  f inal ly  two 250  ml po r t i ons  of  
dist i l led water.  The so lu t ion  was dried w i th  
50 g of  a n h y d r o u s  sod ium sulfa te  and  the  
solvents  were evapora ted  u n d e r  r educed  pres- 
sure. The  remain ing  oil was dissolved in 200  ml 
of  p e t r o l e u m  e the r  (bp  30-60 C) and  the  
so lu t ion  was kep t  for  20 hr  at  -6 C. The  
t u r b i d i t y  was r e m o v e d  by  cen t r i fuga t ion .  The  
clear s u p e m a t a n t  was decan t ed  and  again con-  
cen t r a t ed  u n d e r  r educed  pressure.  The  concen-  
t r a t ed  p r o d u c t  was kep t  in vacuo of  0 .05 m m  
Hg un t i l  its weight  was cons t an t .  The 1-stear- 
oyl-2-1inole oy l -3-O- t r iphenylmethyl - sn-g lycero l ,  
a viscous oil, weighed 24.5 g. 

The mater ia l  w i t h o u t  f u r t h e r  pur i f i ca t ion  
exh ib i t ed  a specific r o t a t i o n  of  [a]  D +  12.2 ~ 
in c h l o r o f o r m  c,lO and an  iod ine  value o f  59.0,  
ca lcula ted 58.7. Th in  layer  c h r o m a t o g r a p h y  
showed  a qui te  h o m o g e n e o u s  mater ia l .  

To ob ta in  ana ly t ica l ly  pure  mater ia l ,  1-stear- 
o y 1- 2-1inoleoyl -3-O-t r iphenylmethyl -sn-glycerol  
was c h r o m a t o g r a p h e d  on  silicic acid, a l t h o u g h  
it involves par t ia l  de t r i ty l a t ion .  A so lu t ion  of 
23 g of  mater ia l  dissolved in 100 ml  of  benzene  
(U.S.P.,  redis t i l led)  was passed t h r o u g h  a 300  g 
silicic acid co lumn ,  3.5 cm wide and  50 cm 
long. The  c o l u m n  was eh i t ed  w i th  benzene  un t i l  
e luate  was free o f  solute .  In the  ini t ia l  benzene  
eluate pure  1-stearoyl-2-1inoleoyl-3-O-tr iphenyl-  
methyl -sn-glycerol  was recovered  co r r e spond ing  
to a b o u t  70% of  the  mater ia l  appl ied to the  
co lumn.  In the  la ter  b e n z e n e  e luate  t r i pheny l -  
ca rb ino l  appeared  in small  a m o u n t s .  The  ben-  
zene-d ie thy l  e the r  m ix tu r e  (4:1 v/v)  e lu ted  the  
de t r i t y l a t ed  p roduc t ,  1-stearoyl-2-1inoleoyl-sn- 
glycerol  (5 g) wi th  a b o u t  30% yield.  

Preparation of 1-Stearoyl-2-Linoleoyl-sn-Glycerol (111) 

The removal  of  the  t r i p h e n y l m e t h y l  p ro tec -  
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TABLE II 

Physical Properties of the Acyl-lsopropylidene-sn-Glycerol, 
Monoacyl-sn-Glycerol, Monoacyl-M onotriphenylmethyl-sn-Glycerols, 

Diaeyl-Monotriphenylmethyl-sn-Glycerols and Diacyl-sn-Glycerols 

Specific rotation in Refractive Density Physical 
Compounds chloroform c,10, deg index at 25 C at 20 C state at 20 C 

I + 3.85 . . . . . . .  Crystalline 
II +12.50 . . . . . .  Oil 

1II - 2.80 1.4710 0.9230 Oil 
IV +12.40 1.5125 --- Oil 
V - 2.70 1.4702 0.9315 Oil 

VI + 4.80 1.4560 0.9109 Oil 
VII -- 3.60 a . . . . . .  Paste 

VIII - 3.60 . . . . . .  Oil 
IX 12.00 1.5240 --- Oil 
X + 2.60 1.4800 0.9318 Oil 

XI - 3.70 . . . . . .  Crystalline 
XII -12.30 . . . . . .  Oil 

XIII + 2.70 1.4710 0.9230 Oil 

aSpecific rotation measured in pyridine c,10. Reported for 3-stearoyl-sn-glycerol -3.58 deg, in 
pyridine c,12.3(14). 

t i re  g roup  o n  a silicic acid c o l u m n  var ied f rom 
one  diacyl-sn-glycerol  to  a n o t h e r ,  and  also f r o m  
one b a t c h  of  sihcic acid to  the  o ther .  However  
la ter  work showed  tha t  silicic acid con ta in ing  
10% by weight  of  bor ic  acid offers  an  exce l len t  
m ix tu r e  for  the  comple t e  removal  of  t r i pheny l -  
m e t h y l  p ro t ec t ive  group f rom any  diacyl-O-tri-  
phenylmethy l - sn-g lycero l .  

T h e  1 -s t e a r o y 1- 2-1inoleoyl-3-O-tr ipheny-  
lmethyl -sn-g lycero l  (14  g) was dissolved in 150 
ml of  p e t r o l e u m  e the r  (bp  30-60 C) and  the  
so lu t ion  was passed t h r o u g h  a c o l u m n  of  300  g 
of  a f reshly p repared  silicic ac id-bor ic  acid 
mix tu re  (10:1  w/w) .  (The  e x p e r i m e n t a l  prepa-  
r a t ion  and app l ica t ion  of  silicic ac id-bor ic  acid 
mix tu r e  for  the  removal  of  t r i p h e n y l m e t h y l  
p ro tec t ive  groups  is exp la ined  in a separa te  
paper ,  n o w  in p repa ra t ion . )  

The  c o l u m n  was 3.5 cm wide and  60 cm 
long, and  was e lu ted  wi th  p e t r o l e u m  e ther ,  
p e t r o l e u m  e the r -d i e thy l  e t h e r  ( 9 6 : 4  v /v)  and  
p e t r o l e u m  e the r  d ie thy l  e the r  ( 9 0 : 1 0  v/v).  The  
p e t r o l e u m  e the r  f r ac t ion  e lu ted  on ly  very  small  
a m o u n t s  of  original  mater ia l .  Tr ipheny lca r -  
b o n o l  was e lu ted  w i t h  p e t r o l e u m  e the r -d i e thy t  
e the r  m ix tu r e  (96 :4  v/v) ,  and  the  de t r i t y l a t ed  
p roduc t ,  1-stearoyl-2-1inoleoyl-sn-glycerol  was 
recovered  in the  p e t r o l e u m  e the r -d i e thy l  e the r  
m ix tu r e  ( 9 0 : 1 0  v/v)  in a b o u t  a 95% yield.  
1-Stearoyl-2-1inoleoyl-sn-glycerol  is an  oil at  
r o o m  t e m p e r a t u r e  and  sol idif ied gradual ly  at  
+6 C. 

I - Stearoyl-2-Linolenoyl-3-O-Triphenylmethyl-sn-Glyc- 
erol ( IV),  and 1-Stearoyl-2-Linolenoyl-sn-Glycerol (V) 

These  were p repa red  b y  t he  same p rocedu re  
as II and  III wi th  p r o p e r  choice  of  acy la t ing  

reagent .  

Preparation of 1,2-1sopropylidene-3-Oleoyl-sn-Glycer- 
ol (VI) 

The m e t h o d  for  the  synthes is  of  sa tu ra ted  
3-acyl-sn-glycerols by  Baer and  Fischer  (14)  was 
adap ted  to  the  synthes i s  of  3-oleoyl-sn-glycerol .  
To a so lu t ion  of  f reshly  p repared  1,2- isopropyl-  
idene-sn-glycerol  6.8 g (0.05 mole)  and  5 ml of  
a n h y d r o u s  pyr id ine  in 50 ml  of  a n h y d r o u s  
benzene  was added  1 5 . 0 g  (0 .05 mole)  of  
f reshly p repa red  and  dist i l led o leoyl  chlor ide  
dissolved in 50 ml of  a n h y d r o u s  benzene .  The  
reac t ion  mix tu r e  was kep t  for  24 hr  at  r o o m  
t e m p e r a t u r e ,  d i lu ted  w i th  150 ml  of  d ie thy l  
e ther ,  and  t hen  freed of  pyr id ine  w i th  ice cold 
1 N sulfuric  acid, t h e n  wi th  sa tu ra t ed  sod ium 
b i c a r b o n a t e  so lu t ion ,  and f inal ly  wi th  water .  
Af te r  d ry ing  the  d i e thy l  e t h e r - b e n z e n e  layer  
wi th  a n h y d r o u s  sod ium sulfa te  the  solvents  
were evapora t ed  u n d e r  r educed  pressure to  give 
18.8 g of  1 ,2- isopropyl idene-3-oleoyl-sn-glyc-  
erol. 

Preparation of 3-Oleoyl-sn-Glycerol (VII) 

To a -15 C so lu t ion  of  1 ,2- isopropyl idene-3-  
oleoyl-sn-glycerol  in 100 ml of  d ie thy l  e the r  
was added  100 ml of - 1 5 C  c o n c e n t r a t e d  
h y d r o c h l o r i c  acid. The  r eac t ion  m i x t u r e  was 
s t i r red for  15 min  and  t h e n  d i lu ted  wi th  800  ml 
of ice cold  dist i l led water .  The  r eac t ion  m i x t u r e  
was a l lowed to  s t and  w i th  occas ional  s t i rr ing 
for  20 min  in a b a t h  of  -15 C ice-salt mix ture .  
The  3-oleoyl-sn-glycerol  was t h e n  ' ex t rac ted  
th ree  t imes  wi th  300  ml po r t i ons  of  d ie thy l  
e ther .  The  c o m b i n e d  d ie thy l  e t h e r  ex t rac t s  
a f te r  washing wi th  300 ml  of  ice cold dist i l led 
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water were dried over 100 g of anhydrous 
sodium sulfate. The solvent was then removed 
by distillation under reduced pressure at 30 C 
bath temperature. The remaining material was 
kept in vacuo at 0.05 Hg until the weight was 
constant. The 3-oleoyl-sn-glycerol (weight 
15.5 g) was used in the next step without 
further purification. 

The 3-oleoyl-sn-glycerol, a soft paste, was 
found to be soluble at room temperature in 
chloroform, diethyl ether, benzene and petro- 
leum ether, and insoluble in water. 

1-O-Triphenylmethyl-3-Oleoyl-sn-Glycerol (VI I I ), 1 -O- 
T r i ph en y I m e thy  1-2- Linolenoyl-3-Oleoyl-sn-Glycerol 
( IX)  and 2-Linolenoyl-3-Oleoyl-sn-Glycerol (X) 

These were prepared by the tritylation, 
acylation and cleavage procedures employed for 
compounds I, II and III. 

Preparation of 1-O-Triphenylrnethyl-3-Stearoyl-sn- 
Glycerol (Xl)  

The 2-linoleoyl-3-stearoyl-sn-glycerol was 
obtained by the same sequence of reactions as 
2-1inolenoyl-3-oleoyl-sn-glycerol from D-manni- 
tol via 3-stearoyl-sn-glycerol (14). (See reaction 
scheme, Fig. 2). 

1-O-Triphenyl rnethyl-2- Linoleoyl-3-Stearoyl-sn-Glycer- 
ol (X I I )  and 2-Linoleoyl-3-Stearoyl-sn-Glycerol (Xl I I) 

These were prepared by the acylation and 
cleavage procedures employed for compounds 
II and III. 

The removal of  the triphenylmethyl protec- 
ting groups with silicic acid and boric acid 
mixture proceeded without acyl migration. All 
the detritylated products were examined on the 
TLC and no 1,3-diacyl-sn-glycerol could be 
detected on the chromatographic plates. 

These diacyl-sn-glycerols containing polyun- 
saturated chains are sensitive to oxidation. 
Therefore they must be kept under a nitrogen 
atmosphere. To prevent the loss of optical 
activity they were stored under anhydrous 
conditions at -15 C. 

All the analytical values, yields and the 
physical properties of  the intermediates and of 
the 1,2-diacyl-sn-glycerols and 2,3-diacyl-sn- 
glycerols described in this paper are summa- 
rized in Tables I and II. 

DISCUSSI ON 

The chemical synthesis of optically active 
1,2-diacyl-sn-glycerols and 2,3-diacyl-sn-glyc- 
erols containing two dissimilar fatty acid sub- 
stituents, either a saturated in 1 position and a 
polyunsaturated in 2 position or monounsatu- 

rated in 3 position from D-mannitol and L-man- 
nitol via 1-acyl-sn-glycerol and 3-acyl-sn- 
glycerol, respectively, follows a relatively 
simple procedure. However since L-mannitol is 
not commercially available it was deemed desir- 
able to devise methods which permit the 
synthesis of mixed acid, saturated and polyun- 
saturated, 1,2-diacyl-sn-glycerols and 2,3-diacyl- 
sn -g lyce ro l s  from commercially available 
D-mannitol. 

The procedure developed by Pfeiffer et al. 
(13) cannot be adapted to the synthesis of 
mixed acid diacyl-sn-glycerols because the 
synthesis of mixed acid diacyl-sn-glycerols re- 
quires a step by step introduction of the two 
dissimilar fatty acid substituents (see reaction 
scheme, Fig. 1 and 2). 

With these restrictions in mind, procedures 
have been developed that permit the synthesis 
of both enantiomeric forms of mixed acid, 
saturated and polyunsaturated, 1,2-diacyl-sn- 
glycerols and 2,3-diacyl-sn-gtycerols, respec- 
tively, from D-mannitol. 

Recent studies of the positional distribution 
of fatty acids in 1,2-diacyl-sn-glycerols of 
3-phosphatidylcholine and 3-phosphatidyleth- 
anolamine by Lands and Hart (22), Brandt and 
Lands (23), and by Kuksis et al. (24-27) have 
indicated that the saturated fatty acids are in 
the 1 position, while all the polyunsaturated 
fatty acids are esterified in the 2 position of the 
glycerol moiety. This is also true for the 
nonrandom stereospecific distribution of  fatty 
acid residues in the triacyl-sn-glycerols (28-31). 

As most of the natural 1,2-diacyl-sn-glycerol 
structures contain saturated and a polyunsatu- 
rated fatty acid substituents, it seemed of 
interest to continue this work by synthesizing 
the following representatives: 1-Palmitoyl-2- 
oleoyl-, 1-palmitoyl-2-1inoleoyl-, 1-palmitoyl-2- 
linoelnoyl- and 1-palmitoyl-2-arachidonoyl-sn- 
glycerols. 

The synthesis of these 1,2-diacyl-sn-glycerols 
is now in progress in this laboratory. 
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Effects of Pure Oxygen Atmosphere in Vivo on 
Plasma Lecithin-Cholesterol Acyltransferase Reaction 
HUBERT S. MICKEL, EMMET L. FOULDS, JR., DALE A. CLARK 
and EDWARD C. LARKIN, Environmental Systems Branch, 
Environmental Sciences Division, USAF School of Aerospace Medicine, 
Brooks Air Force Base, Texas 78235 

ABSTRACT 

Exposure  to pure  oxygen  a t m o s p h e r e s  
for  more  t h a n  th ree  days resul ted  in loss 
of red b lood  cell mass in a s t r o n a u t s  in 
some flights. Ox ida t ion  of  l ipid or  p r o t e i n  
m e m b r a n e  c o m p o n e n t s  m ay  a c c o u n t  for  
this  p h e n o m e n o n ,  since t o c o p h e r o l  defi- 
c ient  red b lood  cells have been  s h o w n  to 
h e m o l y z e  on  exposure  to  e levated oxygen  
pressures in vi t ro and  in vivo. An  addi- 
t ional  c o n t r i b u t i n g  cause to the  i n d u c e d  
red cell loss may be the  i n h i b i t i o n  of  the  
plasma lec i th in-choles te ro l  acy l t rans fe rase  
reac t ion  by  oxygen ,  since congen i t a l  
absence  of  the  e n z y m e  is associa ted  wi th  
anemia.  This possibi l i ty  was exp lo red  in 
eight h u m a n  subjects  w ho  lived in a sealed 
e n v i r o n m e n t a l  c h a m b e r  and  b r e a t h e d  
100% oxygen  at 258 m m  Hg pressure  for  

T A B L E  I 

C o m p o s i t i o n  o f  Daily Diet  F e d  Sub jec t s  D u r i n g  S t u d y  a 

Components of Diet Grams Calories 

C a r b o h y d r a t e  4 2 8 . 6  1 , 7 1 4  
P ro te in  132 .2  5 2 9  
Fa t  84 .3  7 5 9  

3 , 0 0 2  

P o l y u n s a t u r a t e d  f a t t y  ac ids  

L ino l ea t e  6 .0  
L i n o l e n a t e  0 .6  
A r a c h i d o n a t e  0 .6  

Antioxidants 
Vitamin E 6.7 i.u. b 
BHT, BHA c trace d 

a C o m p o s i t i o n  is based  o n  the  i n t a k e  o f  a 7 0  kg  
ma le  fed  4 3  c a l / k g / d a y  d u r i n g  s t u d y .  The  va lues  are 
calculated according to the composition of food 
reported by Hardinge, M., and H. Crooks, J. Amer. 
Diet. Ass. 34:1065-1071 (1958). 

bVa lue  was determined in triplicate on 
homogenized meal by the method of Finn Bro- 
Rasmussen and W. Hjarde, Acta Chem. Scand. 
11:34-43 (1957), by Wisconsin Alumni Research 
Foundation. 

CAbbreviations: Butylated Hydroxy Toluene,Bu- 
tylated Hydroxy Aniso le .  

dNo added antioxidants were given, only those 
amounts present as preservative in foods. Quantity n o t  
determined chemically. 

30 days. In the i r  p lasma a 40% decrease  
in the  convers ion  of  free cho les te ro l  to  
ester  was d e m o n s t r a t e d  in vi t ro  a f te r  four  
weeks '  exposure  to  100% oxygen.  Plasma 
choles te ry l  ester  c o n c e n t r a t i o n  was also 
decreased. Red b lood  cell mass was re- 
duced  and  e ry th ropo ies i s  was depressed.  
These f indings  suppo r t  the  hypo thes i s  
t ha t  the  anemia  i nduced  by  exposure  to  
100% oxygen  was caused in par t  by  
decreased synthes is  of  cho le s t e ry l  esters 
secondary  to an i n h i b i t i o n  of  the  plasma 
lec i th in-choles te ro l  acyl t ransferase  reac- 
t ion.  

INTRODUCTION 

One of the  biological  p rob lems  associated 
wi th  space fl ights has been  the  loss of  red b lood  
cell mass in Amer i can  a s t ronau t s  in cer ta in  
fl ights af ter  b rea th ing  100% oxygen  at 258 m m  
Hg pressure for  more  t han  th r ee  days in fl ight 
(1) .  Ox ida t ion  or p e r o x i d a t i o n  of  c o n s t i t u e n t s  
of  the  e ry th rocy t e  m e m b r a n e s  may  c o n t r i b u t e  
to the  p h e n o m e n o n ,  since exposure  of  t ocoph -  
erol def ic ient  red b lood  cells to  a pure  oxygen  
a t m o s p h e r e  at h igh pressures e i the r  in v i t ro  or  
in vivo results  in apprec iab le  hemolys i s  (2,3).  
Oxidat ive  damage to e n z y m e  systems in e ry th-  
rocy te  m e m b r a n e s  mus t  be considered.  F e r b e r  
et al. showed  a 50% decrease in acyl CoA 
lysolec i th in-0-acyl t ransferase  ac t iv i ty  dur ing  
aging of  e r y t h r o c y t e s  (4).  

A n o t h e r  possible  cause o f  loss of  red b lood  
cell mass in a s t ronau t s  may  be  associa ted w i th  
o x y g e n 4 n d u c e d  i n h i b i t i o n  of  t he  p lasma leci- 
th in -cho les te ro l  acy l t ransferase  r eac t i on  of  
Glomse t  (5-7). N o r u m  and  Gjone  have r e p o r t e d  
a n o r m o c y t i c  n o r m o c h r o m i c  anemia  associa ted 
wi th  the  congen i ta l  absence  of  t he  p lasma  leci- 
th in -cho les te ro l  acyl t ransferase  ac t iv i ty  (8-10). 
Mickel and Foulds  have s h o w n  this  e n z y m a t i c  
act ivi ty  to be marked ly  i n h i b i t e d  in the  pres- 
ence of  0 . t  M hydrogen  pe rox ide  (11) .  The  
congeni ta l  absence  of  th is  e n z y m e  and  anemia  
m ay  be co inc identa l .  However ,  shou ld  this  
e n z y m a t i c  ac t iv i ty  be  r equ i red  fo r  n o r m a l  
hemopoies i s ,  an  oxygen- induced  r e d u c t i o n  in 
ac t iv i ty  might  resul t  in anemia .  This poss ibi l i ty  
was exp lored  in eight  h u m a n  subjec ts  w h o  lived 
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in a sealed envi ronmenta l  chamber  and 
breathed 100% oxygen  at 258 mm Hg pressure 
for 30 days. 

M A T E R I A L S  A N D  M E T H O D S  

On five different  occasions, 1 ml plasma 
samples were obta ined f rom each of  eight 
hematological ly  normal  young  mil i tary men 
(ages 18-24) who, as in formed  volunteers ,  
served as subjects. Blood samples were taken at 
approximate ly  the same t ime of  day fol lowing 
an overnight  fast, and col lected in citric acid- 
dextrose to prevent  clotting. Values were cor- 
rected for dilution of the plasma based on the 
individual hematocr i t .  Heparin was no t  used as 
ant icoagulant  since it has been shown to inhibit  
the plasma leci thin-cholesterol  acyltransferase 
react ion in vivo (12)  and to  result in al terat ion 
of  phospholipids to the lyso-form in vi tro (13). 

All of  the test subjects consumed a diet 
consisting of recons t i tu ted  freeze-dried mate- 
rials. Water was al lowed ad l ibitum. 

Cont ro l  samples 1 and 2 were obta ined  af ter  
one and two months,  respectively,  on the  
control led diet. During this t ime all subjects 
part icipated in the same exercise program. The 
third and four th  samples were taken after  the 
subjects were placed in a sealed envi ronmenta l  
chamber  cons t ruc ted  for human use, and the 
a tmosphere  conver ted  to 100% oxygen  at 258 
mm Hg pressure. The subjects were exposed to 
100% oxygen in the chamber  for 30 days. The 
f if th sample was taken during the second week 
after return to an air a tmosphere  at ground 
level a tmospher ic  pressure, while still on the  
control led  diet. 

During the oxygen exposure per iod  four  of  
the subjects were engaged in active exercise, 
while the o ther  four  were inactive at bed rest. 
The active group exercised for two half hour  
periods each day on a bicycle e rgomete r  while 
heart  rate was moni tored .  Exercise effort  was 
built up to a peak heart rate of  150-160 beats 
per minute  and mainta ined for 5-6 rain during 
each exercise period. There was no separat ion 
into  active and inactive groups prior  to enter ing 
the chamber.  

Daily food consumpt ion  of  active and inac- 
tive subjects was 43 and 46 calories per 
kilogram lean body mass respect ively (Table I). 

To assay plasma leci thin-cholesterol  acyl- 
transferase activity,  1 ml of  plasma f rom each 
individual was incubated  at 37 C for a per iod o f  
24 hr wi th  a 4-14C-cholesterol  (New England 
Nuclear Corporat ion.  Specific act ivi ty:  57 
mc/mM.  Radiochemical  puri ty:  greater  than 
97%). 4-14C-cholesterol  was added to  the  incu- 
ba t ion  vial in benzene  in the  amount  of  0 .05/ac  
(8.8 x 10 .4 ~M or 0 .32 / l g )  per ml plasma, and 

PLASMA LECITHIN: CHOLESTEROL ACYLTRANSFERASE ACTIVITY: 
INHIBITION BY OXYGEN ATMOSPHERE 
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FIG. 1. The results are plotted as the mean mg/100 
ml free cholesterol esterified during 24 hr incubation 
of plasma in vitro at 37 C + standard error of the 
mean. Active and inactive groups were not signifi- 
cantly different and are represented together. The first 
two samples represent control values obtained a 
month apart while on the controlled diet described in 
Table I. The third sampling was during the first week 
of exposure to pure oxygen at 5 psi or 258 mm Hg, 
while the fourth sample was obtained during the 
fourth and final week of exposure. The fifth or 
recovery sample was obtained during the second week 
at ground level pressure breathing atmospheric air. The 
mg/100 ml cholesterol esterified during the fourth 
week of exposure is significantly less than all other 
values except the recovery measurement, which in 
turn is significantly less than the control values. Refer 
to text. 

the substrate evaporated to dryness by a stream 
of ni t rogen,  prior to adding the plasma and 
capping the vial. The quant i ty  of  labelled 
cholesterol  is negligible chemical ly in view of 
the much  greater amount  of  endogenous  free 
cholesterol  (250 to 500 / lg/ml)  in the  plasma. 

Af ter  incubat ion for 24 hr at 37 C, with 
shaking, 0.5 ml of  incubated  plasma was extrac- 
ted with 24.5 ml ch lo ro fo rm-methano l  (2:1 
v/v) in a 25 ml vo lumet r ic  flask. Ex t rac t ion  was 
al lowed to occur  overnight  at r o o m  temper-  
ature in the dark. An al iquot  of  20 ml was 
evaporated to dryness under  reduced pressure 
and tempera ture ,  and the residual lipids redis- 
solved in purified n-hexane.  

The extracted lipids were added to 0.1 g 
silica gel columns in 1 ml n-hexane.  Separat ion 
of  the to ta l  cholesterol  into free and ester 
fractions was accomplished by silica gel column 
chromatography ,  as adapted by Leeder  and 
Clark (14) f rom the me thod  of  Hirsch and 
Ahrens (15). The fract ions were evaporated to 
dryness and counted  in a Packard Tri-Carb 
Scinti l lation Counter ,  using 8 ml to luene  
(Mallinckrodt Chemical  Company ,  scint i l lat ion 
grade), containing 5 g/l i ter PPO (2,5-Diphenyl-  
oxazole ,  Packard Ins t rument  Company)  and 0.1 
g/liter d imethyl  POPOP (1,4-bis-2[4-m,ethyl-r- 
pheny loxazo ly l ] -benzene ,  Packard Ins t rument  
Company) .  

LIPIDS, VOL. 6, NO. 10 
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FIG. 2. The results are plotted as the mean plasma 
cholesteryl ester concentration for the active and 
inactive groups, _+ standard error of the mean. The 
upper line represents values for the group of four 
subjects who were inactive during oxygen exposure; 
the lower line represents values for the group of four 
subjects who were active during oxygen exposure. The 
increase in plasma cholesteryl ester concentration 
during the second control sampling, compared to the 
first, is possibly a dietary effect since the first sample 
was obtained one to two weeks after instituting the 
controlled diet. The plasma cholesterol values of the 
two groups are significantly different prior to separa- 
tion into active and inactive groups during oxygen 
exposure. However the groups are significantly differ- 
ent in initial body weight (Table If), such that 
differences noted between the two groups may be 
unrelated to activity. 

Plasma lec i th in-choles te ro l  acy l t ransferase  
act ivi ty  was measured  by  the  pe rcen tage  of  free 
choles tero l  conve r t ed  to  cho les te ry l  ester,  
where  the  rad ioac t iv i ty  in the  cho les t e ry l  ester  
f r ac t ion  was expressed as the  pe rcen tage  of  the  
to ta l  recovered  rad ioac t iv i ty .  Only  negligible 
rad ioac t iv i ty  was coa ted  to  the  side of  the  
i n c u b a t i o n  vial fo l lowing incuba t ion .  However  
var iabi l i ty  in the  d i s t r i bu t ion  of  e x o g e n o u s  
choles te ro l  to the  p lasma l i pop r o t e i n s  in the  
var ious  samples  was no t  examined .  It  is as- 
sumed  tha t  the re  is l i t t le  var iabi l i ty .  

The  c o n c e n t r a t i o n  of  free and  es ter  choles- 
terol  p resen t  in the  p lasma pr ior  to  i n c u b a t i o n  
was d e t e r m i n e d  by the  co lo r imet r i c  m e t h o d  o f  
Rosen tha l  et  al. (16) .  

RESULTS 

Exposure  to 100% oxygen  a t m o s p h e r e  at 
258 m m  Hg pressure resul ted  in a decrease  in 
the  act ivi ty  of  the  plasma lec i th in -cho les te ro l  
acyl t ransferase  as measu red  in vi t ro  by  radio- 
chemica l  assay (Fig. 1). There  was n o  statist i-  
cally s ignif icant  d i f ference  in assay resul t s  f rom 
the  active and  inact ive  subjects .  The i n h i b i t i o n  
by  oxygen  was n o t  i n d u c e d  rap id ly ;  the  de- 
crease in act ivi ty  dur ing  t he  first week  o f  
exposure  was no t  s ta t is t ical ly  s ignif icant .  The 

T A B L E  II 

V a r i a t i o n  in Ini t ia l  Weight  (Kg)  o f  Sub jec t s  a 

Act ive  Inac t ive  

7 6 . 0  69 .0  
80 .5  64 .5  
65.5  63 .6  
74 .0  61 .0  
74 .0  - 3.1 64.5 - 1.7 

a T h e  act ive a n d  inac t ive  g roups  are s i gn i f i c an t l y  
d i f f e ren t  (P ( 0 . 0 5 )  in in i t ia l  w e i g h t .  

level of act ivi ty by  the  f o u r t h  week of  exposure  
in the  c h a m b e r  was s ignif icant ly  lower  ( P <  
0 .001)  t han  any  of  the  preceding  values.  Al- 
t h o u g h  the  m e a n  act ivi ty  dur ing  t he  second  
week of  recovery is a larger n u m b e r  than  the  
fou r th  week of  oxygen  exposure ,  the  two  levels 
are no t  s ignif icant ly  d i f ferent .  However  the  
value dur ing recovery  was s ignif icant ly  lower  
t h a n  the  init ial  con t ro l  values ( P <  0.001) ,  

Plasma choles te ry l  ester  levels ref lect  the  
changes  d e t e r m i n e d  by the  in vi t ro  assay (Fig. 
2). Stat is t ical  analyses for the  plasma choles- 
teryl  ester  c o n c e n t r a t i o n s  suggest t h a t  t he  
active and inact ive  groups  differ  n o t  on ly  in the  
level of the  cho les te ry l  es ter  ( P <  0 .01)  dur ing 
the  con t ro l  pe r iod  when  the re  was p r e s u m a b l y  
no  di f ference in the i r  act ivi ty ,  bu t  also in 
var iabi l i ty .  Since the  groups are s ta t is t ical ly  
d i f fe ren t  in ini t ial  body  weight  (Tab le  II), the  
d i f ferences  n o t e d  b e t w e e n  t he  two groups  may  
be unre la t ed  to act ivi ty .  Despite t he  d i f ferences  
be t ween  the  two  groups,  b o t h  show a similar  
decreasing t r end  in p lasma cho les te ry l  es ter  
c o n c e n t r a t i o n s  dur ing  exposure  to  oxygen .  

A signif icant  decrease in p lasma cho les t e ry l  
es ter  c o n c e n t r a t i o n  is seen by  the  f o u r t h  week 
in b o t h  groups.  For  the  act ive group  t he  value  
of  the  f o u r t h  week  sampl ing  was s ignif icant ly  
less ( P <  0 .0025)  t han  e i the r  con t ro l  sampling.  
The  fou r th  week sampl ing  for  t he  inact ive  
group was s ignif icant ly  less ( P <  0 . 0 0 0 5 ) t h a n  
t h e  s e c o n d  con t ro l  sampling,  and  less 
( P <  0 .025)  t h a n  the  first week of  exposure ,  bu t  
no t  s ignif icant ly  less t han  t he  first con t ro l  n o r  
the  recovery  m e a s u r e m e n t .  For  these  inact ive  
subjects  the  increase in level of  t he  second 
con t ro l  sampl ing over  the  first  is s ignif icant  
( P <  0 .0001) .  This obse rva t ion  is unexp la ined .  
The  increase may  ref lect  an ef fec t  o f  diet  on  
the  plasma choles tery l  ester  level, more  promi-  
nen t  in less muscu la r  individual ,  i.e., inact ive  
group (Table  II). 

DISCUSSION 

In this s t udy  a s ignif icant  decrease in the  
act ivi ty of the  plasma lec i th in -cho les te ro l  acyl- 
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transferase was found after exposure in vivo to 
an oxygen atmosphere at 258 mm Hg pressure. 
The decrease in atmospheric pressure is not 
likely to be involved in the observed effect; it is 
considered that the decrease in enzymatic 
activity is the result of exposure to a pure 
oxygen atmosphere. 

The inhibition of enzymatic activity by 
oxygen may be comparable to the effect of 
hydrogen peroxide on the enzyme. We have 
shown that 0.1 M hydrogen peroxide inhibits 
markedly the serum lecithin-cholesterol acyl- 
transferase activity in vitro (11). Similarly 
hydrogen peroxide and peroxidized lipids result 
in inhibition of the plasma lecithin-cholesterol 
acyltransferase reaction by affecting sulfhydryl 
groups (H.S. Mickel, E.L. Foulds and D.A. 
Clark, in preparation). Similar concentrations 
of hydrogen peroxide were shown by Clark et 
al. to result in alterations in serum lipoproteins 
(17). Since the acyltransferase activity is inhib- 
ited by sulfhydryl blocking agents and is reversi- 
bly inhibited by p-hydroxymercuribenzoate (5), 
the in vivo effect of oxygen may parallel that of 
hydrogen peroxide and peroxidized lipids in al- 
tering sulfhydryl groups necessary for enzymatic 
activity. 

Oxidation of these sulfhydryl groups may be 
the result of direct attack by molecular oxygen. 
Alternately a decrease in the acyltransferase 
activity may result from the peroxidation of 
polyunsaturated fatty acids in the plasma lipids. 
Destruction of sulfhydryl groups occurs in the 
presence of peroxidized lipids (18,19), and 
acyltransferase activity has been shown to be 
abolished in the presence of peroxidized leci- 
thin. 

There may be an association between re- 
duced  p la sma  lecithin-cholesterol  acyl- 
transferase activity and anemia. The congenital 
absence of the plasma enzyme is associated 
with very low levels of circulating cholesteryl 
ester, markedly elevated free cholesterol con- 
centration, absence of c~-lipoproteins, lipid de- 
posits in the cornea, normocytic-normochromic 
anemia with shortened erythrocyte survival 
time, and proteinuria. 

In this study a reduction in the plasma 
lecithin-cholesterol acyltransferase activity was 
associated with a reduction in plasma choles- 
teryl ester concentrations, a minimal reduction 
in high density lipoproteins, and anemia, but no 
observed proteinuria nor corneal lipid deposits. 

The red blood cell mass decreased approxi- 
mately 13% and the hematocrit dropped ap- 
proximately 5% during exposure of the group 
to oxygen. Since mean red blood cell indices 
calculated from hematocrit, hemoglobin con- 
centration, and red blood cell count were 
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unchanged, the anemia was normochromic- 
normocytic. Unchanged or suppressed reticulo- 
cytosis indicated suppressed erythropoiesis 
during exposure to oxygen. At least a fourfold 
increase in reticulocytosis occurred during 
recovery. Reduction in erythropoiesis was also 
indicated by a steady decline in hemoglobin 
with no significant change in endogenous car- 
bon monoxide production. Shortened erythro- 
cyte survival curves during exposure to oxygen 
suggest that a hemolytic process was present. 
Hence there was evidence for both decreased 
production and some increased destruction of 
erythrocytes on exposure to oxygen. It is 
attractive to postulate that the primary product 
of the acyltransferase reaction, cholesteryl lino- 
leate, is required for erythropoiesis. This study 
showed a decrease in the rate of formation of 
cholesteryl ester by in vitro radiochemical 
assay, with an associated decrease in plasma 
cholesteryl ester concentration in individuals 
exposed to the 100% oxygen atmosphere. 
Therefore a decrease in the total amount of 
cholesteryl linoleate formed under these condi- 
tions seems probable. The decrease could be 
accentuated by additional peroxidative attack 
on cholesteryl linoleate during exposure to an 
oxygen atmosphere. The net effect would be to 
decrease the amount of cholesteryl linoleate 
available to tissues. 

Decreased availability of cholesteryi lino- 
leate might decrease function of hematopoietic 
or other tissues by depriving them of the 
polyunsaturated fatty acid. In other words 
polyunsaturated fatty acid metabolism may be 
integrally related to cholesteryl ester metabo- 
lism. Polyunsaturated fatty acid deficiency in 
animals has been shown to result in increased 
red blood cell fragility (20). There is a marked 
hyperemia of the kidneys resulting in protein- 
uria and gross hematuria in some animals (20). 
Polyunsaturated fatty acid deficiency appears 
similar in some respects to the syndrome 
associated with the congenital absence of the 
plasma lecithin-cholesterol actyltransferase ac- 
tivity. 

Polyunsaturated fatty acids may be required 
for optimal membrane synthesis, possibly as a 
membrane constituent. The incorporation of 
cholesteryl esters into the early myelin sheath 
during development in the human (21)suggests 
that fatty acids may be introduced into devel- 
oping cellular membranes, in part, as the 
cholesteryl esters. 

A decrease in available polyunsaturated fatty 
acids could also result in a decrease in prosta- 
glandin biosynthesis. Linoleic acid had been 
shown to be a precursor of eicosatrienoic acid 
(22) and eicosatetraenoic acid (23), which in 
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t u r n  are p r e c u r s o r s  o f  p r o s t a g l a n d i n s  ( 24 ) .  If  
c h o l e s t e r y l  e s t e r  is r e q u i r e d  f o r  o p t i m a l  avail-  
ab i l i ty  o f  p o l y u n s a t u r a t e d  f a t t y  ac ids  f o r  p ro s -  
t a g l a n d i n  b i o s y n t h e s i s ,  a g e n e r a l i z e d  d e c r e a s e  in  
p r o s t a g l a n d i n  f o r m a t i o n  w o u l d  r e s u l t  f r o m  
i n h i b i t i o n  o f  c h o l e s t e r y l  l i n o l e a t e  b i o s y n t h e s i s  
b y  o x y g e n  a t m o s p h e r e s .  S u c h  a d e c r e a s e  in 
p r o s t a g l a n d i n  b i o s y n t h e s i s  w o u l d  be  e x p e c t e d  
to  r e s u l t  in d iverse  e n d o c r i n e  a n d  m e t a b o l i c  
c h a n g e s  a f f e c t i n g  m a n y  o r g a n  s y s t e m s .  

D e s p i t e  t h i s  s p e c u l a t i o n  it  is p o s s i b l e  t h a t  
p r o l o n g e d  e x p o s u r e  t o  p u r e  o x y g e n  a t m o s -  
p h e r e s  m a y  c a u s e  d iverse  m e t a b o l i c  e f f e c t s  b y  
d i r ec t  p e r o x i d a t i o n  o f  d o u b l e  b o n d s  in  labi le  
l ip ids  o r  by  o x i d a t i o n  o f  s u l f h y d r y l  g r o u p s  o r  
o t h e r  r e ac t i ve  s i t e s  o n  e n z y m e s ,  or  b o t h .  
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Stereospecific Hydration of 
Unsaturated Fatty Acids by Bacteria 1 
L.L. WALLEN, E.N. DAVIS, Y.V. WU and W.K. ROHWEDDER, 
Northern Regional Research Laboratory, 2 Peoria, Illinois 61604 

ABSTRACT 

Three new 10-hydroxy fatty acids, all 
optically active, have been prepared by 
the anaerobic microbiological hydration 
of a cis-9 double bond. Substrates that 
formed these new hydroxy fatty acids are 
linoleic, linolenic, and ricinoleic acids. 
The hydroxyl group has the D configura- 
tion and the methyl esters are levorota- 
tory_ Infrared, mass spectral, specific ro- 
tation and ultraviolet data on these com- 
pounds were determined. There was no 
migration of the unreacted double bonds 
at e l 2  and Cls  in linoleic or linolenic 
acids. The presence of a double bond in 
the 10-hydroxy fatty acids significantly 
increased the optical rotation of the 
methyl esters. The hydratase enzyme 
showed unusual specificity among A9 
unsaturated acids. While it hydrates meth- 
ylene interrupted and hydroxy unsatu- 
rated acids, it failed to hydrate either 
9-decenoic, 12,13-epoxy- or 12-keto-cis- 
9-octadecenoic acids or sterculic acid. 

I N T R O D U C T I O N  

In 1962, Wallen et al. (1) found that the 
unidentified Pseudomonas sp. NRRL B-2994 
(ARS Culture Collection, Northern Regional 
Laboratory) converted oleic acid to 10-hydrox- 
ystearic acid. Davis et al. (2) studied the 
production and activity of the highly specific 
hydratase induced in this isolate and in another, 
Pseudomonas sp. NRRL B-3266. These orga- 
nisms anaerobically hydrated a number of cis-9 
fatty acids. The products from palmitoleic and 
oleic acids were optically active (-)-10 D-hy- 
droxy acids. Davis reported that A9 fatty acids 
not having the cis configuration or lacking a 
free (unesterified) carboxyl group were not 
hydrated. 

Dienoic acids with a cis-9 bond should yield 
unsaturated hydroxy acids isomeric with ricin- 
oleic acid. Gunstone (3) reported the presence 
of 9-hydroxy-12-octadecenoic acid in Strophan- 
thus sarmentosus seed oil, but there are no 
reports in the literature of an unsaturated 

1presented at the AOCS Meeting, San Francisco, 
April 1969. 

2No. Marketing and Nutrition Res. Div., ARS, 
USDA. 

10-hydroxy fatty acid. Hydration of a cis-9 
unsaturated hydroxy fatty acid, such as ricin- 
oleic acid, by the enzyme of these organisms 
would be expected to yield a dihydroxy prod- 
uct. We report here the characterization of 
several new optically active hydroxy fatty acids 
produced by the anaerobic activity of  resting 
cells of Pseudomonas sp. NRRL B-3266. The 
specificity of the hydratase is also further 
delineated. 

METHODS 

Fatty acids of high purity were purchased 
from The Hormel Institute. The 9-decenoic acid 
was prepared by 24 hr oxidation of 9-decenol 
with chromic acid in glacial acetic acid at room 
temperature. The presence of the unsaturated 
bond was confirmed by bromine addition and 
by infrared (IR) analysis. Saponification (4) of 
sterculia oil extracted from Sterculia foetida 
nuts gave crude sterculic acid. The 12-keto-oleic 
acid was prepared by the oxidation of ricinoleic 
acid with potassium dichromate in sulfuric acid 
according to the method of Nichols and Schip- 
per (5). All methyl esters were prepared with 
diazomethane. 

The yeast extract salts fermentation medium 
and procedures used are those described by 
Davis et al. (2). Bacteria were grown in this 
medium with inducer levels of substrate acid 
for 24 hr under aerobic conditions; the sub- 
strate was then added and the flask atmosphere 
was made anaerobic by replacement of air with 
prepurified nitrogen (less than 8 ppm 02). 
After the desired incubation period small fer- 
mentations (50 ml) were acidified and ex- 
tracted with ether in a liquid liquid continuous 
extractor for 6 hr; large fermentations (5-I0 
liters) were acidified, slurried with Hy-flo Super 
eel,  and filtered by suction through a filter bed 
of the same material to give a clear amber 
aqueous filtrate. The filter bed was then sus- 
pended in ether and washed several times by 
decantation to recover the entrapped fatty 
acids. A small sample of the recovered acids was 
then examined by gas chromatography of their 
methyl esters. Solid products were recovered 
and purified by fractional crystallization from 
cold hexane at -15 C. 

Chromatography 

Liquid products were separated as their 
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TABLE I 

Specific Rotation of Methyl Esters 
of Hydroxy Fatty Acids at 550 nm a 

26 
Ester [c~] 550 

Methyl 10-hydroxystearate -0.03 
Methyl 10,12-dihydroxystearate -0.41 
Methyl lO-hydroxy-c i s -12 ,  

cis- 15-octadecadienoate - 5.7 
Methyl 10-hydroxy-cis- 12- 

octadecenoate  -6.4 
Methyl ricinoleate +6.8 
Dimethyl 3-hy droxy-dodecane dioate b +0.40 

aln methanol  at 26 C. 
bNegative rotation at 340 nm. 

m e t h y l  esters  by silicic acid co lumn  c h r o m a t o g -  
raphy.  All silicic acid co l um ns  c o n t a i n e d  a 40  x 
480  m m  bed  of  Bio-Sil A (100 -200  mesh) ;  
esters were e lu ted  wi th  10% e ther  in hexane .  

Qual i ta t ive  analysis of f e r m e n t a t i o n  ex t rac t s  
was done  by gas c h r o m a t o g r a p h y  of  m e t h y l  
esters at  250 C for 1 min  fo l lowed by t empera -  
ture  p r o g r a m m i n g  at 15 C /min  to 300  C on a 
Model  700  F&M i n s t r u m e n t  equ ipped  wi th  dual  
4 ft co lumns  of 20% OV-17 on  80-100  mesh  
C h r o m o s o r b  W pre t rea ted  w i th  h e x a m e t h y l d i -  
silazane. A Disc i n t eg ra to r  was used to  approxi -  
ma te  p r o d u c t  yields.  

Thin  layer  c h r o m a t o g r a m s  were deve loped  
wi th  10% e the r  in hexane  on  20 x 20 cm 
Eas tman  C h r o m a g r a m  sheets .  Spots  were visu- 
alized u n d e r  ul t raviole t  (UV)  light a f te r  first 
spraying  wi th  a 0 .2% m e t h a n o l  so lu t ion  of  
2' ,7 ' -dichlo ro f luorescein .  

Spectrometry 

Mass spect ra  of the  m e t h y l  esters of  prod-  
ucts  were o b t a i n e d  on  a Model  12-90 G Nucl ide 
mass spec t romete r .  The spectra  were in ter -  
p re ted  accord ing  to the  f r a g m e n t a t i o n  scheme 
for  h y d r o x y  fa t ty  acids (6).  IR analyses were 
run  by  in te rna l  ref lec t ion  spec t roscopy  on  a 
Beckman IR-8 i n s t rum en t .  Films of  samples  
were fo rmed  on the  surface of  a KRS-5 plate  
(Wilks Scient i f ic  Corp. ,  S o u t h  Norwalk,  Conn . )  
by evapora t ion  f rom appl ied  h e x a n e  or  ace tone  
solut ions .  

Ultraviolet Spectra 

The UV spectra  were measured  at r o o m  
t e m p e r a t u r e  in a Cary 14 record ing  spec t ropho-  
t o m e t e r  f rom 350 to  a p p r o x i m a t e l y  200  nm.  
The cell pa th  varied f rom 0.2-2.5 cm;  the  
c o n c e n t r a t i o n  was usual ly  5%. The  solvent  
b lank  was s u b t r a c t e d  f rom the  observed  opt ica l  
dens i ty  of  the  so lu t ion .  

CO2Me} CO2Mel i O2Me 

(CH2)8 ( iH2)8  i H2 

H-~-OH H-C-OH - -  HO-C-H 

I I I 

CH CO2Me CO2Me 

I1 + 
CH 

I i~ Me 3L 
(c. H2)4 

~U 3 ( H2)4 

CH 3 

FIG. 1. Configuration of the dicarboxylic hydroxy 
acid from von Rudloff oxidation of methyl 10-hy- 
droxy-cis-12-octadecenoate. 

Optical Rotation 

A Cary 60 record ing  spec t ropo l a r ime t e r  was 
used to measure  the  specific r o t a t i o n  of  each 
sample at  550  nm in a 10 cm cell at  26 C. The  
c o n c e n t r a t i o n  of  the  so lu t ion  was usual ly  5%. 
The  i n s t r u m e n t  was ca l ibra ted  wi th  a sucrose 
so lu t ion  (Na t iona l  Bureau of  S tandards )  and  a 
quar tz  con t ro l  p la te  as descr ibed  by  Wu and 
Cluskey (7). A cons t an t  b a n d  pass of  1.5 n m  
was selected for  the  expe r imen t s .  The  solvent  
b lank  was sub t r ac t ed  f rom the  observed  rota-  
t ion  of  the  so lu t ion .  

RESULTS AND DISCUSSION 

When linoleic and  l inolenic  acids serve as 
subs t ra tes  an iner t  a t m o s p h e r e  is necessary to 
decrease  the  p robab i l i t y  of  a u t o x i d a t i o n .  Under  
these  cond i t i ons  s u b s e q u e n t  separa t ion  and 
e x a m i n a t i o n  of  p roduc t s  and  of  s ta r t ing  mate -  
rial showed  tha t  no  s ignif icant  ox ida t i on  had  
occurred .  

Linoleic Acid 

Linoleic  acid was conve r t ed  to  10-hydroxy-  
cis-12-octadecenoic acid in 20  mole  per  cent  
yield. The p roduc t  was separa ted  as its m e t h y l  
ester  on a silica gel c o l u m n  and gave a single 
peak on a gas c h r o m a t o g r a m .  The r e m a i n d e r  of  
the  mater ia l  recovered  was u n c h a n g e d  sub- 
s trate.  The 10-hydroxy  acid and  its m e t h y l  
es ter  are oils at  r o o m  t empe ra tu r e .  The m e t h y l  
ester  had  a mp  o f - 7  to - 5 C .  Methyl  10- 
hydroxy-cis-12-octadecenoate is i somer ic  wi th  
m e t h y l  r ic inoleate  and  showed  an IR spec t rum 
near ly  ident ica l  to  it. P r o m i n e n t  fea tures  in- 
c luded  a s t rong hyd roxy l  b a n d  at  3450  cm -1, 
bands  at  3000  cm -1 and  1650 cm -1 for  cis 
u n s a t u r a t i o n ,  bu t  n o n e  at 967 cm -1 (trans), and  
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TABLE II 

Mass Spectral Data of Hydroxy Esters 

747 

Compound Fragments Mass 

Methyl 10-hy dro xy-cis- 12,cis- 
1 5 - o c t a d e c a d i e n o a t e  

t 

mol wt 310 

Methyl lO-hydroxy-cis-12- 
octadecenoate 

mol wt 312 

Methyl 10,12-dihy droxystearate 
mol wt 330 

Dimethyl 3- 
hydroxydodecanedioate 

mol wt 274 

1 lO 

~ -(CH2)8-~H- [HI 169 
OH 

1 10  

CH3-O-~-(CH2)8-~H 201 

1 10 

CH 3.O.~.(CH2)8-~H 201 

1 10 12 

CH 3-O-~-(CH2)8-~H-CH2-~H 245 

O OH OH 
12 10 

CH 3.O.~-CH2-~H 103 

1 

CH3-O-~-(CH2) 8 + [H] 172 

O 
1 10 

CH 3-O-~-(CH2)8-~H 201 

O OH 

at 1737 cm -1 for an ester carbonyl. The methyl 
ester is levorotatory as is the methyl 10-hydrox- 
ystearate obtained from the hydration and 
esterification of oleic acid. This unlike methyl 
ricinoleate which is dextrorotatory but gives a 
levorotatory reduction product (8). Schroepfer 
and Block (9) determined that the hydroxyl 
group of levorotatory methyl 10-hydroxy- 
stearate produced by the microbial hydration 
of oleic acid had the D configuration. Tulloch 
and Spencer (10) showed that the hydroxyl 
group of levorotatory monohydroxy fatty acids 
also has the D configuration. By reduction of 
lO-hydroxy-cis-12-octadecenoic acid (formed 
by the hydration of linoleic acid), we obtained 
10~ acid whose methyl ester was 
levorotatory, thereby proving that the hydroxyl 
group of the 10-hydroxy unsaturated acid has 
the D configuration. The rotation values are 
given in Table I. Values for methyl ricinole~te 
are included for comparison. A mass spectrum 
indicated fragmentation as shown in Table II 
and confirmed the presence of the hydroxyl 
group at carbon 10. 

Acidic products from the degradation of 
methyl lO-hydroxy-cis-12-octadecenoate by the 
von Rudloff procedure (11) were esterified and 
identified as dimethyl 3-hydroxydodecane- 
dioate and methyl hexanoate. The 3-hydroxy 
C12 dicarboxylic ester was identified by IR 
spectroscopy, comparative gas chromatographic 
retention times, and mass spectroscopy. Since 
the location of the hydroxyl group of the 
dicarboxylic ester was established at C-3, the 
location of the double bond of the original C18 
unsaturated acid was confirmed at the C-12 
position. The odorous hexanoic acid was identi- 
fied by comparative gas chromatography of its 
methyl ester against methyl hexanoate. The 
3-hydroxy dicarboxylic acid degradation prod- 
uct was dextrorotatory. Precedents in the litera- 
ture (10) indicate that on this basis the 
3-hydroxy dodecanedioic acid has the L con- 
figuration for the hydroxyl group. The reaction 
sequence in Figure 1 shows the relationships of 
the 3-hydroxyl group to the nearest carboxyl 
group as a result of the oxidative cleavage 
reaction. 

LIPIDS, VOL. 6, NO. 10 
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TABLE III 

Inaetive Unsaturated Fatty Acid Substrates 

Acid Structure 

9-Decenoic (C10) 

10 9 

CH2=CH . . . . . . . . . . . . . .  COOH 

Sterculic (C 18) 

Vernolie (C 18) 

10 9 

. . . . . . . . . . . . . .  COOH 

13 12 10 9 

~ H-CH2-CH=CH . . . . .  COOH 

1 2 - K e t o - o l e i c  (C 18) 

12 10 9 

-CH2-CH=CH . . . . . . . . .  COOH 

Linolenic Acid 

Autoxidation was insignificant in fermen- 
tations of linolenic acid under anaerobic con- 
ditions. Bacterium B-3266 gave 10-hydroxy-c/s- 
12,cis-15-octadecadienoic acid in 21 mole per 
cent yield from linolenic acid. After esterifi- 
cation of the crude products, methyl 10- 
hydroxy-cis-12,cis-15-octadecadienoate was 
separated on a silica gel column and gave a 
single gas chromatographic peak with the ex- 
pected retention time of 8.8 min. Although the 
product ester gave IR bands very similar to 
those of the linoleic acid-derived product, a 
stronger band at 3050 cm q but none at 967 
cm q (trans) indicated more cis-unsaturation 
than in the product from linoleic acid. Mass 
spectroscopy confirmed the location of the 
single hydroxyl group on carbon 10 of the 
chain (Table II). The purified C18 methyl ester 

is an off, mp -15 to -14 C. Its rotation is given in 
Table I. Although Christie and Holman (12) 
report that cis-12,cis-15-octadecadienoic acid is 
a solid which melts at 18 C, the 10-hydroxy 
derivative of this acid was an oil. 

Esterification of the products from the yon 
Rudloff degradation of methyl lO-hydroxy-cis- 
1 2,cis-1 5-octadecadienoate gave dimethyl 
3-hydroxydodecanedioate and a gas chromato- 
graphic peak with the same retention time as 
dimethyl malonate. Data obtained by IR, gas 
chromatography, and mass spectroscopy of 
these derivatives confirmed the location of 
double bonds at the C12 and C15 positions of 
the parent product. 

Ricinoleic Acid 

The anaerobic fermentation of ricinoleic 
acid by B-3266 gave a 41 mole per cent yield of 
optically active I0,12-dihydroxystearic acid. IR 
analysis showed a strong hydroxyl  absorption 
at 3300 cm -l but no carbonyl band except that 
for the carbomethoxy group at 1735 cm -1. 
Bands for cis- or trans-unsaturation were 
absent. Although 9,10-dihydroxystearic acid 
melts at 99C,  our free acid melted at 
66.5-67.0 C. This behavior is attributed to the 
1,3-diol positions of the two hydroxyl  groups 
relative to each other. The methyl ester had a 
low optical rotation (Table I) and gave a single 
spot of low Rf value (0.25) on a thin layer 
chromatogram developed with 30% ether in 
hexane. It melted at 53-54 C. A mass spectrum 
of methyl  10,12-dihydroxystearate gave repre- 
sentative fragments consistent with the ex- 
pected fragmentation pattern for a 10,12- 
dihydroxy fatty acid (Table II). The hydroxyl  
group of ricinoleic acid has the D configuration 
(13) and the 10 (-) hydroxyl group introduced 
into the molecule by microbiological processes 
has the D configuration. We therefore surmise 
that the hydrated product from ricinoleic acid 
is (-)-10 D, 12 D-dihydroxystearic acid. 

The methyl ester of 10,12-dihydroxystearic 
acid was labile at high temperatures. When a 
mass spectrum was prepared at an all glass 
molecular leak inlet at 200 C, no molecular 
weight fragments greater than mass 43 were 
produced; whereas a probe inlet temperature of 
125 C gave a satisfactory spectrum. When s a m -  
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ples of ester were heated in a tube to their 
boiling point, IR spectra were similar to those 
for methyl ricinoleate. Seemingly the ester loses 
a molecule of water between one of the 
hydroxyl groups and an adjacent hydrogen on a 
neighboring methylene group. 

When ricinoleic acid was incubated with 
bacterium B-3266 under aerobic conditions, a 
small amount of product was formed whose 
retention time (following treatment with diazo- 
methane) on a gas chromatogram was consis- 
tent for a monoketo or monohydroxy C12 
ester. The overlapping IR bands at 1775 cm q 
and 1735 cm -l (for lactone and ester, respec- 
tively), the hydroxyl band at 3410 cm -1, and 
strong methylene absorption at 2850 cm -1 and 
2910 cm -t are supporting evidence for a mix- 
ture of methyl  ester and a hydroxy lactone. 
The latter compound could result from oxida- 
tive degradation of the initial hydration reac- 
tion product, 10,12-dihydrixystearic acid, to 
form 4,6-dihydroxydodecanoic acid which then 
lactonizes. The band at 1735 cm -1 is probably a 
methyl ester, possibly of a dihydroxy or keto 
acid. An indication of some carbonyl absorp- 
tion was seen at 1695 cm-1. The presence of 
4,6-dihydroxydodecanoic acid would be consis- 
tent with our earlier work (2) where 4-ketodo- 
decanoic acid was identified as a degradation 
product of 10-hydroxystearic acid in aerobic 
fermentations with B-3266. It is also consistent 
with the reported resistance (14) to bacterial 
degradation of C10 to C12 fatty acids con- 
taining a hydroxyl group on carbon 4, 5, or 6. 

Miscellaneous Su bstrates 

Anaerobic fermentations were tried with 
other fatty acids (Table III) having a A9 bond. 
These acids were not converted into a product; 
no hydroxyl function could be detected with 
gas chromatography or by IR analysis. 

Optical Rotation 

The specific rotations of the methyl esters of 
hydroxy fatty acids were studied as a function 
of wavelength; values for 550 nm are shown in 
Table I. The specific rotation of methyl 
10-hydroxystearate was considerably lower in 
magnitude compared with that of methyl 
10,12-dihydroxystearate which in turn was 
considerably lower than those of other fatty 
acid esters studied. 

The magnitude of specific rotation of the 
hydroxylated stearates is several times higher 
when two hydroxyl groups are present instead 
of one. This increase is to be expected because 
methyl 12 D-hydroxyoctadecanoate has a (-) 
rotation (8,10) as does methyl 10 D-hydroxy- 
octadecanoate. Thus each asymmetric center 

contributes to the total negative rotation. 
The presence of a double bond in methyl 

lO-hydroxy-eis-12-octadecenoate increases the 
magnitude of specific rotation by 40-200 times 
over that of methyl 10-hydroxystearate where 
no double bond is present. However the loca- 
tion of a double bond and an increase in the 
number of double bonds from one to two have 
little influence on the magnitude of specific 
rotation, e.g., methyl 10-hydroxy-cis- 12,cis- 15- 
octadecadienoate, methyl 10-hydroxy-cis-12- 
octadecenoate, and methyl ricinoleate (methyl 
12-hydroxy-cis-9-octadecenoate) all have com- 
parable rotation values. With the exception of 
dimethyl 3-hydroxydodecanedioate, the magni- 
tude of specific rotation increased with de- 
creasing wavelength. 

Ultraviolet Spectra 

The hydroxy- and dihydroxystearates do not 
have absorption maxima or minima in the 
wavelength range (350-200 nm) studied. Methyl 
10-hydroxystearate has low UV absorption at 
273 nm, but methyl ricinoleate has two shallow 
minima and maxima close together in this 
r e g i o n .  M e t h y l  10-hydroxy-c is -12-oc ta-  
decenoate and methyl 10-hydroxy-cis-12,cis-15- 
octadecadienoate have, respectively, only one 
maximum (274 and 272 nm) and one minimum 
(262 and 263 nm) each. The presence of an 
additional hydroxyl group, as in methyl 
10,12-dihydroxystearate, increased UV absorp- 
tion more than five times. The addition of a cis 
double bond increased UV absorption 9-64 
times over that of methyl 10-hydroxystearate 
depending on the location of  the bond. In 
methyl ricinoleate where the double bond is in 
the center of the molecule (cis-9) the increase is 
ninefold, but in methyl 10-hydroxy-cis-12-octa- 
decenoate the absorption is increased 64 times. 
The presence of one or two double bonds in 
hydroxy fatty esters gave little difference in the 
UV absorption since values obtained for methyl 
10-hydroxy-cis-12-octadecenoate and methyl  
lO-hydroxy-cis-12,cis-15-octadecadienoate were 
nearly identical. 

DISCUSSI ON 

The products from fermentations involving 
single and multiple double bond systems con- 
firm the specificity of the hydro-lyase for 
hydration of the cis-9 position. A reaction 
product formed with 12-hydroxy-cis-9-octa- 
decenoic (ricinoleic) but not with 12-keto-cis-9- 
octadecenoic (12-keto-oleic) acid or with 
12,13-epoxy-cis-9-octadecenoic (vernolic) acid. 
The lack of an alkyl chain on the omega side of  
the double bond in 9-decenoic acid may have 
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prevented reaction, as did the steric effect of 
the cyclopropene ring system of sterculic acid. 
Also our C 1 o substrate may have been toxic to 
the microorganisms used here. On the basis of  
our negative results with these compounds, it 
appears that an alkyl chain on both sides of  the 
A9 bond is essential, and that these chains must 
be in a cis relationship to one another (2), 
rather than in a trans or a linear mode. 

The bacterium B-3266 produces a hydro- 
lyase specific for adding water to a cis-9 double 
bond. The direction of addition is specific with 
respect to the placement of the hydroxyl 
function at Clo  in a D configuration and a 
hydrogen at C 9 in an L configuration (15). 
Other carbon-carbon double bonds do not 
block the reaction, nor does a hydroxyl  at C 1 z 
inhibit it, although nearby epoxy and keto 
groups appear to do so. We believe that 
hydration is probably the first step in the 
microbiological degradation of cis-9 unsatu- 
rated fatty acids by this organism, followed by 
/3-oxidation to a 4-keto- or -hydroxy-dode- 
canoic acid. The failure to detect products of 
shorter chain length supports the conclusions of  
Mizugaki et al. (14), who state that the degrada- 
tion of hydroxy fatty acids by E. coli  ceases 
when the carbon chain reaches a length of 10, 
1 1, or 12, and the hydroxy group is on the 
sixth, fifth, or fourth carbon atom, respec- 
tively. 
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ABSTRACT 

Two products derived from rat renal 
tissue have been shown to affect in vitro 
hepatic cholesterol synthesis. A pre- 
-mevalonate inhibitor of hepatic choles- 
terol synthesis is associated with the 
membranes of the renal endoplasmic re- 
ticulum. It is stable at -75 C and at 4 C 
but is heat labile. A pre-mevalonate stim- 
ulator of in vitro hepatic cholesterol 
synthesis is located within renal lyso- 
somes and can be prepared in a nonsedi- 
mentable form by extraction with hypa- 
tonic buffer. While it is stable at -75 C, it 
loses activity at 4 C. Both of these pro- 
ducts appear to have a molecular weight 
in excess of 150,000 as determined by gel 
filtration. 

INTRODUCTION 

Effects of Renal Factors 
on Hepatic Cholesterol Synthesis 

Abnormalities of lipid metabolism occur 
regularly in a wide spectrum of renal diseases. 
Even bilateral nephrectomy results in moderate 
hyperlipemia in many species (1). The most 
dramatic hyperlipemia occurs in the nephrotic 
syndrome, a symptom complex characterized 
by massive proteinuria, hypoproteinemia, 
hyperlipemia, edema and lipiduria. Although 
the mechanism of development of nephrotic 
hyperlipemia has not been definitively estab- 
lished, two major hypotheses have been pro- 
posed, 

The most widely accepted hypothesis was 
proposed by Rosenman et al. (2) and subse- 
quently extended by Marsh and Drabkin (3). In 
the presence of nephrotic hypoalbuminemia 
there is a generalized increase in the hepatic 
synthesis of proteins including lipoproteins. 
Low molecular weight proteins such as albumin 
are lost in the urine while high molecular 
weight proteins such as ~-lipoproteins are not 
excreted in significant amounts. Accordingly 
Marsh and Drabkin explained the serum protein 
abnormalities of nephrosis on the basis of a 
"kinetic balance" between production in the 

1Nebraska Heart Association Post-Doctoral Fellow. 
2 Deceased. 

liver and outflow in the urine, albumin being 
postulated as the key substance regulating 
protein synthesis by a negative feedback mech- 
anism. 

However Heymann et al. noted that nephro- 
tic hypeflipemia can develop in the absence of 
significant hypoalbuminemia (4) and that uni- 
lateral nephrectomy partially corrects nephrotic 
hypeflipemia (5). They suggested that the 
kidneys influence hepatic cholesterol synthesis 
by the production during nephrosis of a renal 
"hypeflipemia inducing" substance, although 
they could not exclude a "lipemia depressing" 
substance which might be released from the 
kidneys in lesser quantities during nephrosis. 
Moreover Tracy (6) observed that renal protein 
excretion, renal tubular protein reabsorption, 
and hepatic lipid synthesis are directly related. 
He suggested that during periods of proteinuria 
the kidneys release a "lipemic factor" which 
stimulates the synthesis and release of hepatic 
lipoproteins. 

While all of the above studies were perform- 
ed using rats as experimental models, evidence 
of similar factors in another species was pro- 
vided by Lagrue et al. (7), who studied serum 
lipids in the rabbit during unilateral and bila- 
teral renal vein constriction. Despite compar- 
able proteinuria and hypoproteinemia in both 
groups, hyperlipemia developed only after bila- 
teral renal vein constriction. This simple experi- 
ment suggests that the development of hyper- 
lipemia is related to an effect of nephrotic renal 
tissue rather than to hypoproteinemia. It also 
suggests that normal renal tissue can prevent 
nephrotic hyperlipemia, presumably by produc- 
ing a substance which inhibits lipid synthesis. 

The present report describes the identifica- 
tion and intracellular localization of renal lipe- 
mic and antilipemic factors which affect hepa- 
tic cholesterol synthesis in vitro. 

METHODS AND MATERIALS 

Aminonucleoside was obtained from Nutri- 
tional Biochemicals Co., Cleveland, Ohio. The 
phospholipids, bovine protein fractions, en- 
zymes, coenzymes, and Bio-Gel resins used in 
this study were obtained from Calbiochem, Los 
Angeles, Calif. 14C-labeled acetate and meva- 
lonate were obtained as the sodium salts from 
New England Nuclear Corp., Boston, Mass. All 
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T A B L E  I 

The  Ef fec t s  o f  R a t  Liver  a n d  K i d n e y  S u b c e l l u l a r  F r a c t i o n s  F r o m  N o r m a l  a n d  N e p h r o t i c  Rats  
on  the  I n c o r p o r a t i o n  o f  2 - 1 4 C - A c e t a t e  I n t o  C h o l e s t e r o l  b y  a Ra t  Liver  E n z y m e  S y s t e m  

Liver  subce l l u l a r  f r a c t i o n s  a 

Per  cen t  o f  c o n t r o l  a c t i v i t y  + 1 S.D.  
in t he  p re sence  o f  subce l l u l a r  f r a c t i o n s  

One  w e e k  T w o  w e e k  
Sal ine i n j e c t e d  n e p h r o t i c  n e p h r o t i c  

S u c r o s e  c o n t r o l  100  4- 18 .2  100  4- 14 .6  100  4- 13.3  
Large  g r anu l e  f r a c t i o n  3.1 -- 2 .0  33 .5  4- 20 .6  4 . 0  4- 1.8 
Smal l  g ranu le  f r a c t i o n  91 .6  + 15 .2  121.1  + 4 .8  1 3 0 . 5  _+ 8.1 
S m o o t h  M i c r o s o m e s  70 .3  4- 9 .8  79 .5  4- 2 .7  124 .5  + 5.2 
Cell sap  1 1 9 . 0  4- 10 .5  104 .5  4- 11.1 124.1  _ 13 .8  

K i d n e y  s u b c e l l u l a r  f r a c t i o n s  a 

S u c r o s e  c o n t r o l  100  4- 29 .6  1 0 0  4- 12.1 100  4- 4 .6  
Large  g ranu le  f r a c t i o n  1.2 4- 0 .7  14 .9  4- 3 ,5  2.1 4- 0 .9  
Smal l  g r anu l e  f r a c t i o n  1.5 _+ 1.2 3 .9  + 2 ,2  1.3 4- 0 .5  
S m o o t h  m i c r o s o m e s  1.7 4- 0 ,7  0 .5  _+ 0 .3  0 .7  4- 0 .2  
C e l l s a p  1 4 4 . 2  4- 0 .3  66 .7  _+14.9 1 1 7 . 8  _-/-18.6 

aAll  subee l l u l a r  f r a c t i o n s  we re  a d j u s t e d  t o  5 mg p r o t e i n  per  i n c u b a t i o n ;  f o u r  i n c u b a -  
t ions  per  g r o u p ; s u b c e l l u l a r  f r a c t i o n s  were  p r e p a r e d  f r o m  e igh t  sa l ine  i n j e c t e d  c o n t r o l  r a t s  a n d  
seven n e p h r o t i c  r a t s  a t  e a c h  t ime  in te rva l .  

solvents and inorganic chemicals were obtained 
from Fisher Scientific Co., Pittsburgh, Pa. 

Induction of Nephrosis 

Nephrosis was produced in 250~ g male 
albino rats by the intraperitoneal injection of 
20 mg of Aminonucleoside in 4 ml of sterile 
saline (8). Controls were injected with sterile 
saline only. A nephrotic syndrome which regu- 
larly appeared within one week was confirmed 
by the findings of elevated pre-~ and/3-1ipopro- 
tein levels, hypercholesterolemia, hypoalbumin- 
emia, and typical renal tubular changes as 
observed by light microscopy. Experimental 
animals sacrificed at one and two weeks after 
injection are termed, respectively, one week 
and two week nephrotic rats. 

Subcellular Fractionations 

Rat kidneys and livers were fractionated 
according to the following scheme. After 
Dounce homogenization (9) with 8 volumes of 
buffered 0.45 M sucrose (10), a cytoplasmic 
suspension was prepared by centrifugation at 
650 g for 5 min. From this suspension the large 
granule fraction was sedimented at 10,000 g for 
5 min. The resulting supernatant was then 
centrifuged at 15,000 g for 20 min to obtain 
the small granule fraction. A final centrifuga- 
tion at 105,000 g for 60 rain yielded smooth 
microsome as well as cell sap fractions. 

In addition rat kidney lysosomes and mito- 
chondria were prepared by the method of 
Shibko and Tappel (10) following Dounce 
homogenization. Rat liver lysosomes were pre- 
pared by the method of Sawant (11). Hypo- 

tonic extracts of kidney and liver fractions were 
prepared according to Contera (12). All frac- 
tions adjusted to known protein content were 
stored at -75 C prior to assay in the in vitro 
system. 

In Vitro Assay System 

The hepatic cholesterol synthesizing system 
used in this study was developed by Bucher 
(13), and modified by Knaus et al. (14) and 
Eskelson et al. (15). Rats were sacrificed by 
decapitation and their livers were perfused with 
20 ml of ice cold pH 7.4, 0.1 M phosphate 
buffer containing 0.03 M nicotinic acid amide 
and 0.004 M magnesium chloride. The livers 
were then homogenized 1:1.5 (w/v) in the same 
buffer solution using a Potter homogenizer with 
trimmed pestle (15). Debris, whole cells and 
nuclei were discarded after centrifugation at 
1000 g for 10 min. This supernate was then 
centrifuged at 9000 g for 30 min to obtain the 
supernatant enzyme source which was stored at 
-75 C until use. The incubation mixture con- 
tained 2.0 ml of this liver microsomal suspen- 
sion, 0.5 ml of 1.0 M pH 7.0 phosphate buffer, 
1.0 ml of test or control materials, 1.0 ml of 
2-14C acetate (2.5 /.tC in 5.0/ /moles)  or 2-14C 
mevalonate (0.4 /IC in 1.0//moles) and 0.5 ml 
of coenzyme solution in a total volume of 5.0 
ml. Each 0.5 ml of coenzyme solution contains 
5.0 /.tmoles of ATP, 30.0 //moles of 
MgC12 �9 6H20, 22.5 #moles of glucose-l-phos- 
phate, 30.0/ /moles of reduced glutathione, 0.2 
//moles of coenzyme A, 1.2//moles of NAD and 
1.4 pmoles of NADP. The incubation mixture 
in a 50 ml glass-stoppered Erlenmeyer flask was 
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FIG. 1. The effects of various concentrations of rat 
kidney smooth microsomes on the incorporation of 
2-14C-acetate into cholesterol by a rat liver enzyme 
system. 

oxygena ted  with a s t ream of  95% 02 for 10 
seconds ,  s toppered ,  and incuba ted  for  60 min 
in an oscillating Dubnof f  shaker  at 37 C. 

Af te r  incuba t ion ,  1 ml o f  absolute  e thanol  
conta ining 2 mg of  choles terol  was added  to  
each flask. The con ten t s  were poured  in to  
25 x 200 mm tes t  tubes  and each flask was 
r insed with 4 ml of  2.5 N methanol ic  KOH and 
the  rinse added  to  the test  tubes .  Choles terol  
esters were hyd ro lyzed  for 75 min in a 75 C 
water  bath.  The tubes  were al lowed to  cool  and 
ex t rac ted  three  t imes wi th  l 0  ml o f  pe t ro leum 
ether.  To the combined  pe t ro l eum e ther  ex- 
t racts ,  approx imate ly  2 g of  anhydrous  Na2SO 4 
was added.  The tubes  were shaken,  the  Na2SO 4 
al lowed to sett le,  and the  pe t ro l eum e ther  was 
decanted  in to  a 50 ml centr ifuge tube.  

The pe t ro leum ether  was evapora ted  unde r  a 
s t ream of  N 2 in a 60 C water  bath.  The residue 
was taken up in 3 ml of  ace tone-e thano l -e the r  
(4:4:1 ) solut ion.  One d rop  o f  1% phenolph tha l -  
ein in e thanol ,  0.1 ml of  2.5 N KOH in 
methanol ,  and 2 ml of  a 1% toma t ine  so lu t ion  
(1 g tomat ine ,  55 ml H20, 44 ml e thanol ,  and 
l ml glacial acetic acid) were added.  The tube ' s  
con ten t s  were mixed  by vor t ex  and the  sides of  
the tubes  rinsed wi th  a minimal  amoun t  of  the 
ace tone-e thano l -e the r  solut ion.  Precipi ta t ion of  
the tomat in ide  was al lowed to  p roceed  over- 
night.  

The tube ' s  con ten t s  were t hen  mixed  by 

TABLE II 

Effect of Rat Kidney Microsomes and Purified 
Endoplasmic Reticulum Membranes on the In Vitro 

Incorporation of 2-14C_Acetat e Into C h o l e s t e r o l  
by a Rat Liver Homogenate 

Experimental conditions a DPM __. 1 S.D. 

Sucrose control 11,400 + 1380 
Rat kidney microsomes 2420 + 570 
R a t  kidney e. r. membranes 120 -+ 50 

aExperimental groups contained 2 mg protein per 
incubation ; four incubations per group. 

TABLE III 

Effects of Sedimentable and Nonsedimentable 
Fractions of Soniciated Rat Kidney Smooth 

Microsomes on the In Vitro Incorporation of 
of 2-14C-Acetate Into Cholesterol by 

a Rat Liver Enzyme System 

Experimental conditions a DPM _+ 1 S.D. 

Sucrose control 
Sonicated smooth microsomes, 

nonse dimentable b 
Sonicated smooth microsomes, 

sedimentable b 

3320 4- 26 

390 + 94 ' 

1380 _+ 240 

aSmooth microsomal fractions were adjusted to 
2.5 mg protein per incubation; three incubations in 
control group, four incubations in each experimental 
group. 

bSedimentation was carried out at 105g for 1 hr. 

vor tex ,  the  sides of  the tubes  r insed wi th  
ace tone-e thano l -e the r  solut ion,  and the  precipi- 
ta te  col lected by centr i fugat ion at 1000 g for  5 
min. The superna tan t  was discarded and the  
precipi ta te  was washed twice by suspension in 
ace tone-e thano l -e the r  mixture  and subsequent  
cent r i fugat ion .  The recovered toma t in ide  was 
dissolved in 2 ml of  glacial acetic acid at 80 C. 
Five milliliters o f  scinti l lat ion fluid was added  
to each tube  and the solut ion was t ransfer red  to 
count ing  vials. The tubes  were then  r insed wi th  
10 ml of  scint i l lat ion fluid and this fluid was 
added  to  the appropr ia te  vial. The de termina-  
t ion of radioact ivi ty  of  the  choles terol  t o ma t -  
inide was pe r fo rmed  according to  the  m e t h o d  
of  Kabara et  al. (16) as modi f ied  by Eskelson et 
al. (15).  

Counts  per minute  were de te rmined  by  
liquid scinti l lat ion spec t rome t ry .  Eff ic iency was 
calculated by the channels  ratio me t h o d .  Dis- 
in tegra t ions  per minute  (dpm) ,  the mean  d p m  
and s tandard  deviat ion of  a sample group and 
the  significance of  in te rgroup di f ferences  as 
measured by the S tuden t  t - test ,  were calculated 
with the  aid of  an IBM 1620 compute r .  
Significance was accep ted  at P ~  0.05. 
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TABLE IV 

Effects of  Rat Kidney Microsomes on the Incorporation of 2-14-C-Acetate and 
2-14C-Mevalonate Into Cholesterol by a Rat Liver Enzyme System 

Experimental  condit ions a Substrate DPM + 1 S.D. 

Sucrose control Acetate 52200 ,,, 4100  
Kidney microsomes b Acetate 9460 + 1680 
Sucrose control Mevalonate 208000 + 5110 
Kidney microsomes b Mevalonate 180000 ,,, 5710 

aThree incubations per group. 
bMicrosomes were derived from 1 g wet weight of  renal tissue. 

Chemical Determinations 

S e r u m  t o t a l  c h o l e s t e r o l  c o n c e n t r a t i o n  was  
d e t e r m i n e d  by  t h e  m e t h o d  o f  Abe l l  e t  al. (17 ) .  
P r o t e i n  c o n t e n t  o f  s u b c e l l u l a r  f r a c t i o n s  was  
d e t e r m i n e d  b y  t h e  m e t h o d  o f  L o w r y  e t  al. (18) .  
T o t a l  s e r u m  p r o t e i n  c o n c e n t r a t i o n  was  m e a -  
s u r e d  b y  t h e  b i u r e t  p r o c e d u r e .  

RESULTS 

Effects of Kidney and Liver Subcellular Fractions 

T a b l e  I d e p i c t s  t h e  e f f e c t s  o n  c h o l e s t e r o l  
s y n t h e s i s  o f  n o r m a l ,  o n e  w e e k  n e p h r o t i c ,  a n d  
t w o  w e e k  n e p h r o t i c  r a t  l iver  a n d  k i d n e y  s u b -  
ce l lu la r  f r a c t i o n s ,  e a c h  a d j u s t e d  to  5 m g  p r o t e i n  
pe r  i n c u b a t i o n .  

T h e  h e p a t i c  large g r a n u l e  f r a c t i o n s  f r o m  all 
g r o u p s  were  p o t e n t l y  i n h i b i t o r y .  C o n t r o l  a n d  
t w o  w e e k  n e p h r o t i c  l a rge  g r a n u l e  f r a c t i o n s  
r e s p e c t i v e l y  i n h i b i t e d  9 7 %  a n d  96%,  wh i l e  t h e  

TABLE V 

Effects of  Intact and Sonicated Erythrocyte  
Ghosts on the In Vitro Incorproation of 2-14C-Acetate 

Into Cholesterol by a Rat Liver Enzyme System 

Experimental  condit ions a DPM + 1 S.D. 

H 2 0  control 5370 __ 250 
Intact erythrocyte  ghosts, 

2 mg protein 5040 4" 150 
Sonicated erythrocyte  ghosts, 

2 mg protein 4680 + 300 

aThree incubat ions per group. 

TABLE VI 

Effects of  Phospbolipids on the 
Incorporation of  2-14C-Acetate Into 

Cholesterol by a Rat Liver Enzyme System 

Experimental  condit ions a DPM + 1 S.D. 

Saline control 12500 • 900 
Phosphatidyl  choline, 2 mg 12200 --. 590 
Phosphatidyl  e thanolamine,  2 mg 8870 + 1300 
Phosphatidyl inositol, 2 mg 3240 -I- 260 

aThree incubations per group. 

c o r r e s p o n d i n g  o n e  w e e k  n e p h r o t i c  f r a c t i o n  
i n h i b i t e d  67%.  All  o t h e r  h e p a t i c  s u b c e l l u l a r  
f r a c t i o n s  h a d  o n l y  r e l a t i ve ly  m i n o r  e f f e c t s  o n  
c h o l e s t e r o l  s y n t h e s i s .  

As  in  l iver t h e  r e n a l  l a rge  g r a n u l e  f r a c t i o n  
was  less i n h i b i t o r y  a t  o n e  w e e k  ( 8 5 % )  t h a n  
e i t h e r  t h e  c o r r e s p o n d i n g  c o n t r o l  ( 99%)  or  t w o  
w e e k  n e p h r o t i c  ( 98%)  f r a c t i o n .  I n  c o n t r a s t  t o  
t h e  re la t ive  l a ck  o f  e f f e c t  o f  h e p a t i c  s m a l l  
g r a n u l e  a n d  s m o o t h  m i c r o s o m e  f r a c t i o n s ,  c o m -  
p a r a b l e  r e n a l  f r a c t i o n s  i n h i b i t e d  m o r e  t h a n  
96%.  R e n a l  cell  s ap  h a d  o n l y  r e l a t i ve ly  m i n o r  
e f f e c t s .  

Effects of Renal Microsomes and Their Derivatives 

T h e  a s say  o f  v a r y i n g  c o n c e n t r a t i o n s  o f  r e n a l  
s m o o t h  m i c r o s o m e s  r e s u l t e d  in  a l o g - d o s e  
r e s p o n s e  cu rve  (Fig.  1). W h e n  r e n a l  m i c r o s o m e s  
we re  f r a c t i o n a t e d  w i t h  t h e  u s e  o f  E D T A  a n d  
u l t r a c e n t r i f u g a t i o n  in  a d i s c o n t i n u o u s  s u c r o s e  
g r a d i e n t  (19 ) ,  t h e  i n h i b i t o r y  a c t i v i t y  was  as soc i -  
a t e d  w i t h  t h e  m i c r o s o m a l  m e m b r a n c e s  ( T a b l e  
n). 

Son•  o f  k i d n e y  s m o o t h  m i c r o s o m e s  
c a u s e d  t h e  m a j o r i t y  o f  t h e  i n h i b i t o r y  a c t i v i t y  t o  
b e c o m e  n o n s e d i m e n t a b l e  a t  1 0 5 , 0 0 0 g  fo r  6 0  
m i n  (Tab l e  III) .  T h i s  s o l u b i l i z e d  i n h i b i t o r  was  
e l u t e d  in  t h e  v o i d  v o l u m e  o f  a 2 . 5 x 2 0  c m  

TABLE VII 

The Effects of  Rat Kidney Lysosomal 
and Mitochondrial Hypotonic  Extracts and 

Similarly Prepared Liver Extracts  on the Incorporation 
of  2-14C-Acetate Into Cholesterol by a Rat  

Liver Enzyme System 

Experimental  condit ions a DPM _+ 1 S.D. 

Phosphate buffer,  0.02 M, pH 6.8 
Kidney lysosomal extract,  

0.8 mg protein 
Kidney mitochondrial  extract ,  

1.3 mg protein 
Liver lysosomal extract ,  

1.9 mg protein 
Liver mitochondrial  extract ,  

2.3 mg protein 

7390 • 1040 

18400 ~ 2040 

3420 + 1520 

1190 • 260 

1300 • 380 

a Four incubations per group. 
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TABLE VIII 

Effects of Rat Kidney Lysosomal Extract on the 
Incorporation of 2-14C_Acetat e an d 2-14C_Mevalonate Into 

Cholesterol by a Rat Liver Enzyme System 

755 

Experimental conditions Substrate DPM _ 1 S.D. 

Phosphate control a Acetate 46100 + 3720 
Kidney lysosomal extract, b 

2 mg protein Acetate 143000 + 32800 
Phosphate control b Mevalonate 199000 + 4610 
Kidney lysosomal extract, b 

2 mg protein Mevalonate 192000_.+ 5760 

aThree incubations per group. 
bTwo incubations per group. 

column containing BioGel P-150, suggesting a 
molecular  weight in excess of  150,000. Renal 
microsomes were strongly inhibi tory  toward  
cholesterol  synthesis f rom acetate  but  only  
mildly inhibi tory  f rom mevalonate  (Table IV). 
The inhibi tor  is stable indef ini te ly  at -75 C and 
at 4 C for one week. 

Nei ther  in tac t  nor  sonicated rat e ry th rocy te  
membranes  prepared by the me thod  of  Dodge 
et al. (20) were inhibi tory at a dose of  2 mg 
prote in  per incubat ion  (Table V). Phospholipids 
in the amount  of  2 mg per incubat ion  were also 
tested. Phosphat idyl  choline did no t  inhibit  at 
this level while phosphat idyl  e thanolamine  
inhibi ted 29% and phosphat idyl  inisitol inhib- 
ited 74% (Table VI). 

Effect of Hypotonic Extracts of Liver 
and Kidney Fractions and Related Substances 

The effects of  hypoton ic  extracts  of  purified 
liver and kidney mi tochondr ia l  and lysosomal  
fractions are presented in Table VII.  All frac- 
tions were inhibi tory  except  that  derived f rom 
kidney lysosomes. The kidney lysosomai  ex- 
tract adjusted to 0.8 mg of protein per incuba- 
t ion more than doubled (+150%) the rate of  
incorpora t ion  of  2-14C-acetate into cholesterol .  
While the lysosomal extracts  regularly st imulate 
in vi tro cholesterol  synthesis f rom acetate,  they 
show no significant effects  when mevalonate  is 
used as substrate (Table VIII) .  This s t imula tory  
factor  was eluted in the void vo lume  of  a 
2.5 x 20 cm column containing Bio Gel P-150, 
suggesting a molecular  weight in excess of  
150,000. It  was stable for several mon ths  at 
-75 C but  unstable at 4 C. Two enzymes  with 
known effects similar to the  enzymes  of  renal 
lysosonles were tested in vitro.  One milligram 
of trypsin abolished cholesterol  synthesis while 
egg white  lysozyme had no effect  (Table IX). 

Effects of Serum Proteins and 
Nonprotein Polymers on Cholesterol Synthesis 

Purified bovine serum prote in  fract ions ad- 

justed to 5 mg per incubat ion  were mildly 
inhibi tory toward cholesterol  synthesis (Table 
X). Albumin and a-globulin were more  inhibi- 
tory  than/3-globulin and 7-globulin. In contrast  
the nonpro te in  polymers  po lyvinylpyr ro l idone ,  
dextran-40,  dextran-80 and dextran-150 had no 
effect  on the in vi tro incorpora t ion  of  acetate 
into cholesterol .  

DI SC USSI ON 

Albumin  and o ther  serum proteins  of  bovine 
origin are only mildly inh ib i tory  toward hepatic  
cholesterol  synthesis. Al though  the mechanism 
of this inhibi tory effect  is unclear,  it is not  
related to oncot ic  pressure since nonpro te in  
polymers  have no effect.  While the impor tance  
of  the mild inhibi tory  effects  of  serum proteins 
remains to be determined,  a specific relation- 
ship be tween  hypoa lbuminemia  and hyper-  
l ipemia, as proposed by Marsh and Drabkin (3), 
appears unlikely.  It is perhaps more  likely that  
the kidney influences lipid metabol ism by the 
product ion  of  agents which ei ther  st imulate or  
inhibit  hepat ic  lipid synthesis as first proposed 
by Heymann  and Hackel (5). 

The large granule fractions of  bo th  liver and 
kidney are markedly inhibi tory  toward choles- 
terol  synthesis,  presumably because o f  the 
presence of  the mi t rochondr ia l  inhibi tor  o f  
cholesterol  synthesis previously repor ted  in 
liver tissue by Migicovsky (21). The renal 
fractions wi th  the most  significantly different  
effects  f rom the corresponding hepatic frac- 

TABLE IX 

Effects of Trypsin and Egg White Lysozyme on the 
In Vitro Incorporation of 2-14C-Acetate Into 
Cholesterol by a Rat Liver Enzyme System 

Experimental conditions a DPM _+ 1 S.D. 

Saline control 13200 _+ 1470 
Trypsin, 1 mg 21 _+ 27 
Egg white lysozyme, 1 mg 15900 _+ 2730 

aThree incubations per group. 
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TABLE X 

The Effects of Bovine Serum Protein Fractions 
on the Incorporation of 2-14C-Acetate Into 
Cholesterol by a Rat Liver Enzyme System 

Experimental conditions a DPM + 1 S.D. 

Saline control 7810 + 680 
Bovine serum albumin, 5 mg 5440 b +- 320 
Bovine serum a-globulin, 5 mg 5590 b + 490 
Bovine serum ~-globulin, 5 mg 6320 c + 720 
Bovine serum ~/-globulin, 5 mg 6670 c + 470 

aFour incubations per group. 
be ,(O.01. 
cp ~0.05. 

tions are those which contain microsomes, that 
is the small granule and smooth microsome 
fractions (10). The inhibitory material is pres- 
ent in highest concentration in the membranes 
of the endoplasmic reticulum. This high molec- 
ular weight inhibitor has primarily a pre- 
mevalonate site of inhibition in the biosynthesis 
of cholesterol. This inhibition is not a property 
of all trilaminar membranes since rat erythro- 
cyte membranes have no effect. Similarly the 
inhibition does not appear to be due to the 
phospholipid content of the renal microsomal 
membranes since lecithin, the predominant 
phospholipid of most membranes (22), is not 
inhibitory. Phosphatidyl ethanolamine and 
phosphatidyl inositol are inhibitory. However 
because of their low concentrations in micro- 
somal membranes, the inhibitory activity of 
renal microsomes cannot be ascribed to their 
phospholipid content. Further since the phos- 
pholipid content of rat kidney and liver smooth 
microsomes would not be expected to differ 
greatly (23), the inhibitory activity of renal 
smooth microsomes is most likely associated 
with the protein of the renal endoplasmic 
reticulum. 

Several theories can be offered to explain 
the potent inhibitory effect of renal micro- 
some-containing fractions while comparable 
hepatic fractions lack inhibitory effects. Possi- 
bly the microsome-containing fractions from 
liver and kidney contain different organelles. 
However the fractions from the two tissues 
were similarly isolated and all of the subcelhilar 
particles were retained using an arbitrary frac- 
tionation scheme. Rat kidney microsomal frac- 
tions have been reported to contain appreciable 
amounts of microvilli from renal tubular cells 
(24). However such microvilli-containing frac- 
tions were separated following vigorous Waring 
blender homogenization, a technique known to 
disrupt many cellular membranes (9). In con- 
trast membrane-containing fractions in the pres- 

ent experiments were prepared after gentle 
Dounce homogenization. Nevertheless even if 
the inhibitory activity is associated with frag- 
ments of specialized renal plasma membranes, 
an inhibitor in this location would be of  
interest. 

Since renal microsomes contain a peptidase 
active at the pH of the assay system (25), 
inhibition might be attributed to proteolysis. 
This is a plausible explanation since trypsin 
abolished cholesterol synthesis, presumably by 
hydrolyzing necessary enzymes. However the 
activity of this specific renal peptidase is 
enhanced in tris buffer (25). Since additive 
effects of tris buffer and antilipemic factor 
were not noted, the inhibitory activity cannot 
be due to this protease. 

The moderate hyperlipemia which accompa- 
nies nephrectomy and toxic nephroses and 
Lagrue's observation that normal kidney tissue 
prevents nephrotic hyperlipemia (7) strongly 
suggest that kidneys normally produce a factor 
capable of inhibiting cholesterol biosynthesis in 
vivo. Conceivably the microsomal antilepemic 
factor reported in this study is identical with 
the renal factor. Further purification of this in- 
hibitor and in vivo testing will be necessary be- 
fore this conclusion can be accepted. 

The observed stimulatory principle within 
renal lysosomes fulfills the hypothesis of Hey- 
mann and Hackel (5) and Tracy (6). This 
p re -meva lona te  stimulator of cholesterol 
synthesis is present within a renal subcellular 
fraction which has been described as originating 
from the phagolysosomes (10). During nephro- 
sis, enhanced renal protein reabsorption occurs 
with marked increases in the number and 
activity of renal lysosomes. 

A potential route of entry into the liver of 
the high molecular weight renal lipemic and 
antilipemic factors is via hepatic lysosomes. 
Hepatic lysosomes increase in number as early 
as four days after Aminonucleoside injection 
(26), and they are known to remove certain 
macromolecules from blood. The degree of 
hepatic lysosomal uptake is proportional to the 
molecular weight of the macromolecule (27). 
Thus the high molecular weight of these renal 
macromolecules would actually favor uptake by 
hepatic lysosomes. Evidence that the kidneys 
affect the liver's content of specific proteins is 
provided by the regular occurrence of hepatic 
enzyme changes during nephrosis (28,29), as 
well as in non-nephrotic proteinuria (30). Fur- 
ther, hepatic lysosomal enzymes are increased 
in patients with nonmetastatic hypernephro- 
mas, possibly because of  uptake by hepatic 
lysosomes of enzymes produced by the renal 
tumor (31 ). 
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T h e  r ena l  l i p e m i c  a n d  a n t i l i p e m i c  f a c t o r s  
r e p o r t e d  h e r e  are  c o m p a t i b l e  w i t h  t h e  e f f e c t o r s  
p o s t u l a t e d  by  H e y m a n n  a n d  H a c k e l  (5 ) ,  T r a c y  
(6) ,  a n d  L a g r u e  e t  al. (7 )  b a s e d  o n  t h e i r  w o r k  
w i t h  i n t a c t  a n i m a l s .  H o w e v e r  s i nce  t h e  e f f e c t s  
o f  t h e  c r u d e  l i p e m i c  a n d  a n t i l i p e m i c  f a c t o r s  
h a v e  b e e n  d e m o n s t r a t e d  o n l y  in  v i t r o  in cel l  
f ree  s y s t e m s ,  f u r t h e r  p u r i f i c a t i o n  o f  t h e s e  fac-  
t o r s  a n d  t e s t i n g  in  w h o l e  cell  s y s t e m s  a n d  in  
i n t a c t  a n i m a l s  is r e q u i r e d  b e f o r e  c o n c l u s i o n s  
can  be  r e a c h e d  r e g a r d i n g  p o s s i b l e  p h y s i o l o g i c  
e f f e c t s  o f  s u c h  f a c t o r s .  
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Volatile Compounds From Thermally 
Oxidized Methyl O l e a t e  1 

D.A. WlTHYCOMBE, 2 L.M. LIBBEY and R.C. LINDSAY, 2 Department of 
Food Science and Technology, Oregon State University, Corvallis 97331 

ABSTRACT 

Thermal oxidation of methyl oleate 
was studied over a range of temperatures 
from 50 C to 150 C for periods of time 
up to 30 min. Degradation was quantita- 
tively followed by gas liquid chromatog- 
raphy (GLC) and liquid scintillation 
counting of the products of methyl 
oleate-U-14C heated under a stream of 
compressed air. Heptane, octane, 2- 
decanone, benzene, o-xylene, methyl hex- 
anoate, methyl heptanoate and methyl 
octanoate were identified by GLC and 
mass spectrometry. Mass spectral evi- 
dence also was obtained for methyl 
pimelaldehydate, methyl suberaldehydate 
and methyl azelaaldehydate. Organic 
synthesis confirmed the identity of 
methyl azelaaldehydate. Most of the 
products formed suggested that autoxida- 
tion was responsible for the degradation 

1paper  No. 2628  f r o m  the Oregon  Agr icul tura l  
E x p e r i m e n t  Stat ion.  

2presen t  address:  D e p a r t m e n t  o f  Food Science,  
University of  Wisconsin, Madison,  53706 .  
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FIG. 1. Per cent of total carbon 14 activity in 
thermal oxidation products with various time and 
temperature treatments. 

'occurring at the temperatures employed 
in this study. 

INTRODUCTION 

Much of the previous work concerning the 
degradation of lipids, fatty acids and methyl 
esters of fatty acids has dealt with autoxidation 
and its products. The mechanism of autoxi- 
dation has been reviewed by several investi- 
gators (3,4,10,16), yet no single theory receives 
total acceptance (8). Carbonyl compounds 
resulting from the decomposition of the hydro- 
peroxides are important constituents of 
oxidized fats (4). Flavor and odor thresholds 
for many of these carbonyls are at levels less 
than 1 ppm and are important to the sensory 
qualities of numerous foods (14). Volatile 
decomposition products of methyl oleate 
resulting from open air heating at 200 C were 
examined by Toi et al. (17). Their results 
showed the presence of C 8 and C 9 aldehydes, 
semialdehyde methyl esters, C7 and C 8 hydro- 
carbons, methyl esters of fatty acids, several 
fatty acids, mono-methyl esters of dibasic acids 
and some alcohols. 

The objective of this investigation was to 
evaluate quantitatively and qualitatively the 
thermal oxidation of methyl oleate heated at 
various temperatures. Experimental conditions 
were less extreme than those previously 
reported by Toi et al. (17), and gas chromatog- 
raphy coupled with mass spectrometry was 
employed. 

EXPERIMENTAL PROCEDURE 

Thermal Oxidation of Methyl Oleate 

A glass system included a 10 ml Bantamware 
(Kontes) pear-shaped flask connected to a Ban- 
tamware reflux condenser and drying tube. A 
1/16 in. Teflon tube was attached to a glass 
capillary tube that extended to the bottom of 
the reaction flask. The Teflon tube was con- 
nected to a tank of compressed breathing air 
that purged the sample at a rate of 30 ml/min. 

Samples were prepared by adding 10 //1 of 
methyl oleate-U-14C (uniformly labeled), pre- 
pared by the procedure of Metcalfe and 
Schmitz (12) from oleic acid U-14C (sp. act. 
630 mc/mM, 99+% radio purity) to 250/11 of 
unlabeled methyl oleate (99+% purity). Chemi- 
cals for this aspect of the study were obtained 
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FIG. 2. Gas chromatogram of the volatile compounds from thermally oxidized methyl oleate. 

f rom Applied Science Laboratories .  Af te r  prep- 
aration each sample was subjec ted  to one of  
the following heat  t r ea tmen t s  (+0.01 C): 50 C 
for  30 rain; 62 C for  30 min;  75 C for 10, 2 0 o r  
30 min;  1 0 0 C  for 10, 20 or 30 min;  125 C f o r  
10, 20 or 30 rain; or 1 5 0 C  for  10, 20 or 30 
min.  Af ter  heat  t r e a tmen t  the samples were 
s tored in t igh t ly-s toppered  vials at 5 C unti l  
analyzed by gas liquid ch roma tog raphy  (GLC) 
and liquid scinti l lat ion count ing.  

Samples were analyzed wi th  a modi f ied  
Aerograph Model 90-P3 gas ch roma tograph  that  
employed  dual 12 ft x 1/8 in. OD stainless steel 
co lumns  packed wi th  5% DEGS (d ie thy lene  
glycol succinate)  on Chromosorb  G, a Carle 
Model 100 ul t ramicro  bead de tec to r  system, 
and a Micro-Tek Model GC-2500 linear temper-  
ature programmer .  These modi f ica t ions  im- 
proved the sensitivity of  the GLC analysis while 
allowing the tota l  ef f luent  to be t rapped  by  a 
Packard Tri-Carb Model 830 gas ch romatograph  
f rac t ion col lector  modi f ied  for subambien t  tem- 

perature opera t ion.  Glass cartridges filled wi th  
anthracene  crystals coa ted  wi th  silicone oil, 
described by Karmen et al. (7), were used for  
trapping.  Duplicate counts  of  the t rapped  frac- 
t ions were ob ta ined  wi th  a Nuclear-Chicago 
Model 6766 liquid scinti l lat ion counter .  Each 
sample was coun ted  to  a 1% relative s tandard 
deviat ion (18). The activity of  each fract ion 
was calculated as a percentage o f  the tota l  
activity t rapped  in all f ract ions of  a part icular  
GLC analysis. 

Identification of Volatile Compounds 

Unlabeled methyl  oleate hea ted  at 150 C for  
90 min,  in the sys tem descr ibed above, was 
used for  p roduc t  ident i f ica t ion.  The e x t e n d e d  
heat t r e a tmen t  increased the concen t ra t ion  of  
c o m p o n e n t s  of  interest  that  appeared in the 
labeled c o m p o u n d  exper iments .  Volati le com- 
pounds  were analyzed by a co mb i n ed  GLC- 
mass spec t rome te r  system.  An F&M Model  810 
gas ch romatograph  was f i t ted  wi th  a 300 ft x 

TABLE I 

GLC a and Mass Spectral Identification of Some Compounds of Thermally Oxidized Methyl Oleate 

Relative 
retention time b 

Heated 
Peak methyl Mass spectra 

Compound no. oleate Authentic ref. 

Heptane 3 0.049 0.050 1 
Octane 4 0.065 0.061 1 
Benzene 5 O.115 0.117 1 
Methyl hexanoate 6 0.362 0.358 2 
o-Xylene ...c 0.372 0.343 1 
Methyl heptanoate 7 0.593 0.595 2 
Methyl octanoate 9 1.000 1.000 2 
2-Decanone 24 1.406 1.400 2 
Methyl pimelaldehydate 43 2.049 . . . . . .  
Methyl suberaldehydate 47 2.230 . . . . . .  
Methyl azelaaldehydate 48 2.412 2.434 19 

aGLC, gas liquid chromatography. 
bRelative to methyl octanoate. 12 ft x 1/8 in. OD stainless steel column packed with 5% DEGS on 

Chromosorb G. Temperature programmed at 4 C/rain from 90-190 C with 15 rain initial hold. 
CGas chromatographic peak not observed. 
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FIG. 3. Mass spectrum of compound tentatively identified as methyl suberaldehydate. 

0.01 in. ID Golay type  capillary co lumn with  
butanediol  succinate (BDS) as the s tat ionary 
liquid phase. Operating condi t ions  for  this inlet 
system were 180 C isothermal  column tempera-  
ture with a f low rate of  1 ml per min of  hel ium. 

The Golay co lumn was direct ly connec ted  to 
the double ion source of  an Atlas CH-4 mass 
spec t rometer ;  the high vacuum was 1.5 x 10 -6 
mm of Hg while admit t ing GLC effluent .  The 
double ion source gave bo th  mass spectral 
oscillograms and a strip chart gas chromato-  
gram. 

GLC eff luent  fractions were also collected 
from a 12 ft x 1/8 in. OD stainless steel column 
containing 5% DEGS on Chromosorb  G, rechro- 
matographed and recol lected f rom a l 2 ft  x 1/8 
in. OD stainless steel co lumn containing 3% 
BDS on Chromosorb  G, and examined with  
the static reservoir inlet system of the Atlas 
CH-4. This technique  enabled low voltage 
studies and also al lowed the accurate measure- 
ment  of  the parent  (P)+, (P+I)  + and (P+2) + ion 
intensities which are of ten helpful  in assigning 

an empirical formula.  
A third mass spec t rometer  inlet system 

util ized the EC-1 gas inlet  valve which per- 
mi t ted  regulation of  the amount  of  GLC 
packed column eff luent  admi t ted  to the double  
ion source of  the Atlas CH-4. The co lumn used 
with this inlet system was a 12 f t x  1/8 in. OD 
stainless steel column containing 5% DEGS on 
Chromosorb  G. Operating condi t ions  were a 
f low rate of  25 ml of  hel ium per rain and a 
temperature  program from 90-190 C at 4 C per 
min after a 15 min initial hold. 

Methyl  azelaaldehydate  was synthesized 
f rom methy l  oleate via hydroxy la t ion  with  
osmium te t roxide  and subsequent  oxidat ive 
cleavage with lead tetra-acetate.  This synthesis 
yielded n-nonanal,  nonanoic  acid, and me thy l  
azelaaldehydate which were easily separated by 
GLC and analyzed with the static reservoir inlet 
system of the Atlas CH-4. In retrospect  the 
synthesis of  methy l  azelaaldehydate  via ozon-  
olysis and subsequent  pur i f icat ion as the bi- 
sulfate compound  appears to be a bet ter  route  
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FIG. 4. Mass spectrum of authentic methyl azelaaldehydate. 
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FIG. 5. IR spectrum of authentic methyl azelaaldehydate. 

(13). 
IR analyses were performed with a Beckman 

IR-5 A spectrometer. 

RESULTS A N D  DISCUSSION 

Quantitative data in Figure 1 show the 
percentage of the total carbon 14 activity that 
appeared in GLC fractions other than the 
methyl oleate fraction. Of the total sample 
carbon 14 activity in the original sample, 
approximately 13% appeared in all volatile 
fractions including methyl oleate and the re- 
maining 87% apparently remained in the poly- 
meric fraction or free acid form. Thermal 
oxidation products accounted for less than 1% 
of the total activity through the I25 C treat- 
ments. 

Significant production of oxidation products 
did not occur until the temperature of the 
reaction reached 150 C. The temperature of the 
treatment is a more important factor than time 
in the thermal oxidation process. 

The gas chromatogram of the 150 C sample 
(Fig. 2) shows the presence of approximately 
50 components from the thermally oxidized 
methyl oleate. Evidence for an additional 12 
compounds was obtained in related chromato- 
graphic analyses. Some of the major volatile 
compounds were identified (Table I). The 
presence of the C 7 and C 8 n-alkanes has been 
reported in gamma-irradiated milk fat (9), 
gamma-irradiated methyl oleate (11), and in 
methyl oleate held at 200 C (17). These com- 
pounds appeared abundantly in the low (50 C, 
30 rain) and high (150 C, 30 min) temperature- 
treated systems of this study. Benzene was 
present in much smaller quantities than the 
n-alkanes and may be an artifact. Its presence 
was reported in gamma-irradiated milk fat (9) 
and in gamma-irradiated methyl oleate (11). 
Khatri (9) has indicated that aldehydes of six 

carbons or more tend to cyclize to aromatic 
compounds at high temperatures in the inlet 
system of the mass spectrometer. The aldehyde 
may possibly undergo a dehydrogenation and a 
subsequent dehydration reaction similar to the 
one shown below at elevated temperatures 
found in the inlet system of the mass spectrom - 
eter as well as in the model system reactions. 

O 

CH 3_CH2_CH2_CH2.CH2_~H "H2 ) 

CH3-CH2-CH2-C =C-C H - ) 

H ~  HO 
l i l l  -H o 

CH3-C=C-C=C-CH 

Fritsch and Deatherage (6) found the C 6, C 7 
and C8 saturated fatty acids as decomposition 
products of methyl oleate. Subsequently Toi et 
al. (17) found the C6, C 7 and C 8 fatty acid 
methyl esters from heated methyl oleate. The 
presence of 2-decanone has previously been 
reported by Scanlan et al. (15) in heated milk 
and was present in the heated methyl oleate in 
limited concentrations relative to the amount 
of short chain fatty acids present. It has been 
well established that the odd numbered n-alkyl 
methyl ketones are produced from beta-keto 
acids; however the precursors and mechanisms 
of formation of the even-numbered n-methyl 
ketone have not been elucidated. The presence 
of the 2-decanone in this system suggests that 
an ester of oleic acid may serve as a precursor 
for its' formation. 

The semialdehyde methyl esters have been 
studied previously (4,5,17), but spectrometric 
data were available for only methyl azelaalde- 
hydate (19). The mass spectrum of the fraction 
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t en ta t ive ly  iden t i f i ed  as m e t h y l  sube ra ldehyd-  
ate was o b t a i n e d  using the  70 ev ion  source and  
the  s tat ic  reservoir  sys tem (Fig. 3). 

Low voltage spec t ra  at  11 ev he lped  es tab l i sh  
the  a p p a r e n t  molecu la r  ion at  m / e  172 and  
0.6% relat ive in tens i ty  to  the  base peak.  Peaks 
at m / e  74 (41%) and  87 (22%) were indica t ive  
of  a m e t h y l  ester.  The base peak  at  28 (100%)  
along wi th  the  peak  at 144 (4%), P-28, m ay  
resul t  f r om the  ca rbony l  mo ie ty .  O the r  charac-  
ter is t ic  peaks  were 129 (12%),  141 (7%),  115 
(7%) and  154 (1%). The  mass s p e c t r u m  of  the  
f r ac t ion  t en ta t ive ly  iden t i f i ed  as m e t h y l  azelaal- 
d e h y d a t e  showed  an a p p a r e n t  mo lecu la r  ion  at  
m / e  186 (0 .01%) and  a base peak  at 28 (100%)  
wi th  the  associated peak  at 158 (8%),  P-28. 
Peaks at  m /e  74 (88%) and  87 (63%) were again 
indica t ive  of  a m e t h y l  ester .  O t h e r  charac ter -  
istic peaks  t h a t  were re la ted  to  the  m e t h y l  
s u b e r a l d e h y d a t e  by  the  mass d i f fe rence  o f  one  
m e t h y l e n e  un i t  were 143 (21%),  155 (16%) and  
129 (14%). 

The  mass spec t rum of  a u t h e n t i c  m e t h y l  
aze laa ldehyda te  shown  in Figure 4 is in agree- 
m e n t  w i th  the  s p e c t r u m  of  the  t en ta t ive ly  
iden t i f i ed  c o m p o u n d  and  also w i th  the  spec- 
t r u m  of  a u t h e n t i c  m e t h y l  aze laa ldehyda te  ob- 
t a ined  f rom the  N o r t h e r n  Regional  Research  
L a b o r a t o r y ,  Peoria,  Illinois. However  the  mass 
spec t rum of  m e t h y l  aze laa ldehyda te  r ecen t ly  
pub l i shed  by  Yasuda  et al. (19)  is s o m e w h a t  
d i f ferent .  Cer ta in  ions,  m / e  168 (P-18) ,  158 
(P-28) and  155 (P-31) which  we observed  and  
f o u n d  i m p o r t a n t  in mass  spect ra l  in te rp re -  
t a t ion ,  are absen t  in this  previously  pub l i shed  
s p e c t r u m  (19) .  

Figure 5 is the  in f ra red  s p e c t r u m  of  au t hen -  
t ic m e t h y l  aze laa ldehyda te .  There  are s t rong  
CH s t r e t ch  b a n d s  at 2700  and  2900  cm -1 and  a 
s t rong a ldehyde  ca rbony l  s t r e t ch  at  1740 cm -1. 

The in f ra red  spectra  of  m e t h y l  suberalde-  
h y d a t e  and m e t h y l  aze laa ldehyda te  f r o m  ther -  
mally ox id ized  m e t h y l  o lea te  showed  charac-  
ter is t ic  f ingerpr in t  bands  s imilar  to  the  
a u t h e n t i c  m e t h y l  aze laa ldehyda te .  Mass spec t ra l  
evidence also suggested the  presence  o f  the  nex t  
lower  m e m b e r  of the  h o m o l o g o u s  series, 
m e t h y l  p ime la ldehyda t e .  A l inear  re la t ionsh ip  
was observed in a p lo t  of  relat ive r e t e n t i o n  
t imes versus ca rbon  n u m b e r  for  the  th ree  
semia ldehyde  homologs .  The  observed  o d o r  of  
the  semia ldehyde  f rac t ions  was suggestive of  
the  ob j ec t i onab l e  ox id ized  odo r  of  cook ing  
fats. 

In conc lus ion  at least  62 c o m p o u n d s  were 

L1BBEY AND R.C. LINDSAY 

separa ted  f rom hea t ed  m e t h y l  oleate .  Mass 
spect ra l  evidence has  been  given for  several 
volat i le  p roduc t s ,  t he  ma jo r  c o m p o n e n t  be ing  
m e t h y l  aze laa ldehyda te .  Two o t h e r  m e m b e r s  of  
the  h o m o l o g o u s  series o f  s emia ldehyde  m e t h y l  
esters were t en ta t ive ly  iden t i f i ed  and  each  
appeared  to have i m p o r t a n t  sensory  qual i t ies  in  
h e a t e d  fats. 
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W a x  E s t e r s  in t h e  C y s t a c a n t h s  

o f  Polymorphus minutus ( A c a n t h o c e p h a l a )  

J. BARRETT, Department of Zoology, University of Oxford, 
Oxford, England, and P.E. BUTTERWORTH, The Molteno Institute, 
University of Cambridge, Cambridge, England 

ABSTRACT 

The tipids of  the cystacanth of  the 
acanthocephalan Polymorphus minutus 
have been analyzed. Wax esters consti tu- 
ted nearly 90% of the total  cys tacanth  
lipids. The wax ester fract ion contained 
approximate ly  10% steroid ester; the rest 
was long chain alcohols C12 to C20, 
largely saturated, esterified with fa t ty  
acids C12 to C22, most ly  unsaturated,  
with C 18 predominat ing.  Corresponding 
quant i t ies  of  wax esters were no t  found 
in the adult  parasite. Cholesterol  was 
identif ied as the only steroid present in 
the cystacanth.  

INTRODUCTION 

Polymorphus rninutus is an acanthocephalan  
parasite the adults of  which infect  the intestines 
of  water  fowl, while the juvenile stages develop 
in amphipods  of  the genus Gammarus. The 
fully developed juvenile in the haemocoel  of  
the Gammarus is called a cystacanth.  This is a 
resting stage and when the infected Gammarus 
is eaten by a duck, the cystacanth is released 
and develops into an adult parasite in the host 's  
intestine. 

There have been few studies on the lipids of  
adult Acanthocephala  (1,2) and none at all on 
the lipids of  the juvenile stages. In this paper 
the lipid composi t ion  of  the cystacanth of  
PoIymorphus minutus is described and was 
found to contain a high propor t ion  of  wax 
esters, a lipid fract ion not  present in the adult 
parasite. 

EXPERIMENTAL PROCEDURES 

Preparation of Material 

Cystacanths of  P. minutus were obta ined 
from naturally infected Gammarus pulex. The 
lipids were ext rac ted  by the  me thod  of  Folch et 
al. (3);  total  lipid conten t  was determined 
gravimetrically using an electro-microbalance 
(Research and Industrial Ins t ruments  EMB-1). 

Thin Layer Chromatography 

Quanti tat ive analysis of  the major lipid 
fractions was carried out by semi-micro thin 

layer chromatography  (TLC) on plates (7.5 x 
2.5 cm) coated with Silica Gel G (250 /Jm 
thick).  The neutral  lipids were f ract ionated 
with hexane-die thyl  ether-ethyl  acetate-acetic 
acid (90 : 5:3 : 2 v/v) and the phospholipids with 
c h l o r o f o r m - m e t h a n o l - w a t e r - a c e t i c  ac id  
(60 :15 :3 :2  v/v). The lipids were charred at 
200 C after t rea tment  with sulfuryl chloride 
vapor  (4) and the posit ion and optical  densi ty 
of  the spots measured with a Joyce  Loebl  
Chromoscan.  This me thod  is quant i ta t ive (5,6), 
the mean coeff ic ient  of  variat ion of  the  me thod  
being 4.3% for  the neutral  lipids and 6.5% for 
the phospholipids.  Calibration curves were pre- 
pared for the different lipid classes using lipid 
standards obtained f rom Sigma Ltd. 

Analyt ical  and preparative TLC was per- 
formed on 8.25 x 12 cm plates coated with 
Silica Gel G (250 g m  thick).  The neutral  lipids 
were separated by a double development  sys- 

Ch.P. 
W 1 

Ch.A.c~ 

lg. c :D ~ -~  

[f.a. c ~  = ~  

Ch. 

Ale. 

o - -  ~ PI. - -  
A B C 

FIG. 1. Thin layer plate of Polymorphus minutus 
cystacanth neutral lipids, solvent 1, hexane-diethyl 
ether-acetic acid-ethyl acetate (30:7:1:2) run two 
thirds of the way up the plate; Solvent 2, hexmae- 
diethyl ether (30:2) to the top of the plate. A, Lipid 
standards; B, cystacanth lipids; C, neutral nonsaponifi- 
ables from the wax esters. Alc., long chain alcohols; 
Ch., cholesterol; Ch A., cholesterol acetate; Ch. P., 
cholesterol palmitate; F.f.a., free fatty acids; o, origin; 
P1., phospholipids; Tg., triglycerides; W 1 and W2, wax 
1 and wax 2. 
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T A B L E  I 

The  Lipids o f  the Cys t acan th  and Adu l t  Polyrnorphus minutus 

Weight % of  tota l  lipids ( m e a n  4" S.E. n=4)  

Cys tacan th  Adu l t  

Neutra l  lipids 93.0 ___ 3.9 59.2 _+ 3.8 
Diglycerides Trace  a Trace  
Steroids  0.6 + 0.02 13.4 + 0.6 
Free fa t ty  acids 1.0 + 0 .04  7.2 _ 0.4 
Tr iglycer ides  2.4 + 0.1 23.8 + 1.0 
Wax and s terol  esters 89.0 _+4.3 14.8 + 0.6 

Phosphol ipids  7.0 + 0.45 40 .8  -+ 2.7 
Phospha t idy l  serine Trace Trace  
Lyso -phospha t idy l  chol ine Trace 0.5 4- 0 .03 
Sph ingomye l in  Trace 1.6 4" 0.1 
Phospha t idy l  choline 6.2 + 0.3 31.5 + 2.0 
Phospha t idy l  e t h a n o l a m i n e  0.8 4- 0.05 7.2 4- 0.5 

aTrace  = less than  0 .25% 

tem; solvent 1, hexane-diethyl ether-acetic acid- 
ethyl acetate (30:7:1:2 v/v) was run two thirds 
of the way up the plate; the plate was then 
dried and developed the whole way with 
solvent 2, hexane-diethyl ether (30:2 v/v). 
Phospholipids were separated using chloroform- 
m e t h a n o l - a m m o n i a  (35% w/w aqueous) 
( 6 5 : 2 5 : 5  v / v )  and chloroform-acetone- 
m e t h a n o l - a c e t i c  acid-water  (3:4:1:1:0.5 
v/v)(7). 

Lipids were located by charring after spray- 
ing with 50% aqueous sulfuric acid (v/v) satu- 
rated with potassium dichromate (8). The lipids 
were identified by a comparison with standards 
obtained from Sigma Ltd. Specific spray rea- 
gents were also employed to aid identification 
of the various lipid fractions. Steroids and 
steroid esters were located using the ferric 
chloride reagent of Lowry (9); phospholipids 
were identified with an ammonium molybdate 
reagent (10); Dragenorf reagent (11) was used 
to locate choline compounds; lipids containing 
sugars were identified with a-napthol (12); and 
ninhydrin (7) was used to detect amino phos- 
phatides. 

For preparative TLC the lipids were located 
under UV light after spraying with aqueous 
rhodamine 6G (0.005%) or directly after spray- 
ing with 1% iodine in methanol. The bands 
were scraped from the plates and extracted into 
diethyl ether. 

Wax esters isolated by TLC were saponified 
by refluxing with 2 N KOH in 70% methanol 
for several hours under nitrogen (13,14). The 
methanol was boiled off and the neutral non- 
saponifiables (steroids and long chain alcohols) 
extracted with diethyl ether. The aqueous layer 
was then acidified with 12 N sulfuric acid and 
the free acids extracted into diethyl ether. Both 
extracts were washed repeatedly with water and 

then dried over anhydrous sodium sulfate. The 
neutral nonsaponifiables were fractionated by 
preparative TLC into long chain alcohols and 
steroids. 

Gas Liquid Chromatography 

A Pye series 104 gas chromatograph equip- 
ped with a flame ionization detector and 1.5 m 
coiled glass columns was used. Methyl esters of 
the fatty acids of the various lipid fractions 
were prepared using the boron trifluoride- 
methanol reagent (15). The methyl esters of the 
fatty acids were separated on 15% polyethylene 
glycol adipate (PEGA) on EMBALAL 60-100 
mesh, nitrogen flow rate 70 ml/min, operated 
either isothermally at 175 C (to calculate car- 
bon numbers) or else programmed fiom 
150-210 C at 4 C/rain. The fatty acid methyl 
esters were also analyzed on 3% SE-30 on CQ, 
100-120 mesh, nitrogen flow rate 80 ml/min, 
under the same conditions as above. The 
relative amounts of the fatty acids were calcu- 
lated from the peak areas (16). Standard 
methyl esters were obtained from Sigma Ltd. 
and the fatty acids were identified by their 
relative retention times on the different col- 
umns. 

Steroids were analyzed both as free steroids 
and as their trimethylsilyl (TMS) derivatives 
(17,18), on 3% SE-30 on CQ 100-120 mesh, 
nitrogen flow rate 80 ml/min at 275 C and on 
3% QF-1 on CQ 100-120 mesh, nitrogen flow 
rate 100 ml/min at 245 C. The steroids were 
identified by comparison of  their relative reten- 
tion times on the two columns with known 
standards. 

The long chain alcohols were analyzed as 
free alcohols on 3% SE-30 on CQ 100-120 mesh 
nitrogen flow rate 70 ml/min either isother- 
mally at 175 C or programmed from 125-200 C 
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TABLE II 

Long Chain Alcohol Composit ion of the 
Wax Esters From the Cystacanths of Polymorphus minutus 

765  

Alcohol 

Carbon a Weight % (mean + S.E. n=5) 

No. Wax 1 Wax 2 

12:0 12 Trace b: --- 
14:0 14 1.3 + 0.3 Trace 
1 5 : 0  15 Trace --- 
16:0 16 4 8 . 4  -I-2.7 1"/.6 -I-2.4 
17:0 17 4.9 _ 1.0 ----+ 
18:0 18 39.8 _+ 3.9 39.2 • 5.0 
18:1 18.6 3.0 -I- 1.0 10.0 • 1.3 
18:2 19.4 Trace Trace 
20:0 20 2.6 •  33.2 • 3.4 
20 : 1 20.5 Trace Trace 

aon 3% SE-30 
bTrace = less than 0.5% 

at 1.5 C / r a i n .  The  TMS d e r i v a t i v e s  o f  t h e  

a l c o h o l s  were  p r e p a r e d  ( 1 7 )  a n d  s e p a r a t e d  o n  

3% QF-1 on  CQ 1 0 0 - 1 2 0  m e s h ,  n i t r o g e n  f l o w  
ra t e  70  m l / m i n  at  165 C or  on  15% P E G A  on  

E M B A L A L  6 0 - 1 0 0  m e s h ,  n i t r o g e n  f l o w  r a t e  70  
m l / m i n  a t  175 C. 

A u t h e n t i c  l o n g  c h a i n  a l c o h o l s  w e r e  s y n t h e -  
s i zed  b y  r e d u c t i o n  of  t he  c o r r e s p o n d i n g  f a t t y  

ac id  m e t h y l  e s t e r s  w i t h  l i t h i u m  a l u m i n u m  
h y d r i d e  in  d r y  e t h e r  (19 ) .  A f t e r  t h e  r e d u c t i o n  
t h e  a l c o h o l s  w e r e  p u r i f i e d  b y  p r e p a r a t i v e  TLC.  

The  f o l l o w i n g  a l c o h o l s  w e r e  s y n t h e s i z e d :  sa tu -  

r a t e d ,  even  c a r b o n  n u m b e r s  f r o m  C8 to  C22 

and  u n s a t u r a t e d  C16:1  , C l 8 : l  ' C 1 8 : 2  , C 1 8 : 3 .  
A l c o h o l s  f o r  w h i c h  t h e r e  w e r e  n o  s t a n d a r d s  

were  i d e n t i f i e d  f r o m  t h e i r  c a r b o n  n u m b e r s .  
S t a n d a r d  e r ro r s  w e r e  c a l c u l a t e d  b y  t h e  

m e t h o d s  o f  Dean  a n d  D i x o n  (20 ) .  

Infrared Spectroscopy 

I R  a b s o r p t i o n  s p e c t r a  w e r e  o b t a i n e d  w i t h  a 
U n i c a m  SP 2 0 0  G I R  s p e c t r o p h o t m e t e r  u s i n g  

s i lve r  c h l o r i d e  m i c r o c e l l s ,  p a t h l e n g t h  0.01 m m .  
( R e s e a r c h  a n d  I n d u s t r i a l  I n s t r u m e n t  Co.) .  The  
s a m p l e s  w e r e  d i s s o l v e d  in  d i e t h y l  e t h e r  o r  

c a r b o n  t e t r a c h l o r i d e .  

RESULTS 

L i p i d  c o n s t i t u t e d  28.2_+ 3 ( m e a n - +  S.D. 
n = 4 )% of  t he  d r y  w e i g h t  o f  t h e  c y s t a c a n t h s  o f  

TABLE III 

Component  Fatty Acids of the Lipids From the Cystacanths of Polymorphus minutus 

Fatty Carbon a Weight % (mean _+ S.E. n=5) 

acid No. Wax 1 Wax 2 Triglycerides Free fat ty acids Phospholipids 

8:0 8 . . . . . .  Trace b . . . . . .  
10:0 10 . . . . . .  Trace --- Trace 
12:0 12 3.25 +0.75 0.75 -+0.5 1.1 _+0.64 Trace Trace 
12 : 1 12.3 . . . . . .  Trace --- Trace 
14:0 14 6.0 _+1.0 3.0 -+0.6 2.25-+1.0 1.0+_0.25 0.25_+0.1 
14 : 1 14.3 . . . . . .  Trace --- Trace 
16:0 16 30.0 -+3.3 27.4 + 3 . 3  35.0 -+5.0 11.4_+1.3 32.85_+2.9 
16:1 16.2 3.0 -+ 0.5 Trace 4.5 -+ 0.5 --- 4.4 _+0.55 
17:0 17 Trace . . . . . . . . . . . . .  
18:0 18 8.0 _+ 1.5 5.25 _+1.0 8.7 _+1.1 57.1 _+2.0 7.1 _+3.0 
18:1 18.2 38.25 _+4.0 50.1 -+2.6 42.8 -+5.8 30.5 -+2.6 46.3 -+2.2 
18:2 18.8 4.0 -+1.3 5.0 -+1.5 5.4 -+i.3 --- 5.9 _+1.1 
18:3 19.6 2.0 -+0.3 7.0 -+2.0 . . . . . .  2.2 -+0.4 
18:4 20.3 Trace . . . . . . . . . . . .  
20:2 20.6 3.0 -+0.5 --- 0.25 -+0.12 . . . . . .  
20:3 21.2 2.0 - + 1 ) . 5  . . . . . . . . . . . .  
20:4 22.4 . . . . . . . . . . . .  1.0 -+0.2 
22:2 22.8 0.5 +_0.3 1.5 _+0.3 . . . . . . . . .  

aon 12% PEGA 
bTrace = less than 0.1% 
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P. rninutus, the dry weight of a mature  cysta- 
canth of  P. minutus being 0.110 -+ 0.01 (mean 
-+ S.D. n = 5)mg. The lipids f rom the  cysta- 
canths were separated into the major  lipid 
classes by TLC (Fig. 1) and the results are 
shown in Table I, together  wi th  the lipid 
analysis of  adult  P. rninutus, for comparison.  

The major  lipid componen t  f rom the cysta- 
canths consisted of  a mixture  of  wax and sterol 
esters which cons t i tu ted  nearly 90% of the total  
lipid. These esters could be resolved by TLC 
into two overlapping spots (wax 1 and 2). The 
IR spectrum of the wax esters showed absorp- 
t ion peaks at 1070, 1260 and 1755 cm-~, 
characterist ic of aliphatic esters. Hydrolysis of  
the wax esters yielded free fat ty acids, long 
chain alcohols and steroids. The steroids consti- 
tuted approximate ly  10% of  the  total  esters and 
gas liquid chromatography  (GLC) of  the iso- 
lated steroids yielded only a single peak which 
was identif ied as cholesterol .  Insufficient  mate-  
rial was available for a sat isfactory IR spect rum 
of the cystacanth  steroid, but  the spect rum 
obta ined was consistent with the c o m p o u n d  
being cholesterol .  

IR spectra of the long chain alcohols f rom 
the wax esters showed absorpt ion peaks at 1025 
cm 1, a weak peak at 1260 cm-1 and a broad 
peak centered on 3000 cm-1, confi rming that  
they were primary alcohols. The long chain 
alcohols were characterized by GLC and the 
results are shown in Table II. 

The fat ty  acid composi t ion  of  the waxes and 
of  the major  lipid fractions was determined by 
GLC and the results are summarized in Table 
III. 

The free steroids were analyzed by GLC and 
as with the esterified steroids only a single peak 
was found which cor responded to cholesterok 

DISCUSSION 

The cys tacanth  is an infect ive resting stage in 
the life cycle of the parasite and like the 
corresponding infective stages of many  other  
parasites contains large quanti t ies  of lipids. 
However  the cystacanth of  P. minutus is 
ex t remely  unusual  in storing large quanti t ies  of 
wax esters rather than the more usual triglycer- 
ides. Moreover  wax esters are not  present in any 
significant amounts  in the adult parasite. Wax 
esters occur  as a storage lipid in the p ro tozoan  
Euglena gracilis (21,22) and in a number  of 
marine organisms (23), particularly in marine 
copepods  where they may act as a reserve 
energy store (24,25).  The cystacanth of  
P. minutus is, however ,  the first record of  wax 
esters occurring as a storage lipid in a parasitic 
invertebrate.  

The significance of wax esters as a storage 

lipid rather than tr iglyceride is obscure.  In 
marine organisms wax esters may have a buoy-  
ancy funct ion since wax esters have a lower 
density than the corresponding triglycerides. 
Wax esters also have a lower melt ing point  than 
the corresponding triglycerides and this may 
be impor tant  in the cystacanths of P. minutus. 
In the Gamrnarus the  ambient  t empera ture  is in 
the range 4 - 1 7 C  (26). At these low tem- 
peratures the wax esters still form a very fluid 
lipid and this may be involved in the hydro-  
static system of the lacunar canals (27). When 
the cystacanths are eaten by the final host ,  a 
water  fowl, there is a big increase in the  
ambient  temperature .  Changing f rom wax esters 
to tr iglycerides might enable the parasite to 
raise the melt ing point  of  its lipids wi thou t  any 
drastic change in the  fa t ty  acid composi t ion .  

The only steroid found in the cystacanths  
of  P. rninutus was cholesterol .  Cholesterol  was 
also the major  steroid found in the  o ther  
acanthocephalans so  far investigated, Macra- 
canthorhynchus hirudinaceus and Moniliformis 
dubius (1,2), a l though these two species also 
conta ined small amounts  of  phytosterols .  

The fat ty  acid composi t ion  of  the cysta- 
canths was no t  usual and was similar to the 
fat ty acid composi t ion repor ted  for the two 
species of  adult Acanthocephala ,  M. dubius and 
M. hirudinaceus (1). While the fa t ty  acid 
moie ty  of the wax esters f rom the cystacanths  
of  P. minutus is largely unsaturated,  the alco- 
hols are almost  entirely saturated. 

The origin of  the wax esters in the cysta- 
canths of  P. minutus is unknown.  Wax esters 
only occur  in small amounts  in the  Gamrnarus 
(26); however  the cystacanths of  P. minutus 
may accumulate  them preferent ial ly  in the 
same way as it preferent ial ly  accumula tes  cer- 
tain carotenoids  (28). Alternat ively the  wax 
esters may be synthesized de novo by the 
parasite. A comparat ive study of  the  reserve 
lipids of  acanthocephalan  cystacanths f rom 
crustacean and insect hosts might  well reveal 
interest ing results. 

AC KNOWLEDGMENT 

This work was supported by grants from the Science 
Research Council. 

REFERENCES 

1. Beames, C.G., and F.M. Fisher, Comp. Biochem. 
Physiol. 13:401-412 (1964). 

2. Barrett, J., G.D. Cain and D. Fairbairn, J. Para- 
sitol. 56:1004-1008 (1970). 

3. Folch, J., M. Lees and G.H. Sloane Stanley, J. 
Biol. Chem. 226:497-509 (1957). 

4. Barrett, J., Nature (London) 218:1267-1268 

LIPIDS, VOL. 6, NO. 10 



WAX ESTERS IN P. MINUTUS 767 

(1968). 
5. Purdy, S.J., and E.V. Truter, Lab. Pract. 

13:500-504 (1964). 
6. Downing, D.T., J. Chromatogr. 38:91-99 (1968). 
7. Rouser, G., G. Kritchevsky and A. Yamamoto, in 

"Lipid Chromatographic Analysis," Vol. 1, Edited 
by G.V. Marinetti, Arnold, London, 1967, p. 
99-162. 

8. Ginger, C.D., and D. Fairbairn, J. Parasitol. 
52:1086-1096 (1966). 

9. Lowry, R.R., J. Lipid Res. 9:397 (1968). 
10. Hanes, C.S., and F.A. Isherwood, Nature (Lon- 

don) 164:1107-1112 (1949). 
11. Jatzkewitz, H., Hoppe-Seylers Z. Physiol. Chem. 

292:94-100 (1953). 
12. Jacin, H., and A.R. Mishkin, J. Chromatogr. 

t8:170-173 (1965). 
13. Christophe, J., and G. Popjak, J. Lipid Res. 

2:224-257 (1961). 
14. Nightingale, M.S., S.C. Tsai and J.L. Gaylor, J. 

Biol. Chem. 242:341-349 (1967). 
15. Metcalfe, L.D., A.A. Schmitz and J.R. Pelka, 

Anal. Chem. 38:514-515 (1966). 
16. Homing, E.C., E.H. Ahrens, S.R. Lipsky, F.H. 

Mattson, J.F. Mead, D.A. Turner and W.H. Gold- 
water, J. Lipid Res. 5:20-27 (1964). 

17. Kuksis, A., in "Methods of Biochemical Analy- 
sis," Vol. 14, Edited by D. Glick, John Wiley & 

Sons, Inc., New York, 1966, p. 325-454 
18. Knights, B.A., in "The Gas Liquid Chromatog- 

raphy of Steroids," Edited by J.K. Grant, Cam- 
bridge University Press, 1967, p. 211-221. 

19. Fieser, L.F., and M. Fieser, "Reagents for Organic 
Synthesis," John Wiley & Sons, Inc., New York, 
1967, p. 581-595. 

20. Dean, R.B., and W.J. Dixon, Anal. Chem. 
23:636-638 (1951). 

21. Guehler, P.F., L. Peterson, H.M. Tsuchiya and 
R.M. D o d s o n ,  Arch.  Biochem. Biophys. 
106:294-298 (1964). 

22. Rosenberg, A., and M. Pecker, Biochemistry 
3:254-258 (1964). 

23. Nevenzel, J.C., Lipids 5:308-319 (1970). 
24. Lee, R.F., J.C. Nevenzel, G.A. Paffenhoffer and 

A.A. Benson, J. Lipid Res. 11:237-240 (1970). 
25. Lee, R.F., J.C. Nevenzel and G.A. Paffenhoffer, 

Science 167:1508-1510 (t970).  
26. Butterworth, P.E., Ph.D. Thesis, University of  

Cambridge, 1970. 
27. Hammond,  R.A., J. Exp. Biol. 45:203-213 

(1966). 
28. Barrett, J., and P.E. Butterworth, Comp. Bio- 

chem. Physiol. 27:575-581 (1968). 

[ Received April 30, 1971 ] 

LIPIDS, VOL. 6, NO. 10 



The Structural Analysis of Wheat Flour Glycerolipids 
R.O. ARUNGA l and  W.R. MORRISON, Department of Food Science, 
University of Strathclyde, Glasgow, C.1., Great Britain 

ABSTRACT 

The compositions of the fatty acids in 
the 1, 2 and 3 positions of the principal 
glycerolipids and their various stereo- 
isomers were determined. Fatty acids in 
the 1 and 3 positions of triglycerides were 
similar in composition and less unsat- 
urated than those in the 2 position. Fatty 
acids in the 1,2-, 1,3-and 2,3-diglycerides 
were distributed in a pattern which indi- 
cated isomerization of sn-l,2-diacyl- 
glycerol. Lysophosphatidyl choline (the 
principal monoacyl lipid) consisted of 
about 80% 1-acyl and 20% 2-acyl isomers. 
The fatty acid compositions indicated 
that most of the 2-1ysophosphatidyl cho- 
line was formed by isomerization of 
1-1ysophosphatidyl choline. Most of the 
diglycerides and lysophosphatidyl choline 
were synthesized in the ripening wheat 
grain. However a small proportion of 
these partial glycerides and all of the 
other minor partial glycerides (monoglyc- 
erides, digalactosyl monoglycerides) ap- 
peared to be the result of limited lipolysis 
of the corresponding diacyl lipids in the 
wheat or in the freshly-milled flour. Fatty 
acids in the 2 position of all the fully 
acylated glycerides were very similar in 
composition, but there were considerable 
differences in the 1 position fatty acids. 

1 Present Address: East African Industrial Research 
Organization, P.O. Box 30650, Nairobi, Kenya. 

The glyceride distributions in the diacyl 
glycerides correspond to 1 random, 2 
random fatty acid distributions. 

INTRODUCTION 

A detailed quantitative analysis of 23 classes 
of lipids in a sample of flour, and methods for 
the separation of these lipids by thin layer 
chromatography (TLC) have been published 
(1,2). It has been shown that enzymic hydroly- 
sis of glycerides occurs during the storage of 
cereals and flours (3,4), and enzymic oxidation 
of free fatty acids and monoglycerides occurs 
during aerobic dough mixing (5-7). These de- 
gradations may be stages in the breakdown of 
lipids occurring during germination. On the 
other hand, since the organized cell structure of 
the wheat grain has been seriously disturbed in 
flour milling, and since contamination from 
bacteria and molds has been introduced, these 
changes may be very different from those 
which take place during germination. 

This paper deals with the structural compo- 
sition of the principal glycerolipids in wheat 
flour lipids from the time the grain is harvested. 

EXPERIMENTAL PROCEDURES 

A freshly-milled commercial sample of un- 
bleached, untreated high grade winter wheat 
flour was stored at -20 C. Under these condi- 
tions there were negligible changes in the lipids 
over a period of a year. 

l-ISOMER 
(unat tacked) 

1- and 2-LYSOPHOSPHOGLYCERIDES 

I 
r I 

phospholipase A 2 phospholipase C 

I i 1, 
MONOGLYCERIDES 

FREE FATTY ACID I 

I (from 2-isomer) 

borate TLC 

I 

1-MONOGLYCERIDE 2-MONOGLYCERIDE 

FIG. 1. Scheme for the analysis of monoacyl glycerides. 
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DIGLYCERIDES 

I 
borateTLe 

I 

1,3-DIGLYCERIOES 1,2- and 2,3- 
DIGLYCERIDES 

PHOSPHOGLYCERIDES GALACTOSYLGLYCERIOES 

I I 
phospholipase C acet ytation 

ACETY~LATE D 
1,2-DIGLYCERIDES GALACTOSYLGLYCERIDES 

2,3-PHOSPHATIDYL PHENOL 
(unattacked) 

HO'~H~PO'Cl 2 

I 
PHOSPHATIDYL- 

PHENOLS 

I 
phospholipase A 

I 

lipase 

FREE FATTYACIDS 2-ACYL (lyso) 
from t-position of LIPID 

lipid 

I-ACYL (lyso) FREE FATTY ACIDS 
PHOSPHATIDYL PHENOL from 2-position 

FIG. 2. Scheme for the analysis of diacyl glycerides. 

Flour  (100 g) was packed in a 20 x 3.5 cm 
dia. column and percolated with 1 liter diethyl 
ether. Ether was distilled off under nitrogen, 
and the residual lipid dissolved in chloroform 
for further analysis. This method was used for 
the rapid extraction of neutral lipids such as 
triglyceride (TG) and diglyceride (DG). 

A complete extraction of flour lipids was 
achieved with water-saturated n-butanol, fol- 
lowed by purification and silicic acid column 
chromatography to give nonpolar lipid, glyco- 
lipid and phospholipid fractions (1). Individual 
lipid classes were then obtained by preparative 
TLC (2). 

The distribution of fatty acids between the 
1, 2, and 3 positions of the mono- and 
diacylglycerides was determined according to 
the schemes in Figures 1 and 2. To confirm the 
validity of the stereospecific analysis procedure, 
the composition of the fatty acids in the 1 and 
2 positions of DG prepared from egg yolk 
phosphatidyl choline (PC) was determined and 
was found to be in excellent agreement with 
results obtained by phospholipase A 2 analysis 
of the original egg yolk PC. 

Choline phosphoglycerides were hydrolyzed 
with phospholipase C from Clostridium welchii 
(8) (Sigma Chemical Co., London) and ethanol- 
amine phosphoglycerides were hydrolyzed with 
phospholipase C prepared from Bacillus cereus 
(9) (NCIB 6349, Torry Research Station, Aber- 
deen). PC was hydrolyzed with phospholipase 
A 2 (Ophiophagus hannah snake venom, Sigma 
Chemical Co., London) in ethereal solution 
(10), and the other phosphoglycerides were 
hydrolyzed in collidene buffer (11) at pH 7.5. 
The products, free fatty acids (FFA)  and 1-acyl 
lysophosphoglycerides, were separated by pre- 
parative TLC for further analysis (10). 

Esterified (6-O-acyl) monogalactosyl mono- 
glyceride (EMGalDG) was partially hydrolyzed 
in 2% (w/v) aqueous sulfuric acid for 2 hr at 
100 C to give a mixture of FFA,  DG, mono- 
glycerides (MG) and acylated galactose. DG 
isolated by preparative TLC was assumed to 
contain the same fatty acids as the DG moiety 
of EMGalDG. The composition of the 6-O-acyl 
residue was calculated by difference. 

Galactosyl diglycerides as such were unsuit- 
able for quantitative argentation TLC or for 
pancreatic lipolysis. Monogalactosyl diglyceride 
( M G a l D G )  and  d iga lac tosy l  diglyceride 
(DGalDG) were therefore acetylated with acetic 
anhydride in pyridine (12). The acetylated 
lipids were found to behave like DG on TLC 
and were readily hydrolyzed with pancreatic 
lipase. It is presumed that acetylated galactosyl 
diglycerides are specifically hydrolyzed at the 1 
position by pancreatic lipase, as are galactosyl 
diglycerides (13,14), in accordance with the 
established stereospecificity of the enzyme 
(15). 

TG, DG and acetylated MGalDG and 
DGalDG were hydrolyzed with ether-defatted 
porcine pancreatic lipase (16) (Koch-Light 
Labs., Colnbrook) at pH 8 and the products 
separated by preparative TLC. TG, DG, MG and 
FFA were separated by preparative TLC on 
Silica Gel G (E. Merck, Darmstadt, West Ger- 
many) using diethyl ether-benzene-ethanol- 
acetic acid (40:50:2:0.2  v/v), or chloroform- 
m e t h a n o l - 3 3 %  ( w / v )  a m m o n i a - w a t e r  
(65:30:5:2.5 v/v) (2). Isomeric MG and DG 
were separated by TLC on Silica Gel G plates 
impregnated with 4% sodium tetraborate (17). 
Isomerization of DG was prevented by using 
borate-impregnated TLC plates (18) and by 
avoiding contact with water or methanol at 
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extreme pH values during handling. Lipid bands 
were detected by spraying with ethanolic 
2'7'-dichlorofluorescein and viewing under 
ultraviolet light. Lipids were extracted with 
diethyl ether (DG) or with monophasic chloro- 
form-methanol-water (19). 

Stereospecific analysis of TG and DG via 
phosphatidyl phenol derivatives (16,20) was 
performed on 5-10 mg samples using the above 
phospholipase A 2 and pancreatic hpolysis pro- 
cedures. Fatty acid methyl esters were prepared 
from lipids with boron fluoride-methanol (21), 
and were analyzed by gas liquid chromatog- 
raphy (GLC) on polar (EGSS-X) columns (13). 

DG, DG from PC or phosphatidyl ethanol- 
amine (PE), acetylated MGalDG, or acetylated 
DGalDG were separated into fractions con- 
taining 0-6 double bonds per molecule by 
preparative TLC on Silica Gel G plates impreg- 
nated with 5% silver nitrate, developed in 
chloroform-ethanol (98.5:1.5 v/v). Bands were 
detected with 2'7'-dichlorofluorescein, recov- 
ered as described above, and subjected to 
pancreatic lipolysis and fatty acid analysis. 
Lipids were also applied as spots and the 
developed plates charred with 50% (v/v) sul- 
furic acid. The plates were then measured by 
densitometry using a Joyce-Loebl Chromoscan 
densitometer. 

The validity of the densitometric quantita- 
tion was checked by adding a 17:0 fatty acid 
internal standard to each band and analyzing 
the fatty acid methyl esters from each band by 
GLC. Typical results with DG from wheat PC 
measured by densitometry and by GLC were, 
respectively: monoenes, 6.2 + 0.5% and 7.0 + 
0.4%; dienes, 32.1 + 0.4% and 31.0 + 0.3%; and 
tetraenes, 40.6 -+ 0.3% and 40.7 -+ 0.8%. Figures 
given in the Results are the averages of three to 
six analyses and were not statistically evaluated. 
Fatty acid compositions are averages of three 
analyses with an error of about +5% of the 
values given for major components and +10% 
for minor components. 

RESULTS A N D  DISCUSSION 

The fatty acid compositions of the principal 
glycerolipids (Table I) in the sample of high 
grade winter wheat flour are very similar to 
those in high grade spring wheat flour ( 1 ), given 
in weight per cent. Linoleic acid is the principal 
fatty acid in each lipid and is most abundant in 
MGalDG. The lysophosphoglycerides lysophos- 
phatidyl ethanolamine (LPE) and lysophospha- 
tidyl choline (LPC) are the most saturated of 
the glycerolipids. 

The stereospecific distribution of the fatty 
acids in TG and DG is given in Table II and 
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TABLE II 

Stereospecific Distribution of Fatty Acids (Mole %) 
in High Grade Winter Wheat Flour Diglycerides and Triglycerides 
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Fatty acid 
Fatty acid 

Lipids Fatty Acid in Fig. 3 16:0 16:1 18:0 18:1 18:2 18:3 

1,2-DG Total A + B 19.7 0.2 1.3 10.7 63.8 4.2 
1 Position A 38.7 0.6 2.'/ 9.8 44.9 3.4 
2 Position B a 0.9 -0.2 -0.1 11.6 82.7 5.0 

2,3-DG Total A + B 17.5 0.3 1.2 11.8 64.6 4.5 
2 Position A 37.1 0.6 2.4 9.8 46,1 4.0 
3 Position B a -2.1 -0.1 14.2 83.1 5.0 

1,3-DG Total A + B 17.5 0.2 1.2 11.6 65.1 4.6 
1 Position A 36.7 0.4 2.4 9.0 4"/. 1 4.4 
3 Position B a -2.1 -0.1 14.2 83.1 5.0 

1,2-(2,3)-DG Total 18.1 0.4 1.5 12.2 63.6 4.2 
I (3) Position 18.2 0.3 1.3 12.0 64.0 4.2 
2 Position 18.0 0.6 1.7 12.5 63.1 4.1 

TG Total 16.0 0.8 1.6 13.8 63.1 4.7 
1 Position 23.9 1.0 2.3 14.2 53.9 4.7 
2 Position 3.6 0.3 0.4 15.0 75.7 5.0 
3 Position 20.6 1.0 2.0 12.2 59.'/ 4,7 

aValues determined by indirect calculation so that cumulative experimental error occasionally leads to small 
negative values. 

Figure 3. The  fa t ty  acids in TG show the  usual  
p a t t e r n  of  grea te r  u n s a t u r a t i o n  at  the  2 pos i t ion  
(22) .  The  1 and  3 pos i t ion  fa t ty  acids are very  
s imilar  and  whea t  TG the re fo re  resembles  corn  
oil T G  ( t 6 ,20) .  

If DG are f o r m e d  by the  ac t ion  of  lipase on  
TG, i somer ic  DG of  the  t y p e  s h o w n  in Figure 4 
would  be expec ted ,  and  the  f a t t y  acid compos i -  
t ions  in all pos i t ions  of  the  i somer ic  DG should  
be similar since 1 and  3 pos i t ion  fa t ty  acids of  
TG are a lmos t  ident ical .  This was no t  the  case 
(Table  II) and  these  results  can on ly  be ex- 
p la ined if the  DG isomers  o r ig ina ted  f r o m  
1,2-DG (Fig. 3). Since it  is highly i m p r o b a b l e  
t h a t  TG are selectively h y d r o l y z e d  at the  3 
pos i t ion ,  we conc lude  t h a t  the  DG are e i t he r  
fo rmed  by b r e a k d o w n  of  polar  diacyl  lipids, 
e.g., by  /3-galactosidase or phospt io l ipase  C, or 
t h a t  they  are syn thes ized  as such  in the  whea t  
grain. The  p a t t e r n  of  l ipid degrada t ion  in s to red  
f lours  shows no  evidence  of  galactosidase or  
phospho l ipase  C types  of  act ivi ty  (T.A. C lay ton  
and W.R. Morr i son ,  u n p u b l i s h e d )  and  the  l a t t e r  
conc lus ion  is t he re fo re  favored.  

If  DG are the  end  p roduc t s  of  b iosyn thes i s ,  
it is possible t h a t  the  o t h e r  par t ia l ly-acyla ted  
glycerides are fo rmed  in the  same way r a t h e r  
t h a n  by  lipolysis.  It is t he r e fo re  in t e res t ing  to 
calculate  the  F F A  which  would  be released if  
all t he  part ial  glycerides were f o r m e d  b y  l ipoly-  
sis. Calcula t ions  (T.A. C lay ton  and  W.R. Mor- 
r ison,  u n p u b l i s h e d )  show t h a t  the  ac tua l  F F A  
levels are on ly  a b o u t  40% of  the  ca lcula ted  

levels in th ree  f reshly-mil led  f lours.  Since F F A  
are no t  degraded in f lour  u n d e r  n o r m a l  s torage 
cond i t ions  (T.A.  C lay ton  and  W.R. Morr ison,  
u n p u b l i s h e d )  a subs tan t i a l  p r o p o r t i o n  of  the  
part ial ly acy la ted  glycerides  cou ld  n o t  have 
been  f o r m e d  by l ipolysis  and  mus t  t he re fo re  
have been  syn thes ized  as such. 

The  pr incipal  par t ia l ly -acyla ted  polar  l ipid in 
whea t  f lour  is LPC (1).  Acker  and  Schmi tz  (23)  
f o u n d  t ha t  whea t  s t a rch  LPC cons is ted  o f  
78-80% 1-acyl i somer  and  20-22% 2-acyl iso- 
mer.  In this  s tudy  LPE and  LPC were b o t h  
f o u n d  to consist  of  a b o u t  80% 1-acyl isomer,  
bu t  these  figures may  no t  be t oo  s ignif icant  
because  the l ipids were in p ro longed  con tac t  
w i th  silicic acid dur ing  the i r  i so la t ion  and  
i somer i za t ion  would  reach  equ i l ib r ium (24,25) .  
Van den  Bosch and  Van  Deenen  (26)  have 
s ta ted  tha t  2-acyl LPC will i somer ize  com- 
p le te ly  to  1-acyl LPC u n d e r  cer ta in  cond i t ions ,  
bu t  we have f o u n d  t h a t  in our  e x p e r i m e n t a l  
p rocedures  1-acyl LPC, ob t a ined  by  t he  ac t ion  
of  phospho l ipase  A2 on egg yo lk  PC, will 
equi l ibra te  to  a b o u t  80% 1-acyl and  20% 2-acyl 
isomer.  

The fa t ty  acid compos i t i ons  of  the  1-acyl 
i somer  of  LPE and  LPC (Table  I I I )  are very  
similar to  those  in the  1 pos i t ions  of PE and  PC 
respect ively  (Table  IV). They  could  thus  be  
fo rmed  by the  ac t ion  of  phospho l ipase  A 2 on  
the  pa ren t  diacyl phosphog lyce r ides  in a de- 
gradat ive r eac t ion  of  the  t y p e  f o u n d  dur ing  
f lour  s torage (T.A. C l ay ton  and  W.R. Morr ison,  

LIPIDS, VOL. 6, NO. 10 



772 R.O. ARUNGA AND W.R. MORRISON 

, 

B[ I ~ HO ~ A-- 

--OH B B 

FIG. 3. Isomeric diglycerides after lipolysis of a 
triglyceride. 

unpublished), or they could be synthesized as 
such. The fatty acids in the 2-acyl isomer of 
LPC are slightly more saturated than those of 
the 1-acyl isomer and are quite unlike those in 
the 2 position of PC. The 2-acyl isomer was 
probably an artifact produced by isomerization 
of 1-LPC. Amounts of LPE were very limited, 
and analyses of 2-acyl LPE were less satis- 
factory although they did exhibit the same 
pattern as 2-LPC. 

Most of the other partially acylated glycer- 
ides were present in amounts too small for 
detailed analysis. Digalactosyl monoglyceride 
(DGalMG) and DGalDG have almost identical 
fatty acid compositions (1) which would sug- 
gest that the small amount of DGalMG present 
(1) is produced by random hydrolysis of 
DGalDG, cf., total composition (Table I) and 1 
and 2 position fatty acid compositions (Table 
iv).  

The MG isomers are very similar in fatty acid 
composition (Table III). Since there is little 
evidence for the monoglyceride pathway for 
TG synthesis in plants, they are unlikely bio- 
synthetic intermediates. If MG are degradation 
products, their composition is consistent with 
their being formed by lipolysis of the isomeric 
DG (Fig. 3 and Table II) at the 1 and 3 
positions so that the total fatty acid composi- 
tions of the DG and MG isomers are the same. 

An explanation of these results is that some 
of the partial glycerides, e.g., DG, LPC, LPE, 
and FFA in flour were synthesized as such. 
They may have specific functions (why does 
wheat starch contain so much LPC?), or they 
may be biosynthetic intermediates; ripening 
grain contains significant amounts of DG 

(27-29) which is a key intermediate in the 
biosynthesis of most plant lipids (30). However 
there is no known biosynthetic route leading 
directly to 1-acyl LPC. Hydrolysis of PC to LPC 
would create large amounts of FFA which were 
not found. An alternative route might involve a 
PC: acceptor acyltransferase reaction of the 
type found in mammalian systems (31,32) or 
spinach leaf homogenates (33) but the nature 
of the esterified acceptor is not obvious. LPC is 
the principal lipid in wheat starch (23,34-37) 
and the nature of its distribution within intact 
starch granules (34,37) is hardly compatible 
with its being a degradation product of PC from 
other locations within the endosperm. 

In addition to the lipids which are synthe- 
sized there are smaller amounts of partial 
glycerides, e.g., MG, DGalMG, and presumably 
some FFA which appear to be formed by 
random degradation at some time between the 
harvesting of the grain and the study of the 
milled flour. McKillican and Sims (38) claim 
that there are no FFA, MG or DG in ripe 
wheat, but Skarsaune et al. (27) and Pomeranz 
and Chung (29) found these lipids in wheat at 
all stages of grain maturation. 

The fatty acid compositions of the di- and 
triacyl glycerides are given in Tables I, II and 
IV. PC may be synthesized from 1,2-DG and 
CDP-choline or from PE via the N-methylation 
pathway (30). Studies with 32p-labeled sub- 
strates indicate that in anabolic plant tissue the 
former pathway predominates and in catabolic 
tissues the latter pathway predominates (39). 
The close similarity in fatty acid composition 
between the 1 and 2 positions of 1,2-DG and 
PC suggests direct synthesis from DG and 
CDP-choline. PE, which is a minor lipid during 
the early stages of grain maturation (27), has a 
slightly different fatty acid composition. 

EMGalDG was originally isolated as an arti- 
fact from spinach leaf lipids (40) and is formed 
by enzymatic transfer of fatty acids from other 
galactosylglycerides or phosphoglycerides (33) 
onto the 6 position of galactose in MGalDG 

- A  

B ~ HO A 

OH --B --B 

A ~ ~ HO I" B 4 

OH --A t.--~ 

FIG. 4. Isomerization of sn-l,2-diacyl glycerol. 

LIPIDS, VOL. 6, NO. 10 



STRUCTURE OF WHEAT GLYCEROLIPIDS 

1,2-DG 
UDP-gal ~ 
UDP ~ 1 

(MGalDG) 
acyl / %UDP-gal 

hydrolysis at 1-position and selective reacylation 

EMGaID{3 MGalDG DGalDG 

FIG. 5. Synthesis of galactosyl glycerides in wheat 
with suggested modification of 1 position fatty acids. 

(41). The fatty acids in the DG moiety of 
EMGalDG are less unsaturated than those in 
MGalDG, and closely resemblethose in DGaIDG. 
The 6-O-acyl residue (Table III) is compara- 
tively saturated and cannot arise by dismuta- 
tion of the galactosyl diglycerides. The only 
sources of fatty acids of similar composition in 
wheat flour are the fatty acids in the 1 position 
of PC (Table IV) or LPC (Table III). These 
observations indicate that EMGalDG in wheat 
flour is probably not an artifact. The N-acyl 
fatty acids of N-acyl phosphatidyl ethanol- 
amine are, in contrast, highly unsaturated (1) 
and, while not artifactual (1), are evidently 
incorporated by a different enzyme system. 

The composition of fatty acids in the 1 and 
2 positions of MGalDG and DGalDG are shown 
in Table IV. The 2 fatty acids are very similar 
to those in the 2 position of 1,2-DG, but the 1 
fatty acids are not similar. If the galactosyl 
diglycerides are synthesized from 1,2-DG by 
established pathways (30) the selective place- 
ment of fatty acids could best be accounted for 
by hydrolysis of 1 fatty acids followed by 
re-esterification with acyltransferases of dif- 
fering specificity for each lipid (Fig. 5). Alter- 
natively selective utilization of DG or MGalDG 
molecular species, or both (42), may occur, 
although it seems less likely. 

Lipids in maturing wheat are in a state of 
active synthesis, and there is turnover of the 
fatty acids resulting in changes in the fatty acid 
compositions of the principal lipid classes 
(27,28). Specific distributions of fatty acids of 
the type shown in Tables II and IV can be 
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TABLE IV 

Stereospecific Distr ibution of Fatty Acids (Mole %) in High Grade 
Winter Wheat Flour Phosphoglycerides and Galactosylglycerides 

Fatty acids in 1 positio~a Fatty acids in 2 posit ion 

Lipid 16:0 16:1 18:0 18:1 18:2 18:3 16:0 16:1 18:0 18:1 18:2 18:3 

PE 29.4 0.5 2.7 9.0 55.5 2.9 4.4 0.5 0.3 11.0 79.1 4.7 
PC 37.8 --- 2.7 7.8 49.2 2.5 2.4 0.2 0.3 16.2 77.4 3.5 
MGalDG 10.8 0.3 0.9 5.4 81.2 1.4 0.2 0.1 0.1 9.2 83.0 7.4 
DGalDG 26.3 0.3 1.7 4.3 63.4 4.2 1.9 0.2 0.3 7.3 83.0 7.3 

attained by selective utilization of molecular 
species or by partial deacylation followed by 
selective reacylation, or both. There appears to 
be no proof of either mechanism in plant 
tissues in vivo (30). 

Wheat flour lipids are derived from several 
anatomical parts of the grain and include 
substantial amounts of neutral lipids from the 
germ and scutellum (38,43,44). It is probable 
however that if selective utilization of molec- 
ular species had occurred there would still be a 
tendency for glyceride compositions to corre- 
spond to nonrandom fatty acid distributions, 
particularly in the polar lipids which are largely 
confined to endosperm. 

The principal glycerolipids were separated 
by argentation TLC into classes containing 0-6 
double bonds, and the fatty acids in the 1 and 2 
positions of each fraction were determined. The 
principal glyceride molecular species were then 
calculated (Table V) and compared with values 
calculated for 1 random, 2 random fatty acid 
distributions. Triglycerides could not be re- 
solved into enantiomorphic molecular species 
(45), but calculation on a 1 random, 2 random, 
3 random fatty acid distribution basis gave 
stereospecific distributions of fatty acids in 
monoene, diene, and other triglyceride frac- 
tions which were close to experimental values. 
The glyceride distributions in several other 
triglycerides also correspond to i random, 2 
random, 3 random fatty acid distributions 
(46,47), although there are notable exceptions. 

The TG were also hydrolyzed with pan- 
creatic lipase, the 1,2-DG + 2,3-DG isolated by 
preparative TLC and the molecular species of 
1,2-DG determined by argentation TLC and 
stereospecific analyses of 1 and 2 position fatty 
acids (Table V). The experimental error in the 
results is difficult to assess, but in all the lipids 
studied the distributions of the principal molec- 
ular species appear to correspond to 1 random, 
2 random fatty acid distributions. 
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Fatty Acid Specificity of Glyceride Synthesis 
by Homogenates of Bovine Mammary Tissue 1 
E.W. ASKEW, 2 R.S. EMERY and J.W. THOMAS,  Department 
of Dairy, Michigan State University, East Lansing, Michigan 48823 

ABSTRACT 

Fatty acid esterification by cell free 
preparations of bovine mammary tissue 
was investigated to determine if the type 
of long chain fatty acid supplied might 
influence the rate of triglyceride synthesis 
by that tissue. Homogenates of lactating 
bovine mammary tissue esterified 14C- 
fatty acids into glycerides at rates depen- 
dent upon chain length and degree of 
unsaturation. Palmitic, stearic, oleic and 
linoleic acids were esterified at rates 
consistent with their concentration in 
milk fat. A comparison of free fatty acid 
concentrations of mammary tissue with 
levels saturating esterification suggested 
that supply of fatty acids does not limit 
glyceride synthesis. Certain combinations 
of fatty acids were facilitory, competitive 
or inhibitory to esterification. Stearic 
acid complimented esterification of pal- 
mitic and oleic acids. Unlabeled trans-11- 
octadecenoic acid did not compete with 
~4C-palmitate as efficiently in the esteri- 
fication process as did unlabeled cis-9- 
octadecenoic acid, indicating that the 
mammary gland may preferentially ester- 
ify the cis-isomer of C-18:1. Linoleic acid 
inhibited esterification of palmitic, stearic 
and oleic acids. 

The results of numerous in vitro studies, 
primarily with liver and intestinal mucosa, 
suggest that fatty acids are utilized at different 
rates for glyceride synthesis depending upon 
the number of carbon atoms and number,  
position and sterioisomerism of double bonds 
in their carbon skeleton (1-7). Specificity in 
glycerolipid synthesis may be imparted at sev- 
eral enzymic steps: acyl CoA synthetase (EC 
6.2.1.3) (1,8,9), acyl transferase (EC 2.3.1.15) 
(2-4,7,10) or phosphatidate phosphohydrolase 
(EC 3.1.3.4) (11,12). 

The influence of fatty acid on mammalian 
lipid biosynthetic reactions suggests that lipid 
metabolism may be regulated by diet. Respon- 

1Michigan Agricultural Experiment Station Journal 
Article No. 5100. 

2present Address: U.S. Army Medical Research 
and Nutrition Laboratory, Fitzsirnons General Hospi- 
tal, Denver, Colorado 80240. 

siveness of milk fat synthesis to diet (14) 
together with the formation of a lipid product 
containing greater than 98% triglyceride com- 
mends mammary tissue for investigating the 
regulation of glyceride synthesis. Synthesis of 
glycerides by the mammary gland has been 
investigated in a variety of species (12,15-22), 
but with little regard to specificity of fatty acid 
esterification. The nonrandom distribution of 
fatty acids in bovine milk fat triglycerides 
suggests an ordered biosynthesis (23). Evidence 
is presented that long chain fatty acids are 
esterified by homogenates of bovine mammary 
tissue at rates dependent upon chain length, 
degree of unsaturation, and position of the 
double bond. These results support the concept 
(24) that triglyceride synthesis may be in part 
controlled by the type of long chain fatty acid 
supplied to the mammary gland. 

A preliminary report of part of this work has 
been published (25). 

METHODS 

Preparation of Tissue 

Bovine mammary tissue was prepared as 
previously described (26). Crude homogenates 
were centrifuged 800 x g for 10 min and 
filtered through glass wool. The resulting fil- 
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FIG. 1. Esterfication rates of several long chain 
fatty acids by bovine mammary homogenates. Condi- 
tions of assay were as described in Methods and 
Materials with 10,5 mM ATP plus albumin and DTT 
except each fatty acid substrate was varied as indi- 
cated and tested individually. Similar results were 
obtained under slightly different incubation condi- 
tions, i.e., substrate concentrations, in eight studies 
involving three animals. 
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FIG. 2. Esterification of several long chain fatty 
acids by the 800 x g supernatant and particulate 
fraction of bovine mammary tissue. The esterification 
rate reported is the maximum value achieved over five 
substrate concentrations assayed (0 to 0.3 raM). Assay 
conditions are so described in Methods and Materials 
with 10.5 mM ATP plus albumin and DTT except 
substrate and enzyme source were varied as indicated. 
The 800 x g particulate fraction were derived from the 
same homogenate. 

trate is referred to as homogenate. In some 
instances the homogenate was centrifuged 
100,000 x g for 60 min and the particulate 
sediment resuspended in a volume of buffer 
equal to the homogenate from which it was 
derived. 

Incubation Mixture 

The sodium salts of 1-14C fatty acids were 
diluted with their unlabeled analog to a specific 
activity of approximately 50,000 dpm/~tmole 
fatty acid (26). The incubation mixture was 
optimized for palmitate esterification as de- 
scribed previously (26) and contained ATP (7.0 
raM), CoA (0.4 mM), D,L-glycerol-3-phosphoric 
acid (20.0 raM), MgC12 (2.0 raM), NaF (50.0 
mM), variable amounts of 14C-fatty acid, 0.2 
ml of a 1:8 homogenate containing approxi- 
mately 2.0 mg protein, and phosphate buffer 
(90.0 raM) in a 2.0 ml incubation volume at pH 
7.2. In some incubations bovine serum albumin 
(5 rag) and dithiothreitol (4.0 raM) were 
included in the incubation mixture. Their pres- 
ence caused ATP requirements to increase to 
10.5 mM and also increased the quantity of 
fatty acid required to saturate the enzyme�9 
Incubations were at 37 C for 60 min with 
shaking. The reaction was terminated and prod- 
uct extracted by the addition of heptane-iso- 
propanol-alkaline water (26). 

Determination of Radioactivity and Expression of 
Results 

A 2.0 ml aliquot of the heptane extracted 
lipids (Less than 4% of the 14C-palmitate label 

extracted appeared in phospholipid and mono- 
glycerides. Less than 2% of the label was FFA. 
The remainder was esterified in di and triglycer- 
ides.) was transferred to a glass scintillation vial. 
Scintillation fluid [Paradioxane (770 ml), 
xylene (770 ml), absolute ethanol (460 ml), 
2,5-diphenyl-oxazole (10 g), c~-naphthalphenyl- 
oxazole (100 mg), naphthalene (160 g).] was 
added and samples counted twice. Enzyme 
blanks were subtracted from each sample prior 
to calculation of results. Counting efficiency for 
internal standards was approximately 65% (26). 
Enzyme activity is expressed as/amoles of fatty 
acid esterified per hour per gram of tissue or 
per milligram extractable protein. Protein was 
determined by the method of Lowry et al. (27). 

Chemicals 

Chemicals used in this study and their 
sources are: Adenosene tri-phosphate, disodium 
salt (ATP) Coenzyme A, free acid (CoA), 
D,L-glycerol-3-phosphoric acid, disodium salt, 
bovine serum albumin, fraction V, and un- 
labeled fatty acids (Sigma Chemical Co., St. 
Louis, Missouri); dithiothreitol (Nutritional 
B i o c h e m i c a l s  Corp . ,  Cleveland, Ohio); 
1J4C-palmitic acid, 56.2 mC/mmole, 1-14C 
stearic acid, 48.4 mC/mmole, 1-14C-oleic acid, 
43.2 mC/mmole, 1-14C linoleic acid, 59.2 
mC/mmole and i-14C linolenic acid, 41.5 
mC/mmole (Amersham/Searle, Des Plaines, Illi- 
nois). Linoleic acid was also obtained from 
Hormel (Hormel Institute, Austin, Minnesota) 
and Applied Sciences (The Anspec Co., Ann 
Arbor, Michigan). Fatty acids were >98% pure 
by thin layer chromatography. All solvents used 
were reagent grade or higher. 

RESULTS AND DISCUSSION 

Esterification Rates of Individual Fatty Acids 

Palmitic (C-16:0, hexadecanoic), stearic 
(C-18:0, octadecanoic), oleic (C-18:1, cis-9- 
octadecenoic) and linoleic (C-18:2, ets, eis-9-, 
12-octadecadienoic) acids were tested for their 
ability to be esterified into glycerides by the 
800 x g supernatant of mammary tissue from 
the lactating bovine. Typical esterification rates 
are shown in Figure 1. Oleic acid sometimes 
inhibited esterification at high concentrations. 
A similar inhibition by high concentrations of 
oleate has been noted for intestinal mucosa 
preparations (1,6). Linoleic acid was not esteri- 
fied at rates comparable to the other acids. 
Esterification rates of palmitate and oleate were 
always similar. Incubations conducted in the 
absence of albumin and dithiothreitol and 
lower ATP levels (7.0 mM) required less fatty 
acid to achieve apparent maximum esterifica- 
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ACYL SPECIFICITY IN GLYCERIDE SYNTHESIS 

TABLE I 

Competition Between Fatty Acids During Glyceride Synthesis a 

779 

#Moles 14C- 
Unlabeled fatty acid Per cent 

Labeled acid mM acid mM esterified/hr/g control 

14C-Palmitate 0.10 None 2.33 100 
14C.Stearate 0.10 None 0.66 100 
14C-Oleate 0.10 None 2.60 100 
14C_Palmitat e 0.10 Palmit ate 0.10 1.48 64 
14C_Palmitat e 0.10 Stearate 0.10 2.19 94 
14C_Palmitat e 0.10 Oleate 0.10 1.40 54 

14C-Stearate 0.10 Stearate 0.10 0.32 49 
14C_Stearate 0.10 Palmitate 0.10 0.21 32 
14C_Stearate 0.10 Oleate 0.10 0.30 46 

14C.Oleate 0.10 Oleate 0.10 1.40 54 
14C_Oleate O. 10 Palmitate 0.10 1.48 57 
14C-Oleate 0.10 Stearate 0.10 2.36 91 

aThese results are from a total of 12 incubations using the same enzyme source. 
Conditions of assay were as described in Methods with 7.0 mM ATP without albumin and 
DTT except fatty acid substrate was varied as indicated. Rate of fatty acid esterification 
refers to only the 14C-fatty acid not total fatty acid. The esterification rate of each 
14C-fatty acid when incubated alone is referred to as 100%. The fatty acid concentration of 
0.1 mM was in the range of substrate saturation of enzyme under these conditions. 

t ion rates. Regardless of  the  cofactors  em- 
ployed,  the  relative order  of  ester i f icat ion 
indica ted  in Figure 1 was observed.  

Unsa tura ted  fa t ty  acids in the 100,000 x g 
superna tan t  of  various tissue preparat ions  have 
s t imula ted  glyceride synthesis  (1 t ) .  Fa t ty  acid 
estef i f icat ion was tes ted  in the presence and 
absence of  the  100,000 x g superna tan t  to 
de te rmine  if endogenous  acids in the super- 
na tan t  of m amm ary  tissue homogena tes  would 
inf luence the fa t ty  acid specif ic i ty  of  the  
particulate f ract ion.  The same relative order  of  
ester i f icat ion of  C-18:3,  C - t6 :0 ,  C-18:0, C-18: t  
and C-18:2 was observed in the  part iculate 
f ract ion as in the 800 x g superna tan t  (Fig. 2). 
The absence o f  soluble phospha t ida te  phospho-  
hydrolase  or soluble acyl transferases (28) may 
also have con t r ibu ted  to  the lower  velocities o f  
ester i f icat ion observed in the  part iculate frac- 
t ion.  Unusual  kinetics were displayed by 
C-18:3. At low to in te rmedia te  substrate  con- 
cent ra t ions  the ester i f icat ion rate of  l inolenic 
acid was less than  tha t  o f  palmitic or oleic 
acids, but  at high subst ra te  concen t ra t ions  the  
es tef i f icat ion rate of  l inolenic acid exceeded  
tha t  o f  e i ther  palmit ic  or oleic acid. 

Tissue Concentration of Free Fatty Acids 
(FFA) 

The 800 x g superna tan t  f r o m  m a m m a r y  
tissue of  five cows con ta ined  4.2 + 0.5/2equiv.  
of  F F A / g  tissue. All the  F F A  present  in the  

whole cell remained  in the  800 x g superna tan t  
and 84% of  that  F F A  was associated wi th  the  
particles sed imen ted  at 100,000 x g. Since the  
enzymes  of  glyceride synthesis  are also partic- 
ulate (29) the local concen t r a t ion  of  F F A  may 
be m u c h  higher than  4.2 raM. This value is 
several t imes greater  than  the  apparen t  range of  
subst ra te  sa tura t ion de te rmined  for  certain rep- 
resentat ive fa t ty  acids and indicates  that  the 
supply of  fa t ty  acid may no t  l imit  glyceride 
synthesis  in mammary  tissue. 

Free Acid Combinations 

Stimulat ion of  m a m m a r y  gland palmitate  
es ter i f icat ion by various unlabeled  F F A  was 
invest igated because such s t imulat ions  have 
been demons t r a t ed  in cat intest inal  mucosa and 
to  a l imited ex ten t  in rat liver prepara t ions  
(11,30).  The ester i f icat ion of  0.10 mM 14C- 
palmita te  was measured  in the  presence of  
unlabeled bu tyra te ,  palmitate ,  oleate,  stearate 
and l inoleate ranging f rom 0-0.10 mM. Un- 
labeled palmita te  and oleate each decreased 
14C-palmitate ester i f icat ion similarly but  less 
than  l inoleate.  Stearate and bu ty ra te  had little 
effect .  Incuba t ions  of  0.10 mM 14C_palmitate 
wi th  combina t ions  of  0.02 mM unlabeled  stea- 
tic, oleic, linoleic and butyr ic  acids were made  
to test  the possibil i ty tha t  a combina t ion  o f  
fa t ty  acids might  permi t  synthesis  o f  a p roduc t  
wi th  a balanced compos i t i on  and thus  s t imulate  
palmitate  ester if icat ion.  No combina t ion  of  2-4 

LIPIDS, VOL. 6, NO. 11 



780 

3 0, 

D ' ~  2 0 .  

>- 
I-- t o ,  

- -  o 

.:k 

E.W. ASKEW, R.S. EMERY AND J.W. THOMAS 

OLEIC OLEIC OLEIC OLEtC PALMITIC OALMITIC PALMITIC 
+ + + + + 

OLEIC PA L MITIC STEARIC PA L MITIC STEARIC 

F A T T Y  A C I D  C O M B I N A T I O N S  

FIG. 3. Comparison of total fatty acid esterification of several combinations of equal specific activity fatty 
acids. 14C oleic and 14C palmitic were incubated separately at 0.10 mM concentrations and then with 0.10 mM 
14C palmitic, 14C oleic or 14C stearic acid. Combinations of fatty acids contained 0.20 mM total fatty acid. 
Conditions of assay were described in Methods with 7.0 mM ATP without albumin and DTT except fatty acid 
was varied as indicated. 

unlabeled acids at 0.02 mM st imulated esterifi- 
cation of  14C-palmitate.  This was t rue regard- 
less of  whether  the 800 x g or part iculate 
fract ion was used as an enzyme source. 

F u r t h e r  studies were conduc ted  with 
t4C_palmitate,  14C_oleate and 14C_stearate 
tested separately and with each of  the o ther  
unlabeled acids. Each labeled fa t ty  acid, when 
incubated with its unlabeled analog, caused 
approximate ly  a 50% decrease in incorpora t ion  
of  label as would be predicted by di lut ion of  
substrate specific activity (Table I). No combi-  
nat ion of  fa t ty  acids increased esterif icat ion of  
any fa t ty  acid above that  no ted  when the fat ty  
acid was incubated  alone. Stearate did not  
decrease 14C-palmitate or 14C-oleate esterifi- 
cation appreciably,  but  bo th  palmita te  and 
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FIG. 4. Linoleate inhibition of fatty acid esterifi- 
cation. Each value represents the total fatty acid 
esterification in the presence of 0.20 mM I4C fatty 
acid. All fatty acids were of equal specific activity. 
Combinations of fatty acids contained 0.10 mM of 
each fatty acid. Conditions of assay were as described 
in Methods with 7.0 mM ATP without albumin and 
DTT except fatty acid was varied as indicated. 

oteate markedly decreased 14C-stearate esterifi- 
cation. Oleate and palmita te  each decreased the 
o ther  acids' incorpora t ion  to a similar ex ten t  
(54 and 57%), indicat ing that  these two  fa t ty  
acids compe ted  similarly in the esterif icat ion 
process. 

Al though combina t ions  o f  fa t ty  acids did 
no t  st imulate each o ther ' s  esterif icat ion,  the  
possibility existed that  certain acids might  be 
somewhat  additive in their  combined  esterifica- 
tions. Each 14C-fatty acid o f  equal specific 
activity was incubated  singly at 0 .10 and 0.20 
mM concentra t ions  and then at 0.10 mM in 
various combinat ions  with o ther  0.10 mM fat ty  
acids. The results are shown in Figures 3 and 4. 
Since all fa t ty  acids were t 4C  labeled, only 
total  fa t ty  acids esterified and no t  the contri-  
but ion  of  each acid to this to ta l  could be 
calculated. Stearate when incubated  with palmi- 
tate or oleate resulted in a greater esterif icat ion 
of  fa t ty  acids than any of  the o ther  combina-  
t ions (Fig. 3). Al though  the combina t ion  of  
palmitate  and oleate resulted in a greater 
esterif ication than palmitate  alone, the com- 
bined esterif ication was less than  that  of  oleate 
alone. 

The inhibi tory  effect  o f  t 4 c q i n o l e i c  acid on 
the esterif ication of  three o ther  14C-fatty acids 
is i l lustrated in Figure 4. This conf i rmed the 
inhibi t ion indicated when unlabeled l inoleate  
was included in the incubat ion  mixture.  Esteri- 
f ication o f  14C-fatty acid decreased approxi-  
mately 50% each t ime 0.10 mM 14C-linoleate 
was included in the incubat ion  mixture.  Inhibi- 
to ry  actions of  such compounds  may indicate 
nonspecif ic  chemical  or  physical  effects  in an 
assay system rather  than a specific cellular 
action.  Detergent  inhibi t ion o f  enzyme act ion is 
indicated by nonl inear  1/V vs. " inh ib i to r "  plots 
and a dependency upon  prote in  to detergent  
ratios in the incubat ion mixture  (5,31-33). 
Tests of  these criteria with regard to l inoleate 
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i n h i b i t i o n  of  f a t t y  acid es te r i f ica t ion  by  mam-  
mary  h o m o g e n a t e s  fai led to  ind ica te  de te rgen t  
ac t ion  by  l inoleate  (34) .  F u r t h e r m o r e  inh ib i -  
t i on  of  f a t ty  acid es te r i f ica t ion  was u n i q u e  to 
C-18 :2 ;  ne i t he r  C-16:0,  C-18:0 ,  C-18:1,  n o r  
C-18:3  were i nh ib i t o ry .  Three  d i f fe rent  sources  
of  l inoleate  in s tudies  involving t issue f rom n ine  
animals  were all i nh ib i t o ry .  The c o n c e n t r a t i o n s  
of  h n o l e a t e  f o u n d  to be  i n h i b i t o r y  were similar  
to  e n d o g e n o u s  c o n c e n t r a t i o n s  of  l inolea te  
f o u n d  in m a m m a r y  t issue (0 .07 pmoles/g,  2 
animals) .  Thus  l ino lea te  i n h i b i t i o n  of  f a t t y  acid 
es te r i f ica t ion  may  be of  biological  i m p o r t a n c e  
in f a t t y  acid es te r i f ica t ion  by t he  bov ine  mam-  
mary gland.  L inolea te  has  been  r epo r t ed  to  
inh ib i t  s teara te  desa turase  act ivi ty  of  goat  
m a m m a r y  t issue (35)  and  f a t t y  acid synthes is  
by  mouse  liver (13 ,36) ,  ind ica t ing  t h a t  this  
f a t ty  acid m a y  f u n c t i o n  as a r egu la to r  of  f a t t y  
acid metabo l i sm.  

Effect  of Cis-Trans Isomerism and Double Bond 
Positi on 

Feeding  res t r i c ted  roughage h igh  grain ra- 
t ions  to  dairy ca t t le  has resu l ted  in an  increased  
p r o d u c t i o n  of  a trans-isomer o f  C-18:1 due to  
a l te red  rumina l  h y d r o g e n a t i o n  of  l inoleic acid 
(37 ,38) .  Un labe led  cis-9-octadecenoic acid de- 
creased 14C_palmitat  e es te r i f ica t ion  to  a grea ter  
e x t e n t  t h a n  did  t rans- l l -octadecenoic  acid, 
ind i rec t ly  ind ica t ing  t h a t  t he  cis-isomer (oleic)  
o f  C-18:1 may  have been  es ter i f ied more  
readi ly  t han  the  trans-isomer (vaccenic)  of  
C-18:1 (Fig. 5). However  an  i n h i b i t o r y  ef fec t  of  
trans C-18:1 was n o t  ru led  o u t  since 14C- 
l abe led  trans C-18:1 was no t  t e s ted  w i th  
14C-palmi ta te  for  i ts  effects  on  t o t a l  f a t t y  acid 
es ter i f ica t ion.  

In v i t ro  es te r i f ica t ion  ra tes  were in general  
ag reement  w i t h  the  c o m p o s i t i o n  o f  mi lk  fa t ,  
i.e., C-16:0-~C-18:1) 'C:1 .8 :0)~2-18:2 .  The  ester-  
i f ica t ion  ra te  of  C-18:3 however  far  exceeded  
its c o n c e n t r a t i o n  in milk fa t ,  b u t  r u m i n a l  
h y d r o g e n a t i o n  prec ludes  s ignif icant  quan t i t i e s  
of  th is  acid f r o m  reach ing  t he  m a m m a r y  g land  
(39) .  M a m m a r y  t issue F F A  c o n c e n t r a t i o n s  were 
suff ic ient  to  sa tu ra te  the  in v i t ro  es ter i fy ing  
system.  Steara te  fac i l i ta ted  f a t t y  acid ester i f ica-  
t i on  w h e n  c o m b i n e d  w i t h  pa lmi t a t e  or  oleate .  
Studies  suggested t h a t  t he  trans i somer  of  
C-18:1 was n o t  es ter i f ied as well  as t he  cis 
isomer.  Linoleic  acid was poor ly  es ter i f ied by  
m a m m a r y  t issue and  marked ly  i n h i b i t e d  the  
es te r i f ica t ion  o f  o t h e r  f a t t y  acids. 

The  fa t ty  acid specif ici t ies  observed  in th is  
and  o t h e r  s tudies  (40)  m ay  be  re la ted  to  t he  
k n o w n  responsiveness  o f  mi lk  fa t  p r o d u c t i o n  
to d ie tary  a l te ra t ions .  McCar thy  et al. (41)  have 
p roposed  t h a t  m a m m a r y  gland will e f f ic ient ly  
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FIG. 5. 14C palmitate esterification in the presence 
of unlabeled cis or trans isomers of octadecenoic acid. 
Esterification of 0.10 mM 14C palmitate was mea- 
sured in the presence of increasing concentrations on 
either trans-l l-octadecenoic or cis-9-octadecenoic 
acid. Conditions of assay were as described in Methods 
with 7.0 mM ATP without albumin and DTT except 
fatty acid was varied as indicated. 

ut i l ize on ly  those  f a t t y  acids wh ich  fit  t he  
n o r m a l  p a t t e r n  of  mi lk  fa t  c o m p o s i t i o n .  The  
results  of  this  s t udy  agree w i th  and  e x t e n d  this  
concep t .  
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The Hypolipidemic Effect of SU-13,437 in Rats 
With Natural Endogenous Hypertriglyceridemia 
PAUL H. LENZ, Department of Biological Sciences, Fairleigh 
Dickinson University, Madison, New Jersey 07904 and ALAN I. 
FLEISCHMAN, Atherosclerosis Research Group, Saint Vincent's 
Hospital, Montclair, New Jersey 07042 

ABSTRACT 

The oral adminis t ra t ion  of  25 mg 
2-methyl -2- [p- (1 ,2 ,3 ,4- te t rahydro-  1-naph- 
t h y l ) - p h e n o x y ]  prop ion ic  acid (SU- 
13,437) per ki logram body  weight per  
day in two-mon th -o ld  female rats wi th  
natural ly occurr ing hyper t r ig lycer idemia  
resulted in a 31% decrease (P<0 .01)  in 
the  serum tr iglyceride concen t r a t ion  af ter  
14 days of  t r ea tmen t ,  compared  wi th  
l i t t e r m a t e  cont ro ls  receiving di luent  
(Polye thylene  glycol-300) only.  Phospho-  
lipid, cholesterol ,  free fa t ty  acid, glucose, 
red b lood  cell and white  b lood  cell 
concen t ra t i ons  were similar in the  b lood  
of  t rea ted  and cont ro l  animals af ter  14 
days of  t r ea tmen t .  Liver to ta l  and relative 
weight  was increased as a result o f  ,SU- 
13,437 t r ea tmen t  (P~0 .01) .  The liver 

to ta l  lipid concen t ra t ion  per  10 gm liver 
decreased (P<0 .05)  due to  a decrease in 
t r i g l y c e r i d e  ( P < 0 . 0 1 ) ,  choles te ro l  
(P<0 .01) ,  and free fa t ty  acid (P<0.05)  
concen t ra t ion  fol lowing t r ea tmen t .  The 
relative liver glycogen concen t ra t ion  was 
elevated in t rea ted  rats at 7 (P<0 .01)  and 
14 (P<0 .05)  days of  t r ea tmen t .  

INTRODUCTION 

The prevalence of  familial hyper l ipopro -  
te inemias  (1-4) as well as the  direct  re la t ionship 
be tween  hyper l ip idemia  and atherosclerosis  in 
the h u m a n  popu la t ion  (4-7) has indica ted  a 
need  for  b lood  lipid lowering compounds .  The 
c o m p o u n d  2-methyl -2- [p- (1 ,2 ,3 ,4- te t rahydro-1-  
n a p h t h y l ) - p h e n o x y ]  prop ion ic  acid (SU- 
13,437) is k n o w n  to lower serum choles terol  
and triglycerides in exper imenta l  animals and 

T A B L E I  

Effect of SU-13,437 on the Body Weight 
and Blood Composition of Naturally Occurring 

Hypertriglyceridemic Female Rats a After 7 and 14 Days of Treatment 

SU-13 ,437  PEG-300  SU-13 ,437  PEG- 300 
T r e a t m e n t  x 7 days  b x 7 days  c x 14 days  b x 14 days d 

Body weigh t ,  g, day  0 235 _+ 6 e 225 _+ 4 225 -+ 8 224 _+ 8 
Body weight ,  g, change  _-/-20 _ 6 _+18 -+ 5 -+13 _+ 4 -+16 + 4 

Blood 
Triglycerides, 

mg]100 ml serum 641 _+42 770 +75 625 _+26 912 +72 
Phospholipids, 

mg/100 ml serum 143 +_ 8 150 _+ 5 124 + 5 135 + 8 
Cholesterol, 

mg/100 ml serum 75 -+ 3 70 -+4 59 +4 54 _+4 
Free fatty acids, 

uEq/liter serum 312 _+ 6 179 + 9 174 _+ 11 206 _+11 
Glucose, 

mg/100 ml plasma 109 _+ 3 105 -+ 4 108 -+ 6 95 _ 2 
Red blood cells 

millions/mm 3 whole blood 2.97 + 0.11 2.80 -+ 0.09 
White blood cells 

t h o u s a n d s / m m  3 who le  b lood  11.18 +_ 0.41 10.95 4- 1 .0l  

aThere were 10 rats per group (representing 7 litters) and they were 71 and 80 days of age at autopsy in the 
7 and 14 day studies, respectively. 

b25 mg SU-13,437 dissolved in 1 ml Polyethylene glycol-300 (PEG-300); 1 ml/kg body weight administered 
daily by gavage at 7 A.M. 

CLittermates to group receiving SU-13,437 x 7 days; PEG-300 only, 1 ml/kg body weight administered. 
dLittermates to group receiving SU-14,437 x 14 days; PEG-300 only, 1 ml/kg body weight administered. 
eMean +_ standard deviation. 
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TABLE II 

Effect o f  SU-13,437 on Liver Weight and 
Composit ion o f  Naturally Occurring Hypertriglyceridemic 

Female Ratsa After 7 and 14 Days of  Treatment 

SU-I 3,437 PEG-300 SU-13,437 PEG-300 
Treatment x 7 days b x 7 days c x 14 days b x 14 days d 

Body weight,  g, at autopsy 
(day 7 or 14) 236 • 6 e 228 4. 4 219 • 7 222 +__ 1 

Liver relative weight, g/100 g 
body weight 3.78 •  3 . 0 7 •  3.83 -+0.06 2.71 •  

Liver relative composit ion (per g liver) 
Total lipid, mg 35.3 • 1.0 44.3 _+ 1.6 30.9 • 1.8 37.9 4- 2.5 
Triglyceride, mg 4.3 • 0.3 12.2 4- 1.1 7.0 • 0.5 17.4 • 1.0 
Phospholipid, mg 26.6 • 0.9 26.7 4- 1.0 26.4 • 0.8 26.0 • 0.4 
Cholesterol, mg 2.3 • 0.1 3.1 • 0.1 2.2 • 0.1 3.0 • 0.1 
Free fatty acids, uEq 8.7 • 0.7 12.8 • 0.8 14.0 • 1.5 29.3 • 1.7 
Glycogen, mg 2.1 • 0.6 • 2.5 • 0.6 • 

aThere were 10 rats per group (representing 7 litters) and they were 71 and 80 days o f  age at autopsy in the 
7 and 14 day studies, respectively. 

b25 mg SU-I 3,437 dissolved in 1 ml Polyethylene glycol-300 (PEG-300); 1 ml/kg body weight administered 
daily by gavage at 7 A.M. 

CLittermates to group receiving SU-13,437 x 7 days; PEG-300 only, 1 ml/kg body weight administered. 
dLittermates to group receiving SU-13,437 x 14 days; PEG-300 only, 1 ml/kg body weight administered. 
eMean • standard deviation. 

man (8-24). However the study of this com- 
pound in experimental animals having abnormal 
lipid patterns has been limited. The availability 
of an inbred rat colony in which all animals 
have naturally occurring hypertriglyceridemia 
apparently equivalent to Fredrickson pheno- 
type IV (25) prompted the study reported here. 
Two-month-old female rats were chosen for this 
study since it has been shown previously that 
females of  this strain have higher serum triglyc- 
erides than males (26) and the serum triglycer- 
ide concentration is significantly elevated by 
two months of age (25). 

MATERIALS AND METHODS 

Forty female rats representing seven litters 
from an inbred colony of  rats with natural 
endogenous hypertriglyceridemia (Substrain of 
the Long-Evans strain) were weaned and sepa- 
rated from their male littermates at 22 days of  
age. At two months of age the females from 
each of four of the litters were divided equally 
into an experimental and control group of  10 
rats each for a 7 day study and those from each 
of the remaining three litters were divided 
equally into an additional experimental and 
control group of 10 rats each for a 14 day 
study. All rats were weighed and garaged daily 
at approximately 7:00 AM during the ensuing 
experimental periods. The experimental groups 
received 25 mg SU-13,437/kg body weight 
daily, dissolved in polyethylene glycol (PEG- 
300) (25 mg/ml), whereas the litterrnate con- 

trol groups received 1 ml of  PEG-300/kg body 
weight dally. All animals were provided with 
commercial laboratory chow (Purina Labora- 
tory Chow) and water ad lib. On the last day of 
each experimental period, following an 18 hr 
fast, the rats from one experimental and one 
control group were anesthetized with 50 mg 
sodium pentobarbital per kilogram body weight. 
One heparinized hematocrit  tube of tail vein 
blood was obtained from each rat, centrifuged, 
and the plasma immediately assayed for true 
glucose by an ultramicro modification of  the 
glucose oxidase-peroxidase method (27). In the 
two week study red and white cell counts were 
performed on 20/~1 of  tail vein blood using the 
Unopette method adapted for the Fisher Auto- 
cytometer (28). The animals were then exsan- 
guinated via the dorsal aorta by means of  
disposable syringes fitted with 20 gauge dispos- 
able needles. The blood was allowed to clot at 
room temperature and centrifuged. The serum 
was assayed for lipids without delay. 

Immediately after removal a 1 g piece of 
liver was carefully weighed and digested in 4 ml 
of  hot 30% KOH for glycogen determination by 
the method of Seifter (29). The remainder of  
the liver was weighed and extracted for lipid 
analysis as previously described (30). 

Serum and liver extracts were analyzed for 
phospholipids (31), cholesterol (32), triglycer- 
ides (expressed as triolein) (32), and free fatty 
acids (34) by automated methods. Liver total 
lipids were determined gravimetrically. 

Analyses for changes were performed on the 
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data by use of appropriate estimates of error 
and student t-tests (35). 

RESULTS 

Rats treated with SU-13,437 gained as much 
weight as their respective littermate controls 
after 7 and 14 days of treatment (Table I). The 
final body weights (for body weight change 
determinations only) were taken 24 hr prior to 
autopsy because all animals were fasted for a 
period of 18 hr before autopsy. 

Blood lipids, glucose, and red and white cell 
concentrations in treated and control animals 
are given in Table I. Serum triglycerides were 
slightly lower in SU-13,437 treated animals 
than in littermate controls after seven days of 
treatment but were 31% lower (P<0.01) in 
treated than control animals after 14 days of 
treatment. Serum phospholipid and cholesterol 
concentrations were not affected by SU- 
13,437. While serum free fatty acid concentra- 
tions were 74% higher (P<0.01) in SU-13,437 
treated animals than in littermate controls after 
seven days of treatment, there was no differ- 
ence between treated and littermate control 
rats after 14 days of treatment. Plasma glucose 
concentrations were not altered as a result of 
SU-13.437 treatment. The red and white blood 
cell concentrations were determined only after 
14 days of treatment and were found to be 
similar in treated and control rats. 

The effect of SU-13,437 on relative liver 
weight, lipid and glycogen concentrations was 
evaluated (Table II). Liver relative weights were 
23% and 41% higher in SU-13,437 treated 
animals than in littermate controls after 7 and 
14 days of treatment, respectively (P<0.01), 
indicating that the compound produced hepato- 
megaly in this experimental animal. Liver total 
lipid concentrations were 20% (P<0.01) and 
18% @<0.05) lower in the SU-13,437 treated 
rats than in their littermate controls after 7 and 
14 days of treatment, respectively. The lower 
liver total lipid concentrations were due mainly 
to the 64% and 60% lower liver triglyceride 
concentrations in the treated rats compared 
with their controls after 7 and 14 days of 
treatment, respectively (P<0.01). Other con- 
tributing factors to the lower total lipid concen- 
trations were the 26% (P<0.01) and 27% 
(P<0.01) lower liver cholesterol and 32% 
@<0.01) and 52% @<0.05) lower liver free 
fatty acid concentrations in the treated rats 
compared to their littermate controls after 7 
and 14 days of treatment, respectively. Liver 
phospholipid concentrations were similar in 
treated and control rats. Liver relative glycogen 
concentrations were 247% @<0.01) and 300% 
(P<0.05) higher in SU-13,437 treated rats than 

in their littermate controls at 7 and 14 days of 
treatment, respectively. 

DISCUSSION 

There was a 31% lower serum triglyceride 
concentration in naturally occurring hypertri- 
glyceridemic female rats treated orally with 
SU-13,437 for 14 days compared to littermate 
controls receiving vehicle only. The serum 
triglyceride response observed in this study was 
similar to that observed in previous studies with 
normal (8,9,10,13) and fructose-induced hyper- 
triglyceridemic (8,10) rats, and in humans with 
the Fredrickson-Lees-Levy phenotypes II, III, 
IV and V (11,12). Serum cholesterol levels were 
not  affected by SU-13,437 in this study, in 
agreement with previous studies in Charles 
River rats by Best and Duncan (9,13). On the 
contrary a serum cholesterol lowering effect by 
SU-13,437 has been observed in male albino 
rats (8). Human studies have demonstrated 
varying degrees of hypocholesterolemic effect 
(9,11,12). Since rats hke humans appear to 
have phenotypes, it appears plausible that not 
all rat strains (phenotypes) will respond in the 
same fashion. 

In human studies on patients with various 
lipoproteinemias, predominantly Fredrickson 
phenotype II, the white blood cell count was 
decreased after treatment with SU-13,437 (12). 
In the current studies a decrease in the white 
blood cell count was not observed. 

Hepatomegaly was observed in the current 
studies and has been reported in previous 
studies employing SU-13,437 in the rat 
(8,9,10,13). Liver total lipid concentration de- 
creased due mainly to a decrease in the triglyc- 
eride. The currently reported decrease in liver 
triglyceride and cholesterol is supported by 
previous studies in the rat (8,13). 

Relative liver glycogen concentrations were 
three times greater in the treated animals than 
in their littermate controls. On the contrary 
Hess and Bencze (8) found that liver glycogen 
concentration was lower in male albino rats 
treated with two fifths the amount of SU- 
13,437 utilized in the current study. Liver 
glycogen like serum cholesterol may be affected 
differently in different rat strains. 

Maragoudakis has shown that SU-13,437 is a 
competitive inhibitor of acetyl CoA carboxy- 
lase in vitro in chicken ( 36 - 38 )  and rat (39,40) 
liver. Competitive inhibition in vivo would limit 
or prevent the synthesis of fatty acids from 
acetyl CoA, depending on the ratio of inhib- 
itor/substrate present. The decrease in liver 
fatty acids, triglycerides and total lipids as well 
as the decrease in serum triglycerides observed 
in the current studies could support the hy- 
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p o t h e s i s  t h a t  f ree  f a t t y  ac id  s y n t h e s i s  is d i m i n -  
i s h e d  b y  t h e  d rug ,  p a r t i c u l a r l y  s i nce  t h e  h y p e r -  
t r i g l y c e r i d e m i a  s h o w n  b y  t h e  s t r a i n  o f  r a t s  u s e d  
h e r e  is c a r b o h y d r a t e  i n d u c e d .  S i nce  we  are  
d e a l i n g  h e r e  w i t h  a n i m a l s  w h i c h  h a v e  b e e n  
f a s t e d  fo r  18 h r ,  t h e  l o w e r  h e p a t i c  f r ee  f a t t y  
ac id  c o n c e n t r a t i o n  in  t h e  S U - 1 3 , 4 3 7  t r e a t e d  
a n i m a l  m a y  be  d u e  t o  a d i f f e r e n c e  in  t h e  r a t e  o f  
f a t t y  ac id  u t i l i z a t i o n .  T h e  g r e a t e r  l iver  g l y c o g e n  
c o n c e n t r a t i o n  in  t r e a t e d  a n i m a l s  m a y  be  t h e  
r e s u l t  o f  d e c r e a s e d  c o n v e r s i o n  o f  d i e t a r y  g lu-  
co se  t o  a c e t y l  C o A ,  f r ee  f a t t y  a c i d s  a n d  
t r i g l y c e r i d e ,  l e a d i n g  t o  g r e a t e r  c o n v e r s i o n  o f  
g l u c o s e  t o  g l y c o g e n  in  t h i s  h y p e r t r i g l y c e r i d e m i c  
ra t .  M o r e  e x p e r i m e n t a l  w o r k  m u s t  be  c o n -  
d u c t e d  to  c la r i fy  t h e  e f f e c t  o f  S U - 1 3 , 4 3 7  o n  
g l y c o g e n  s y n t h e s i s  a n d  s t o r a g e .  
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The in Vivo Incorporation of Labeled Linoleic Acid, 
a-Linolenic Acid and Arachidonic Acid Into Rat Liver Lipids 
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ABSTRACT 

The incorporation of 1-14C-linoleic 
acid, 1-14-C-a-linolenic acid and 1-14C- 
arachidonic acid into rat fiver lipids was 
measured and the per cent distribution of 
radioactivity into the different lipid frac- 
tions determined. Normal rats were in- 
jected into the portal vein with the 
labeled solutions during a one minute 
period. Livers were quickly frozen, pul- 
verized, and the lipids extracted and 
fractioned by thin layer chromatography. 
No significant differences were observed 
in the amounts of labeled fatty acids 
incorporated per gram of rat liver. While 
1-14C-linoleic acid and 1-14C-a-linolenic 
acid were found in appreciable amounts 
in the 1,2 diacylglycerol fraction, about 
one fifth as much 1-14C-arachidonic acid 
was esterified in this fraction. 1-14C - 
arachidonic acid was the leading acid 
esterified in the phospholipid fractions. 

INTRODUCTION 

It is well known that the fatty acids of the 
linoleic acid family play an important role in 
the structure of phospholipids of mammalian 
tissues. 

The incorporation of these acids has been 
studied either with in vitro methods (1-3), in 
which the normal balance of cell metabolism 
was necessarily upset, or with in vivo methods 
(4-6), employing rats fed different diets during 
rather long periods of time. Hill et al. (3) 
reported a great difference in the incorporation 
and distribution of fatty acids into lipids when 
incubated solubilized preparations from pigeon 
liver microsomes were compared with the 
results obtained with incubation of  liver slices. 
Elovson (7) demonstrated the early course of in 
v ivo  desa tu ra t i on  and esterification of 
1A4C-stearic acid in rat liver. More recently 
Akesson (8) reported the in vivo rate of 
incorporation of labeled linoleic acid into rat 
liver lipids. 

In earlier experiments (9) we studied the 
simultaneous incorporation of 1-14C-linoleic 

1Member of the National Council of Technical and 
Scientific Research o f  Argentina. 

acid and 3H arachidonic acid into liver lipids 
from normal and diabetic rats. In the hope of 
obtaining further insight into the metabolism of 
liver lipids in intact normal cells, the present 
study concerns itself with the relative in vivo 
incorporation and molecular distribution of 
1-14C-linoleic acid, 1-14C-a-linolenic acid and 
1-14C_arachidonic acid. 

MATERIAL AND METHODS 

1 - 1 4 C - l i n o l e i c  acid (52.9 mC/mmol),  
1-14C-a-finolenic acid (41.5 mC/mmol)  were 
purchased from Radiochemical Centre, Amer- 
sham, England. They were both 98% radio- 
chemically pure. 1-14C-arachidonic acid (53.0 
mC/mmol)  was purchased from Applied 
Science, U.S., and was 99% radiochemically 
pure. 1-14C-linoleic acid and 1-14C-a-linolenic 
acid had 2% eis-trans-unsaturated acid, and 
1-14C-arachidonic had 65% all eis. Phospho- 
lipase A was obtained from Ross Allen Insti- 
tute, U.S. 

Animals 

Male albino Wistar rats weighing 150-170 g 
and fed Purina chow were used. The animals 
were fasted during the 6 hr prior to the 
experiment. 

Preparation of Injection Solution 

Each fatty acid was dissolved in 0.05 ml of  
0.1 N KOH and the solution was heated at 25 C 
until a nearly clear soap solution was obtained. 
Then 0.6 ml of rat serum was added and after 
standing overnight in N 2 atmosphere at room 
temperature with magnetic stirrer this solution 

TABLE I 

Amount of Labeled Fatty Acids 
Incorporated Into Rat Liver Lipids 

Fatty acid No. of  animals nMoles/g rat tissue a 

C18:2 6 3.45 + 1.25 
N.S. 

o~C18:3 7 6.17 4- 1.50 
N.S. 

C20:4 5 5.07 -I- 1.01 

aThe data are the means _+ standard deviations o f  
the mean. Probability (P) values are related to arachi- 
donic acid (C20:4) .  See Methods. 
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TABLE II 

A m o u n t  of  Labeled Fatty Acids Incorporated Into Lipid Fractions From Rat Liver 

nMoles/g wet  tissue a 

Fatty No. of  3-sn-Phospha- 3-sn-Phosphatidyl- 
acid animals 1-2 Diacylglycerol  Triacylglycerol  t idylchol ine e thanolamine  

C18:2 6 0.92 -+0.13 1.32 +0.14 0.63 _+0.13 0.17 _+0.04 
P <0.001 N.S. P <[0.02 P <0.001 

~C18:3 7 1.06 _+0.08 2.48 _+0.23 1.51 _+0.35 0.27 _+ 0.07 
P (0.001 N.S. N.S. P ~0.001 

C20:4 5 0 .20  _+ 0.03 2.01 _+ 0 .24  1.89 _+ 0 .23  0 .48  _+ 0.04 

aData are the means 4" standard deviations o f  the means. Probability (P) values are related to arachidonic acid 
(C20:4). 

was used directly, 0.1 ml contained 10 /~c of 
labeled fatty acid. 

Injection of Labeled Solution 

Groups of five or more rats were anesthe- 
tized with ether and the portal vein was 
exposed. The labeled solution, 0.1 ml per rat, 
was injected at a fairly constant rate during a 1 
rain period. Immediately following injection 
the liver was frozen between two aluminum 
blocks that had been precooled in liquid N2, 
pulverized in a precooled mortar and extracted 
by the method of Folch et al. (10). 

The extract was concentrated and the lipids 
were separated by thin layer chromatography 
(TLC). 

Separation of Lipids 

Phospholipids were separated into their com- 
ponents from the original lipid extract by TLC 
in chloroform-methanol-water (65:25:4 v/v) 
(11). 

The spots, identified by comparison with 
authentic standards and visualized by 12 vapors, 
were scraped off, t}ansesterified with meth- 
anolic He1 (12), extracted with light petroleum, 
evaporated and assayed for radioactivity. 

Neutral lipids were also separated into their 
components by TLC in petroleum ether-ethyl 
ether-acetic acid (80:20:1 v/v) (13) and assayed 
as mentioned above. The over-all recovery of 
radioact iv i ty  after transesterification was 
70-90%. 

However, since in liver extracts cholesterol 
stains too deeply to permit direct observation 
of diglyceride, this whole region was routinely 
scraped off as one band, saponified with 5% 
KOH in methano!, cholesterol extracted with 
petroleum ether, the water soluble layer acidi- 
fied, and the free fatty acids derived from 
diglycerides extracted with light petroleum, 
evaporated and assayed for radioactivity. 

Phospholipifl Hydrolysis 

Phosphatidylcholine and phosphatidyieth- 
anolamine, separated by TLC as described, were 
extracted from the silica using the two phase 
system of Arvidson (14). 

After evaporation of the solvent the phos- 
pholipids were dissolved in 5 ml of diethyl 
ether and to this was added 1 mg of Crotalus 
adamanteus venom in 0.2 ml of 1 M borate 
buffer pH 7.0, containing 0.04 M calcium ace- 
tate. The ether-buffer system was shaken vigor- 

TABLE III 

Positional Distribution of  Radioactive Fatty Acids 
Incorporated Into 3-sn-Phosphatidylcholine and 3-~n-Phosphatidylethanolamine 

Fatty No.  o f  3"sn'Ph~176 

acid animals 1 Position, % 2 Position, % 

3-sn-Phosphatidylethanolamine a 

1 Position, % 2 Position, % 

C18:2 6 5.2 -+ 2.8 94 .8  _+ 2.8 12.6 -I- 5.0 87.4 _ 5.0 
P <0.05 P <0.05 P~<~0.05 P <0.05 

~ 1 8 : 3  7 32.5 --+2.5 67.5 + 2 . 5  35.7 _+3.0 64.3 -+3.0 
P <~0.001 P ~ 0 . 0 0 1  P ~ 0 . 0 0 1  P <~0.001 

C20:4  5 1.2 -+ 0.5 98.8 -+ 0.5 5.0 4" 2.5 95.0 _+ 2.5 

aData are the means _+ standard deviations of  the  means. Probability (P) values are related to araehidonic acid 
(C20:4). 
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o u s l y  a t  r o o m  tempera ture  overnight. 
Following hydrolysis the mixture was dried 
under reduced pressure. The dried lipids were 
dissolved in chloroform-methanol (9:1 v/v) and 
the free fat ty  acids and lysoderivates were 
separated by TLC as described previously and 
assayed for radioactivity.  

Radioactivity Measurements 

Radioactivity measurements were performed 
in a Packard Tri-Carb Scintillation spectrom- 
eter, Model 3003, with a solution of 2.5 
diphenyl oxazol (PPO 5g/liter) and 1.4-bis-4- 
methyl-5-phenyl-oxazolyl-(2) benzol (dimethyl- 
POPOP 0.3 g/liter) in toluene. 

RESULTS 

The capacity of  the liver to esterify the 
injected 1-14Cqinoleic acid, 1-14C-ot-linolenic 
acid and 1-14C-arachidonic acid is summarized 
in Table I. 

As is clearly shown, no significant differ- 
ences were observed in the amounts of  fat ty  
acids incorporated into total  lipids per gram of  
rat liver. 

Despite these similar incorporations signifi- 
cant differences were observed in the amounts 
of these acids incorporated into the major lipid 
fractions as is summarized in Table II. These 
data show the relatively low incorporat ion of 
1-14C-arachidonic acid into 1,2-diacylglycerot 
in contrast with the higher per cent of this acid 
observed in the phospholipid fraction. 

The positional distribution of 1-14C linoleic 
acid, 1-]4C-a-linolenic acid and 1-14C-arachi - 
donic acid in 3-sn-phosphatidylcholine and 
3-sn-phosphatidylethanolamine is given in Table 
III. These results indicate a significantly higher 
incorporation of  1-14C-arachidonic acid into 
t h e  2 position of this phospholipid fractions 
and the significant amount of 1-14C-~-linolenic 
acid esterified into the 1 posit ion in agreement 
with the results obtained by Possmayer et al. 
(2). 

dilution during their transport  in the blood or 
during their integration into the liver acyl-CoA 
pool. 

Despite these facts the capacity of  rat liver 
to estefify fatty acids is similar for the three 
substrates tested although the amounts of each 
substrate esterified into different esters are 
different. While no signficant differences were 
observed in the amounts of 1-14C-linoleic and 
1-14C-a-linolenic acids incorporated into 1,2- 
diacylglycerol fractions, about one fifth as 
much 1-14C-arachidonic acid was esterified in 
this fraction (Table II). Some differences were 
also observed in the phosphatides. 

The relatively larger amount of 1-14C-arach- 
idonic acid in the tfiacylglycerol fraction com- 
pared to the diacylglycerol fraction suggests 
either a preferential esterification of the free 
posit ion of 1,2-diacylglycerol by this acid or 
t h e  selective acylation by the enzyme acyl-CoA- 
1 ,2 -d iacy lg lyce ro l -0 - t rans fe rase  in certain 
diglyceride units (9). The former assumption 
has been recently supported by in vitro experi- 
ments by DeKruyff et al. (15). 

According to Kennedy (16) the principal 
biosynthetic route to 3-sn-phosphatidylcholine 
utilizes diglyceride as intermediate.  While the 
1-14C linoleic acid incorporated into lecithin 
remains lower than in the 1,2-diacylglycerol 
fraction, about ten times more 1-14C-arachi - 
donic acid was found esterifying this phospho- 
lipid fraction. This finding suggests that t h e  
fat ty acid redistr ibution by the deacylation- 
reacylation cycle (17-19) could account for this 
difference. This assumption is further sup- 
ported by additional results (to be published) 
on the simultaneous in vivo incorporation of 
3H choline and 1-14C-linoleic acid or 1-14C - 
arachidonic acid into rat liver lecithin. While no 
significant differences were observed in the 
amounts of 3H choline incorporated into the 
lecithin fraction per gram of rat  liver, three 
t i m e s  more 1-14C-arachidonic acid than 
1-14C4inoleic acid were found esterifying these 
fractions. 

DISCUSSION 

The activity of the enzymes leading to the 
biosynthesis of phospholipids and neutral lipids 
in vivo is under the control  of regulatory 
mechanisms which are very difficult to manage 
in in vitro systems. 

On the other hand the present conditions 
probably supply a continuous labeling of  the 
fat ty acid CoA derivative, immediate substrate 
for estefification. Nevertheless i t  is necessary to 
point out  that  the amount  of  labeled fat ty  acids 
incorporated into lipids depends either on their 
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Regulation of Ovarian Cholesterol Esters: Evidence for the 
Enzymatic Sites of Prostaglandin-lnduced Loss of Corpus 
kuteum Function 1 
H.R. BEHRMAN, G.J. MACDONALD and R.O. GREEP, 
Harvard Medical School, Departments of Physiology and Anatomy and 
Laboratory of Human Reproduction and Reproductive Biology, Boston, Massachusetts 02115 

ABSTRACT 

The regulation of cholesterol ester 
synthetase and cholesterol esterase by 
prostaglandins and gonadotrophins in lu- 
teinized ovaries of the rat was studied. 
Prostaglandin F2a (PGF2~) depressed 
ovarian cholesterol esters by 75% 
(p<.025) within 48 hr. Hypophysectomy 
(APX) produced a similar effect; pro- 
tactin administration to this group main- 
tained cholesterol esters at a higher level 
than in the APX group but the trophic 
effect of prolactin was abolished by 
simultaneous PGF 2a treatment. Proges- 
terone output in incubated ovarian slices 
was reduced 50% by PGF2c~ treatment in 
vivo (p<.005), an effect similar to that 
produced by APX. Prolactin administra- 
tion in vivo maintained the ability of the 
incubated tissue to synthesize progester- 
one at an elevated rate in APX rats but  
simultaneous PGF2a treatment abolished 
this action of prolactin. Cholesterol ester 
synthetase activity was severely depressed 
(p<.005) by PGF2a treatment to animals 
with intact pituitaries, a decrease similar 
to that produced by APX alone. The 
effect of APX on synthetase activity was 
reversed by prolactin treatment but not 
when PGF20 l was administered with pro- 
lactin. Esterase activity, also maintained 
by prolactin in APX animals (p~.005), 
was not affected to the same extent by 
PGF2~ although a decrease in activity 
was produced in both the intact and the 
APX + prolactin group by PGF2a 
(p<~.10). However simultaneous adminis- 
tration of luteinizing hormone (LH) re- 
versed the effect of PGF2o z in the APX + 
prolactin + PGF2~ group on esterase 
activity. These data indicate that the 
luteolytic action of PGF2~ is directly on 
the corpus luteum and this action appears 
to be mediated by a neutralization of 
prolactin activity. The loss in synthetase 
activity and to some extent in esterase 

lOne of three papers being published from the 
Symposium, "Cholesteryl Esters," AOCS Meeting, 
Houston, May 1971. 

activity, induced by PGF2a depressed 
ovarian cholesterol ester turnover and the 
availability of cholesterol for conversion 
to progesterone. 

INTRODUCTION 

The ovary is known to be dependent on 
pituitary hormones for continued function, and 
knowledge of the hormonal factors involved in 
the formation and maintenance of the corpus 
luteum is just emerging. In the rat for example, 
luteinizing hormone (LH) is known to increase 
the rate of progesterone biosynthesis when 
administered in vivo or when added directly to 
incubated slices of luteal tissue (1). Prolactin on 
the other hand has little acute effect on the rate 
of steroidogenesis (2) but is known to maintain 
the function and structure of the corpus luteum 
in hypophysectomized rats (3,4). In addition 
there is now considerable evidence that uterine 
factors may be present which under certain 
conditions hasten degeneration of the corpus 
luteum in the rat (5,6). It thus appears that 
both LH and prolactin as well as uterine factors 
are involved in regulating function of the rat 
corpus luteum but the mechanisms by which 
these substances exert their control is poorly 
understood. 

The major role of the corpus luteum is the 
biosynthesis of progesterone. An understanding 
of the control mechanisms involved in the 
formation of this product is necessary in order 
to understand the regulation of luteal function. 
Claesson and Hillarp (7) suggested that choles- 
terol plays an important role in ovarian steroid- 
ogenesis by serving as a precursor reservoir since 
gonadotrophin treatment reduced the tissue 
levels of this substrate. Later workers ( 8 )  
showed the specific decrease of cholesterol 
esters and Armstrong (9) further correlated 
ovarian cholesterol ester depletion with stimula- 
tion of steroidogenesis by LH. Behrman and 
Armstrong (10) demonstrated that LH 
increased the specific activity of cholesterol 
esterase (E.C.3.1.1.13) within an hour of in 
vivo administration, indicating the possibility of 
enzyme activation. Cholesterol ester depletion 
by LH was shown by Behrman et al. (11) to be 
a direct effect of LH and not a consequence of 
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TABLE I 

Effect of Prostaglandin F2c ~ on Tissue Sterol Levels in Luteinized Ovaries 

Cholesterol ester, Cholesterol, 
Treatment a n mg/gb mg/g 

Intact 5 11.0 + 2.4 bt  4.0 4- 1.1 

Intact + PGF2a 5 3.1 -+0.6 b~ 3.6 +0.9 
APX 5 2.3 +0.1 boa 3.2 4-0.3 
APX+ PL 5 4.3 ---1.3 b~ 3.8 4-0.8 
APX + PL + PGF2c t 5 1.7 -1"0.4 b~ 3.5 4-1.0 
APX + PL + LH + PGF2c ~ 3 2.0 -+0.2 b~ 1.9 4-0.1 

aAbbreviations: PGF2~, prostaglandin F2a; APX, hypophysectomy; PL, prolactin; 
LH, luteinizing hormone. 

hbi  is significantly different from bo (p(.025); b A is significantly different from b6 (p(.10). 

increased s te ro idogenes is  since inh ib i t i on  o f  
choles tero l  ox ida t ion  wi th  a m i n o g l u t e t h i m i d e  
did no t  p reven t  the  ac t ion  of  LH to reduce  
choles te ro l  esters.  Neut ra l i za t ion  o f  e n d o g e n o u s  
LH wi th  specific an t ibodies  (A/S)  was s h o w n  by  
B e h r m a n  et al. (12) to resul t  in an a lmos t  
comp le t e  inh ib i t ion  o f  choles te ro l  es terase ac- 
t ivi ty wi th in  24 hr. This  was ref lec ted  in a large 
a c c u m u l a t i o n  of  ovarian choles te ro l  es ters  and  a 
decrease in s e r u m  p roges t e rone  levels. Add i t i on  
o f  LH A/S directly to i n c u b a t e d  slices of  
ovarian t issue r educed  p roges t e rone  b io syn the -  
sis. T h u s  in e x p e r i m e n t s  where  LH was in jec ted  
or when  ci rculat ing LH was r e m o v e d  by  anti-  
b o d y  neu t ra l i za t ion ,  cho les te ro l  es terase levels 
varied directly wi th  the  presence  or absence  o f  
LH. These  data  su p po r t  the  h y p o t h e s i s  tha t  
ac t iva t ion of  choles tero l  es terase ac t ion  is in 
par t  respons ib le  for  the  increased  s teroido-  
genesis  p r o d u c e d  by acu te  LH t r e a t m e n t .  

Prolact in  is well r ecognized  to  be involved in 

ma in t a in ing  luteal  f u n c t i o n  and  Wiest et  al. (13)  
have s h o w n  t h a t  pro lac t in  p reven t s  the  appear -  
ance of  2 0 a - h y d r o x y s t e r o i d  dehydrogenase .  
This  e n z y m e  ca ta lyzes  the  r e d u c t i o n  of  proges-  
t e rone  to a p roges ta t iona l ly  inact ive f o r m  
20a -hyd roxy -p regn -4 -en -3 -one  (20a-o l ) .  Arm-  
s t rong  et al. (14) have s h o w n  t h a t  pro lac t in  
ma in t a in s  ovarian choles te ro l  esters  in rats  

lacking p i tu i t a ry  and  u n d e r  these  cond i t i ons  LH 
s t imu la t i on  of  s te ro idogenes i s  could  be elici- 
ted. B e h r m a n  et al. (15)  later  d e m o n s t r a t e d  a 
specific ac t ion  of  prolac t in  to m a i n t a i n  h igh 
levels o f  sterol  acyl  t r ans fe rase  (E .C.3 .1 .2 .2 ;  
choles te ro l  es ter  s y n t h e t a s e )  and  choles te ro l  
esterase in h y p o p h y s e c t o m i z e d  rats .  The  ap- 
pearance  of  these  e n z y m e s  was associa ted  wi th  
corpus  l u t e u m  f o r m a t i o n  and  was direct ly  
corre la ted  to increased  levels o f  ovarian choles-  
terol  esters.  

Recen t ly  in te res t  has  great ly  increased  in the  
ac t ions  of  p ros tag land ins  in r ep roduc t ive  physi -  

TABLE II 

Effect of Prostaglandin F2a on Luteal Cholesterol Ester 
Synthetase and Cholesterol Esterase Activity 

Cholesterol ester 
synthetase Cholesterol esterase 

Treatment a n CE cpm/min/mg protein b % Hydrolysis/min/mg protein b 

Experiment 1 
Intact 4 855 + 85 b t  0.18 4-0.03 btA 
Intact + PGF2a 4 234 4- 10 b$ 0.10 4- 0.02 b8 
APX 4 1 t 9 +  11 br 0.06 _+0.02 b~ 
A P X + P L  4 544 4- 87 bm 0.15 4-0.01 biA 
A P X + P L + P G F 2 t  x 4 1604- 10 b~ 0.11 +0.02 bu6 
APX + PL + LH + PGF2t x 2 3184- 21 b~ 0.14-+0.01 bu 

Experiment 2 
APX 4 65 4- 33 bm 0.184-0.01 bm 
APX + PL 3 1868 "4- 156 b~ 0.43 __.0.05 b~ 
APX + PL + LH + PGF2c z 4 3164- 54 bn 0.33-+0.05 b~ 

aAbbreviations: See Table I. 
bbm is significantly different from bo (p(.005); bA is significantly different from b8 (p(.lO). 
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TABLE III 

Effect of Prostaglandin F2a on 
Progestin Output in Incubated Luteal Tissue 

793 

Progesterone 
Treatment a n /.tg/g b 20a-o l,/.tg/g b 

Intact 5 57.5 ---7.6 ba 40.0 4- 10.1 b6 
Intact + PGF2a 5 23.3 + 2.8 b~ 38.2 - 5.6 
APX 5 28.5 +6.7 b~ 18 .2 -  2.8 b "  
APX + PL 5 38.4 -+4.4 b6 46.6 + 13.6 b6 
APX + PL + PGF2a 5 11.6 --- 1.8 bO 34.2 -+ 7.0 
APX + PL + LH + PGF2a 3 14.54-4.3 38.34- 6.5 

aAbbreviations: See Table I. 

bbu is significantly different from bo (p(.005); b A is significantly different from b6 
(p(.10); b6 is significantly different from b ,  (p(.001). 

ology. These  c o m p o u n d s  appear  to  be involved  
in m a n y  h o r m o n e - m e d i a t e d  processes  (16)  and  
show a p r o n o u n c e d  degenerat ive  ef fec t  on  the  
corpus  lu t eum of  the  rat  (17)  and  m a n y  o t h e r  
species (18 ,19 ,20) .  B e h r m a n  et al. (21)  have 
s h o w n  t h a t  p ros tag land in  a d m i n i s t r a t i o n  causes 
an ab rup t  decrease in ovar ian  p roges t e rone  
secre t ion  in the  p r egnan t  and  p s e u d o p r e g n a n t  
rat .  The  m e c h a n i s m  of  the  lu teo ly t i c  ac t ion  of  
p ros tag land in  is no t  comple t e ly  k n o w n  al- 
t h o u g h  Pharr is  (22)  has suggested t h a t  pros ta-  
g landin may  decrease the  b lood  f low to the  
ovary. However  B e h r m a n  et al. showed  t h a t  t he  
ovarian venous  f low ra te  was u n a f f e c t e d  dur ing  
pros tag iand in  t r e a t m e n t  (21)  or several hou r s  
la ter  (23) ,  a l t h o u g h  a m a r k e d  decrease in 
p roges te rone  secre t ion  had  occur red .  

The  present  expe r imen t s  evaluate  the  e f fec t  
of  p ros tag land in  F 2 a  ( P G F 2 a )  on  corpus  lu- 
t e u m  f u n c t i o n  and  are designed to o b t a i n  
i n f o r m a t i o n  on  the  site of  ac t ion  of  pros ta-  
g landin in th is  gland.  The  ef fec t  of  pros ta -  
g landin t r e a t m e n t  in vivo on  the  enzym es  
involved in cho les te ro l  ester  t u r n o v e r  was 
e x a m i n e d  and  cor re la ted  w i th  t issue levels of  
choles te ro l  ester  and  ovar ian p roges te rone  ou t -  
pu t  in i n c u b a t e d  ovaries f rom i n t a c t  ra ts  and  
h y p o p h y s e c t o m i z e d  rats  t r ea t ed  w i th  gonado-  
t roph ins .  

M A T E R I A L S  A N D  METHODS 

Animals 

I m m a t u r e  female  ra ts  pu rchased  f r o m  the  
H o l t z m a n  Co.,  Madison,  Wis. were housed  in 
t e m p e r a t u r e - c o n t r o l l e d  quar te rs  which  p rov ided  
14 h r  of  l ight  and  10 hr  of darkness  per  day.  
F o o d  and  wa te r  were given ad l ib i tum.  At  31 
days of  age the  animals  received 50 IU of  
Pregnant  Mare Se rum (PMS) fo l lowed 65-70 hr  
la ter  w i th  25 I U o f  H u m a n  Chor ion ic  G onado -  

t r o p h i n  (HCG) in o rder  to  i nduce  highly  lute-  
inized ovaries. Three  days af ter  HCG t r e a t m e n t  
h y p o p h y s e c t o m y  was carr ied ou t  as descr ibed 
earlier (15) .  At  au topsy  the  sella tu rc icae  were 
e x a m i n e d  w i th  a loupe  and  ovar ian t issues were 
d iscarded if  the  an imal  was n o t  comple t e ly  
h y p o p h y s e c t o m i z e d .  

Treatment Schedule 

All t r e a t m e n t s  began immed ia t e ly  fo l lowing  
h y p o p h y s e c t o m y ,  were admin i s t e r ed  by  the  
s u b c u t a n e o u s  route ,  and  were c o n t i n u e d  for  
two  days. Animals  were sacrif iced 12-14 hr  
fo l lowing the  last t r e a t m e n t .  Pros tag landin  F 2 a  
was dissolved in 10% e thanol -sa l ine-0 .01% Na 2 
CO 3 and  t h e n  m i x e d  in a sal ine-gelat in so lu t ion  
to  give a f inal  c o n c e n t r a t i o n  of  1 m g / m l  in 15% 
gelatin.  P G F 2 a  was admin i s t e red  at  a dosage of  
0.5 mg /kg  b.i .d. Pro lac t in  (NIH-P-S9) was 
admin i s t e red  at a dosage of  2 I U b . i . d .  in 15% 
gelat in and  LH (NIH-LH-S16)  at a dosage of  10 
~tg b.i .d, in 15% gelatin.  

Preparation of Tissues 

Ovarian tissue f rom animals  wi th in  a t rea t -  
men t  group were pooled .  Por t ions  f rom each 
ovary were separa ted  i n to  two  subpools ,  one  
for  i n c u b a t i o n  of ovar ian t issue slices and  one 
for  assay of  choles te ro l  esterase and  cho les te ro l  
ester  syn the t a se  act iv i ty .  The data  on  s teroido-  
genesis in v i t ro  were o b t a i n e d  f r o m  two  separ- 
a te  expe r imen t s  w h i c h  c o n t a i n e d  2 and  3 
repl icates  respeci tvely.  The  e n z y m e  analyses  
were o b t a i n e d  f rom 2 repl icates  in each  exper i -  
ment .  Pr ior  to  i n c u b a t i o n  the  weight  of  the  
ovar ian slices in each flask was recorded .  The 
e n z y m e s  were par t ia l ly  pur i f ied  b y  cent r i fuga-  
t ion  of  ovar ian  t issue h o m o g e n i z e d  (75 mg/ml )  
wi th  0.25 M sucrose  c o n t a i n i n g  0 .001 M EDTA. 
The first  cen t r i fuga t ion  was at  10 ,000 r p m  fo r  
15 min  and  the  second  at 100 ,000  x g for  60 
min.  
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Enzyme Assays 

Cholesterol esterase activity was assayed in 
the soluble fraction and cholesterol ester 
synthetase activity in the pellet fraction after 
centrifugation at 100,000 x g. Enzyme activity 
was measured at initial rates by incubating 
radio-labeled substrates with the respective frac- 
tions at 37 C for 3 and 6 rain as described 
earlier (15). The data are expressed as % 
hydrolysis/min or cholesterol ester cpm/min 
per mg of protein rather than in the standard 
enzyme units, since endogenous substrates were 
present. However because of the centrifugation 
procedures employed and the care taken to 
remove the subcellular fractions free of contam- 
ination from the lipid layer, the endogenous 
substrate level is minimal and constant as 
shown earlier (10). 

Incu balion Procedu re 

Ovarian tissue slices were prepared and 
incubated in 4 ml Krebs-Ringer bicarbonate 
buffer containing 1 mg/ml of glucose, for 2 hr 
at 37 C in an atmosphere at 95% 02-5% CO 2. 
Each incubation flask contained 150-250 mg of 
tissue and the incubation was stopped by 
placing the flasks on dry ice and then storing at 
-20 C until extraction and analysis. 

Analytical Methods 

Incubated tissues were homogenized in the 
surrounding media to which was added tracer 
amounts of  cholesterol-l,2-3H, cholesterol- 
7a-3H palmitate, progesterone-l,2-3H, and 
20a-ol 1,2-3H (purchased from New England 
Nuclear Corp., Boston). Tracers were purified 
by thin layer chromatography (TLC) and used 
to con'ect for losses during extraction and 
chromatography. The homogenates were 
extracted first with 4 volumes and second with 
3 volumes of diethyl ether. The ether extract 
was dried under a stream of nitrogen and the 
lipids were separated by TLC in a solvent 
system composed of hexane-ether-acetic acid 
75:25:2. The sterol fractions were identified 
from standards run in parallel, removed, 
extracted from the silica gel using chloroform- 
MeOH 1:1 and quantitated using a fluorescent 
technique described earlier (10). The combined 
steroid fractions were removed eluted and 
separated by TLC using methylene chloride- 
ether 5:2, eluted from the silica gel and 
quantitated by gas liquid chromatography as 
described earlier (11). Protein was determined 
by the method of Lowry et al. (24). 

RESULTS 

The effect of prostaglandin treatment on 

ovarian sterols in animals with an intact pitui- 
tary gland and in hypophysectomized-gonado- 
trophin-treated animals is shown in Table I. In 
animals with an intact pituitary, PGF2a pro- 
duced a highly significant 75% decrease in the 
ovarian content of cholesterol esters which was 
equivalent to that produced by hypophyse- 
ctomy alone. Prolactin treatment maintained 
cholesterol esters at about twice the level seen 
in the hypophysectomized control group. When 
PGF2a was administered with prolactin a loss 
in the trophic action of prolactin to maintain 
ovarian cholesterol esters occurred. Simul- 
taneous administration of  LH with prolactin 
did not prevent this action of PGF2a in 
hypophysectomized animals. Ovarian levels of 
free cholesterol were not affected by treatment, 
with the possible exception of the hypophysec- 
tomized group treated with LH, prolactin and 
PGF2a , where a decline of about 50% was 
observed when compared to the other groups. 

In Table II, Experiment 1, the effect of 
identical treatments on the specific activity of 
cholesterol ester synthetase and cholesterol 
esterase is shown. Prostaglandin depressed 
synthetase activity (75%) when administered to 
intact animals. Hypophysectomy also reduced 
synthetase activity to a similar extent and this 
effect was due to a loss of circulating gonado- 
trophin since replacement with prolactin main- 
tained enzyme activity. In previous studies (15) 
we demonstrated that LH elicited no trophic 
action to maintain enzyme activity in hypo- 
physectomized animals and a combination of 
LH and prolactin was no more effective than 
prolactin alone. In fact, with respect to synthe- 
tase activity, LH administration with prolactin 
was less effective than prolactin alone. The 
effect of prostaglandin on synthetase activity 
was a direct action on the ovary, a conclusion 
which is supported by the observed loss of 
enzyme activity in hypophysectomized animals 
treated with prolactin and PGF2a. Concomi- 
tant administration of LH and prolactin did not 
prevent the lesion induced at the level of the 
synthetase enzyme by PGF2a. Cholesterol 
esterase activity, although markedly reduced by 
hypophysectomy (-70%), was depressed to a 
smaller extent in intact rats than was synthetase 
activity by PGF2a administration. Prolactin 
maintained high levels of esterase activity in 
hypophysectomized animals and PGF2a admin- 
istration to this group also produced a moder- 
ate decline in enzyme activity but again not as 
severe as the effect produced on synthetase 
activity. Concomitant administration of LH and 
prolactin was able to completely neutralize the 
effect of PGF2a on esterase activity. In an 
additional experiment with hypophysectomized 
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animals, prolactin was shown to increase both 
synthetase and esterase activity very markedly, 
Table II, Experiment 2. However PGF2a , while 
almost completely preventing the trophic ac- 
tion of prolactin on synthetase activity, again 
did not significantly reduce esterase activity in 
the presence of prolactin and LH. 

The effect of PGF2a administered in vivo on 
the progesterone and 20a-ol levels in incubated 
ovarian slice preparations is shown in Table III. 
The level of progesterone output can be 
directly correlated in these experiments with 
ovarian cholesterol ester output and cholesterol 
ester synthetase activity. For example proges- 
terone was significantly reduced (-50%) by 
PGF2a administration to animals with an intact 
pituitary and by hypophysectomy. Prolactin 
replacement increased progesterone output in 
hypophysectomized animals but again PGF2a 
prevented the trophic action of prolactin 
administered alone or in combination with LH. 
Indeed progesterone output was reduced even 
below the hypophysectomized group when 
PGF2a was administered with prolactin in 
hypophysectomized animals. The output of 
20ot-ol did not follow a pattern similar to that 
of progesterone with these treatments. Prosta- 
glandin did not  reduce 20a-ol when adminis- 
tered to animals with an intact pituitary and 
thus the significant reduction in total progestins 
(progesterone + 20c~-ol) observed with this 
treatment was due to a selective decrease in 
progesterone. However hypophysectomy did 
reduce 20c~-ol output (-50%) and the signifi- 
cant decline noted for thetota l  progestin level 
(-50%) arose from a decrease in both proges- 
terone and 20a-ol .  Prolactin treatment pre- 
vented the detrimental effect of hypophysec- 
tomy on 20~-ol output but PGF2c ~ did not 
interfere with the trophic action of prolactin in 
this case as it had with progesterone output. In 
general the changes in the level of total proges- 
tins reflected the effect of treatment on proges- 
terone level except for the hypophysectomy 
and prolactin replacement groups, 

DISCUSSION 

The results of studies reported herein indi- 
cate that prostaglandin produced a lesion in the 
luteal cell which prevented adequate storage of 
cholesterol esters and impaired the ability of 
the corpus luteum to produce progesterone. 
This conclusion is supported by the closely 
associated effects of treatments on cholesterol 
ester synthetase activity, tissue levels of choles- 
terol ester and progesterone output. The site of 
the prostaglandin-induced lesion appeared to be 
located primarily at the level of cholesterol 
ester synthesis as the synthetase enzyme was 

more severely affected than was the hydrolytic 
enzyme. The mechanism by which prosta- 
glandin impaired the ability of the corpus 
luteum to turn over cholesterol ester appeared 
to arise from a loss in the trophic expression of 
prolactin. In previous studies (15) we have 
shown that prolactin specifically maintains 
cholesterol ester synthetase, cholesterol esterase 
activity and tissue cholesterol esters in the 
corpus luteum of the hypophysectomized rat. 
Others have documented the ability of prolac- 
tin to maintain progesterone secretion (14) 
which was confirmed in the present experi- 
ments. 

Although PGF2c ~ completely neutralized the 
trophic effect of prolactin on cholesterol ester 
synthetase activity, its effect was not as marked 
on esterase activity and indeed it had no effect 
on esterase activity when LH and prolactin 
were administered together. Pharriss (22) has 
previously demonstrated the ability of PGF2a 
to neutralize the trophic action of prolactin to 
maintain elevated ovarian progesterone levels in 
hypophysectomized rats. In earlier studies we 
demonstrated that PGF2c ~ reduced ovarian pro- 
gesterone secretion within 30 min of an iv 
injection but found that it did not affect 
ovarian venous flow rate (21). In experiments 
where LH was administered simultaneously 
with PGF2~, the decline in progesterone secre- 
tion was prevented. These observations on the 
acute effect of PGF20 ~ may not be directly 
comparable to the data in the present experi- 
ments where PGF2~ was administered chroni- 
cally, but it is of interest to note that LH, when 
administered with prolactin, was able to pre- 
vent any change by PGF2~ on esterase activity. 
In addition LH administration along with pro- 
lactin appeared to be partially effective in 
maintaining a higher synthetase activity in the 
presence of prostaglandin compared to that of 
prolactin alone. Thus it is possible that PGF2a 
may reduce esterase activity which decreases 
the amount of cholesterol available for steroid- 
ogenesis and causes a decline in progesterone 
output. However the decrease in progesterone 
output appeared to be more closely related to a 
loss in synthetase activity induced by PGF2~ 
which led to a decrease in cholesterol esters and 
thereby reduced the amount of cholesterol 
available for conversion to progesterone. 

Prostaglandin added directly to incubated 
slices of ovarian tissue has been shown by us 
(23) and by others (25) to stimulate steroido- 
genesis; yet we have also observed that proges- 
terone secretion is reduced within minutes 
following an iv injection of PGF2o ~ (21). The 
opposite effect of prostaglandin in vitro and in 
vivo is puzzling and no adequate explanation is 
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c u r r e n t l y  available. H o w e v e r  we have obse rved  
(12)  t ha t  cho le s t e ro l  m a y  be m o r e  accessible 
fo r  s t e ro idogenes i s  in t i ssue  i n c u b a t e d  in v i t ro  
t h a n  in s i tu and  the  poss ib i l i ty  ex is t s  t ha t  
P G F 2 ~  m a y  in s o m e  u n k n o w n  m a n n e r  increase  
the  avai labi l i ty  o f  cho le s t e ro l  fo r  s t e ro ido -  
genesis  in v i t ro .  
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Response of Rat Adrenal Cholesteryl Esters to Cold Stress 1 
BRIAN L. WALKER and JAMES A. CARNEY, Department of Nutrition, 
College of Biological Science, University of Guelph, Guelph, Ontario 

ABSTRACT 

Male rats were maintained on diets 
containing corn oil or hydrogenated coco- 
nut  oil. The compositions of the adrenal 
cholesteryl esters were determined in 
control animals and in those subjected to 
cold stress (4 C for 30 min). Total sterol 
ester content was lower in the stressed 
rats. In those receiving corn oil there were 
selective decreases in 16:1, 18:2 and 
20:4(n-6) esters but not in 22:4(n-6). In 
the coconut oil fed, essential fatty acid 
(EFA) deficient animals, the decreases in 
20:4(n-6) and 22:4(n-6) were quite selec- 
tive, but the concentrations of the choles- 
teryl esters of 20:3(n-9) and 22:3(n-9) 
were also selectively reduced in the 
stressed animals. Olive oil and corn oil- 
ethyl erucate were employed as dietary 
fats in a second experiment. Plasma corti- 
costerone was lower in animal fed ethyl 
erucate and subjected to cold stress. 
Cholesteryt erucate was the major adrenal 
ester in animals receiving dietary erucate 
but it was not well utilized in animals 
subjected to stress. The cholesteryl esters 
of linoleate and arachidonate were prefer- 
entially utilized in both of these dietary 
groups. Chotesteryl arachidonate was 
selectively utilized in all four dietary 
groups studied and may constitute the 
preferred substrate for rat adrenal choles- 
teryl ester hydrolase. 

INTRODUCTION 

The rat adrenal contains more esterified 
cholesterol in proportion to its weight than any 
other tissue in the body. Cholesteryl esters 
account for about 4-6% of the wet weight of 
this tissue (1), far more than that found in 
plasma and liver (ca. 0.05%) (2) or even the 
1-1.5% occurring in the ovary (3), the only 
other tissue which is comparable to the adrenal 
in this respect. Moreover rat adrenal cholesteryl 
esters have a somewhat unusual fatty acid 
composition; not  only are they rich in polyun- 
saturated acids but a major component under 
normal dietary conditions is a docosatetraenoic 
acid. This acid was isolated from canine adrenal 

1One of  three papers being published from the 
Symposium, "Cholesteryl Esters," AOCS Meeting, 
Houston, May 1971. 

lipids by Chang and Sweeley (4) who charac- 
terized it as the 7,10,13,16-isomer, 22:4(n-6).  
Although the adrenal lipids from several species 
contain this acid (5), the levels are considerably 
lower than those found in the rat tissue. The rat 
adrenal is not unique in containing high concen- 
trations of docostatetraenoic acid however, 
since ovarian cholesteryl esters from this species 
also contain this acid in abundance (6). In both 
of these tissues the docosatetraenoic acid 
occurs primarily in the cholesteryl ester frac- 
tion with very little being found in the other 
lipid fractions. The occurrence of C22-unsatu- 
rated acids in the rat adrenal is not limited to 
22:4(n-6) and the tissue lipids do respond to 
dietary manipulation. Thus in essential fatty 
acid deficiency 22:3(n-9) is a major constituent 
of this tissue (7-9), and dietary erucic acid is 
deposited extensively in the adrenal (1). Egwim 
and Sgoutas (10) have reported that feeding 
hydrogenated soybean oil not only results in 
the deposition of elaidic acid but also of 
9,13-docosadienoic acid in rat adrenal lipids. 
This latter acid is unusual since it does not 
contain the classic "methylene interrupted" 
double bond structure of most naturally occur- 
ring unsaturated acids. In all of the above 
instances the docosenoic acids were deposited 
primarily as cholesteryl esters and their 
deposition was accompanied by an increase in 
the total cholesteryl ester content of the tissue, 
suggesting additional deposition of the unusual 
ester rather than a simple substitution for other 
esters. Recent studies in our laboratory have 
confirmed the similarity between rat adrenal 
and ovary with respect to the deposition of 
22:3(n-9) (6) and 22:1(n-9) (Walker, unpub- 
lished data) in the cholesteryl ester fraction 
under the appropriate dietary conditions. 

Because of the high concentrations of poly- 
unsaturated acids of the (n-6)-series in rat 
adrenal cholesteryl esters, several workers have 
investigated the function of these compounds. 
It is known that the cholesteryl ester fraction 
of the adrenal decreases in conditions resulting 
in synthesis of steroid hormones, although the 
free sterol fraction does not appear to change 
significantly (11). The esterified cholesterol 
thus appears to be functioning as a reservoir of 
sterol for hormone biosynthesis. The specula- 
tion of Sinclair (12) that specific esters, namely 
those of the (n-6)-polyunsaturated acids, may 
act as precursors for steroid hormone produc- 
tion is not unreasonable. The work of Haya- 
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TABLE I 

Fatty Acid Composition of Dietary Fats a 

Weight, % 

Corn Hydrogenated Olive Corn oil- 
Acid oil coconut oil oil ethyl erucate 

8:0 --- 6.6 . . . . . . . .  
10:0 --- 7.2 . . . . . .  
12:0 --- 5 2 . 6  . . . . . .  
14:0 ~ 1 7 . 1  . . . . . .  
16:0 11.7 7.5 11.1 2.3 
18:0 2.3 8.6 2.7 0.4 
18:1 29.5 0.3 76.6 5.6 
18:2 55.5 (0.1 7.9 10.4 
22:1 . . . . . . . . .  81.3 

aMinor constituents omitted from table. 

shida and Portman (13) demonstrating the 
impaired ability of adrenal tissue from essential 
fatty acid deficient rats to synthesize corticos- 
teroids in vitro lends credence to this thesis. In 
a comprehensive but apparently little publi- 
cized series of studies, a group of workers from 
the University of Kyoto Medical School 
(8,14-16) investigated the effects of stress on 
adrenocortical function in normal, EFA defi- 
cient and vitamin B 6 deficient rats. The resting 
u r i n a r y  formaldehydogenic corticoid and 
plasma fluorometric corticoid levels were signif- 
icantly lower in EFA deficient rats and these 
animals exhibited a marked inability to respond 
to such stressful situations as adrenocortico- 
trophic hormone (ACTH) injection, cold stress, 
surgical insult, fracture of the ulna and radius 
or starvation, when compared with animals 
receiving adequate levels of dietary linoleate 
(14). Fukuda (15) also reported a parallel 
relationship between serum EFA levels and 
adrenocortical capacity in human surgical 
patients. Muraoka (8) extended the work in rats 
by demonstrating that there was a preferential 
decrease in adrenal cholesteryl arachidonate in 
response to ACTH injection. A similar finding 
was reported by Gidez and Feller (17 ) in  rats 
subjected to unilateral adrenalectomy and they 
also found that oleate and linoleate were 
undergoing preferential utilization in addition 
to the arachidonate. 

It is apparent that cholesteryl esters of the 
essential fatty acids, particularly arachidonic 
acid, are mobilized during glucocorticoid 
synthesis by the rat adrenal. However a number 
of questions remain unanswered in the above 
reports. The function of the high concentration 
of cholesteryl adrenate has not been deter- 
mined, nor has it been determined that the 
impaired adrenocortical function in EFA defi- 
cient rats is due to the presence of 20:3(n-9) 
and 22:3(n-9) in the adrenals in place of  

20:4(n-6) and 22:4(n-6). In the studies of  
Muraoka (8) substantial amounts of the latter 
acids were present in the adrenal cholesteryl 
esters of the deficient animals, but unfortu- 
nately expression of the data in terms of per 
cent of total fatty acids renders assessment of 
the absolute changes in the concentrations of 
20:3(n-9) and 22:3(n-9) difficult. Finally the 
deposition of large amounts of the somewhat 
atypical erucic acid (1), partly at the expense of 
the (n-6)-polyunsaturated acids, has not been 
considered in terms of utilization of such a 
cholesteryl ester for corticosteroid production. 
The following experiments were therefore 
undertaken in an attempt to provide answers to 
these questions. 

M A T E R I A L S  A N D  METHODS 

Male weanling rats of the Wistar strain were 
purchased from Woodlyn Farms, Guelph, 
Ontario. Dextrose was purchased from Canada 
Starch Co., Toronto,  Ontario, cellulose (alpha 
floc) from Lee Chemicals Ltd., Toronto, 
Ontario, and vitamin free casein, the mineral 
mix (modified Williams-Briggs formulation) and 
vitamins from General Biochemical Corp., 
Chagrin Falls, Ohio. A vitamin mix was pre- 
pared containing the following ingredients per 
kilogram diet: vitamin A (palmitate ester), 
24,000 IU; vitamin D (on bran carrier), 4,000 
IU; dl ct-tocopherol acetate, 120.0 mg; mena- 
dione, 1.0 mg; thiamine hydrochloride, 10.0 
rag; pyridoxine hydrochloride, 5.0 mg; niacin, 
50.0 mg; calcium pantothenate, 20.0 mg; p- 
aminobenzoic acid, 20.0 rag; riboflavin, 10.0 
rag; folic acid, 1.0 rag; biotin 0.5 mg; vitamin 
B12 (as 0.1% trituration with mannitol), 10.0 
mcg; inositol, 1.0g; choline chloride, 1.0g. 
Dextrose was employed as a carrier in sufficient 
quantity that the above vitamin requirements 
were met by the addition of 1% vitamin mix to 
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TABLE II 

Effect of Cold Stress on the Cholesteryl 
Esters From the Adrenals of Rats Fed Corn Oil 

799  

Decrease 
Control (5) a Stressed (5) /~moles/g 

Ester gmoles/g tissue Mole % ~zmoles/g tissue Mole % tissue SI b 

14:0 1.8 __.0.4 2.5 1.3 4-0.3 2.6 0.5 0.9 
16:0 9.1 _1.1 12.6 6.8 • 13.5 2.3 0.8 
16:1 3.8 4- 1.0 5.2 1.8 +0.3 3.6 2.0 1.7 
18:0 2.3 4-0.4 3.2 2.7 4-0.6 5.4 -0.4 --- 
18:1 13.1 4- 1.7 18.0 8.8 4. 1.5 17.5 4.3 1.1 
18:2 5.2 4-0.7 7.2 3.0 4-0.2 6.0 2.2 1.4 c 
20:4(n-6) 15.4 4. 2.4 21.2 9.7 4. 1.2 19.3 5.7 1.2 c 
22:4(n-6) 15.5 4-2.8 21.4 11.2 4- 1.0 22.3 4.3 0.9 

Total 72.5 50.3 22.2 

aMean~EM, number of samples in parentheses. Minor components omitted from table. 
bSelectivity Index = decrease in concentration of ester expressed as per cent of decrease in total ester divided 

by mole per cent of ester in control (17). A value greater than unity indicates a preferential loss of the ester in the 
stressed animal. 

Cp(0.05 

the  diet .  
Corn  oil (Mazola b r a n d )  and  olive oil (Unico  

b r a n d )  were pu rchased  locally,  h y d r o g e n a t e d  
c o c o n u t  oil and  erucic acid were generous ly  
d o n a t e d  b y  Canada  Packers  Ltd. ,  T o r o n t o ,  
Ontar io .  The  erucic acid was ester i f ied pr ior  to  
use by  re f luxing  w i t h  2% H2SO4 in e thanol .  
The  f a t t y  acid compos i t i ons  o f  the  d ie tary  fats 
are p resen ted  in Table  I. 

The  an imals  were m a i n t a i n e d  on  semisyn-  
t he t i c  diets  con ta in ing  dex t rose  (59%),  v i t amin  
free casein (20%),  cellulose (5%),  fat  ( I 0 % ) ,  
minerals  (5%) and  v i t amin  mix (1%). In the  
ini t ia l  e x p e r i m e n t  t he  diets  c o n t a i n e d  e i ther  
corn  oil or  h y d r o g e n a t e d  c o c o n u t  oil and  
animals  were sacrif iced a f te r  25 weeks on  these  
diets.  The  fats  e m p l o y e d  in the  second  exper i -  
m e n t  were olive oil and  a m i x t u r e  of  co rn  oil 
and  e thy l  e ruca te  (1 :5  w/w) ,  b o t h  inc luded  in 
the  diet  at  t he  12% level, t h e  ext ra  2% fat 
subs t i t u t ing  for  c a r b o h y d r a t e  calories. This  
e x p e r i m e n t  was t e r m i n a t e d  af te r  10 weeks on  
the  expe r imen t a l  diets.  

The  an imals  on  each  diet  were r a n d o m l y  
divided i n to  two  groups  at  t he  t e r m i n a t i o n  of  
the  expe r imen t .  One group  was sacrif iced 
immed ia t e ly  by  anaes the t i z ing  wi th  sod ium 
p e n t a b a r b i t a l  and  exsangu ina t ing  via the  ab- 
domina l  aor ta  us ing a hepar in ized  syringe. The  
b l o o d  was r e t a ined  for  p lasma cor t i cos te ro id  
assay if  r equ i red  and  the  adrenals  were rapid ly  
r e m o v e d  and  chi l led in l iquid n i t rogen .  The  
second  group  of  animals  was sub jec ted  to  cold 
stress by  immers ing  in wate r  at  4 C for  30 min  
pr ior  to  sacrifice by  t he  p rocedure  ou t l i ned  
above.  Blood and  adrenals  were o b t a i n e d  as 
before .  

Within 15 min  of  sacrifice of  the  rat  the  
b lood  was cen t r i fuged  at 5000  g for  15 rain at  
4 C and  the  plasma was isolated.  Plasma cort i -  
cos te rone  was assayed by  the  p rocedure  o f  
Mar t in  and  Mar t in  (18) .  The  two  adrenals  f r o m  
each ra t  were careful ly  freed of  per i renal  fa t ,  
e x t r u d e d  f r o m  the  capsules  and  weighed.  They  
were t hen  h o m o g e n i z e d  (Po ly t ron ,  mode l  PT 
10, B r i n k m a n  I n s t r u m e n t s  Ltd. ,  Rexdale ,  
Onta r io )  for  30 sec in 10 ml of  2:1 ch lo ro fo rm-  
m e t h a n o l  and  e x t r a c t i o n  of  the  l ipid c o n t i n u e d  
for  60 min  at r o o m  t e m p e r a t u r e  u n d e r  n i t ro-  
gen. Af te r  removal  of  the  residue by  f i l t r a t ion  
the  ex t rac t  was washed  wi th  wa te r  and  the  
l ipids i so la ted  as previously  descr ibed  (19) .  
Tota l  l ipids were f r a c t i o n a t e d  by  t h in  layer  
c h r o m a t o g r a p h y  (TLC)  on  Adsorbos i l  1 (Ap- 
plied Science Labs. Inc. ,  State  College, Pennsyl-  
vania)  w i th  p e t r o l e u m  e the r -d i e thy l  e the r  (97 :3  
v/v)  as developing solvent .  Choles te ry l  esters, 
visualized by  spraying  t he  plate  wi th  Rhoda-  
mine  6G and  viewing u n d e r  u l t ra  violet  l ight,  
were ex t r ac t ed  f r o m  the  gel w i th  freshly redis- 
t i l led d ie thy l  e ther .  Methy l  p e n t a d e c a n o a t e  was 
added  as an in t e rna l  s t andard ,  the  cho les te ry l  
esters were t ranses te r i f i ed  w i th  b o r o n  f luor ide-  
m e t h a n o l  and  t he  resu l t ing  m e t h y l  esters puri-  
fied by  TLC (19).  The  f a t t y  acid c o m p o s i t i o n  
of t he  adrena l  cho les te ry l  esters  was d e t e r m i n e d  
by  gas l iquid c h r o m a t o g r a p h y  using the  equip-  
m e n t  and  p rocedures  previously  descr ibed  (19) .  
The  esters  f r o m  animals  fed  corn  or  c o c o n u t  oil 
were f r a c t i ona t ed  on  a 150 x 0.2 cm c o l u m n  
con ta in ing  15% EGSS-X on  80-100 mesh  
C h r o m o s o r b  W (Appl i ed  Science Labs.,  Inc . )  
and  ope ra t ed  i so the rma l ly  at  180-185 C. In 
o rder  to  separate  18 :3(n-3)  f rom 20:1 (n-9)  and  
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TABLE III 

Effect of Cold Stress on the Cholesteryl 
Esters From the Adrenals of Rats Fed Hydrogenated Coconut Oil 

Decrease 
Control (5) a Stressed (5) #moles/g 

Ester /~moles/g tissue Mole % /smoles/g tissue Mole % tissue SI b 

14:0 6.0 4-0.5 6.9 6.2 _ 1.3 9.6 -0.2 --- 
16:0 10.6 4- 1.3 12.1 8.9 -I- 1.2 13.8 1.7 0.6 
16:1 4.3 4-0.6 4.9 4.3 4-0.4 6.6 0.0 --- 
18:0 3.8 4-0.5 4.3 3.1 +0.3 4.8 0.7 0.7 
18:1 17.3 4-2.6 19.8 14.7 __+2.9 22.7 2.6 0.6 
18:2 1.1 • 1.3 1.0 +--0.2 1.5 0.1 0.3 
20:3(n-9) 16.0 +- 1.5 18.3 9.9 4- 1.5 15.3 6.1 1.5 c 
20:4(n-6) 1.7 + 0.3 1.9 0.5 -I- 0.1 0.8 1.2 2.8 d 
22:3(n-9) 18.6 + 2.1 21.3 11.4 + 3.6 17.6 7.2 1.5 
22:4(n-6) 2.1 4- 0.3 2.4 0.5 + 0.1 0.8 1.6 2.9 d 

Total 87.4 64.7 22.7 

aMean+SEM, number of samples in parentheses. Minor components omitted from table. 
bSelectivity Index = decrease in concentration of ester expressed as per cent of decrease in to ta l  ester  divided 

by mole per cent of ester in control (17). A value greater than unity indicates a preferential loss of the ester in the 
stressed animal. 

Cp(0.05. 
dp(0.01. 

20:4(n-6)  f rom 22:1(n-9) ,  a 3 0 0 x 0 . 2  cm 
column conta ining 3% EGSP-Z on 100-120 
mesh  Gaschrom Q (Appl ied Science Labs.,  Inc.) 
and opera ted  isothermal ly  at 175 C was em- 
p loyed in the  separat ion of  esters f rom animals 
on the  olive oil and corn-erucic  diets. The 
inclusion of  the  internal  s tandard  pe rmi t t ed  the  
absolute concen t ra t ions  of  individual choles- 
teryl  esters to  be de te rmined .  The t- test  (20) 
was employed  in de te rmin ing  the significance 
of  the differences  be tween  exper imenta l  
groups. 

R ESU LTS 

Essential Fatty Acid Deficiency and Stress 

Animals main ta ined  on the  hyd rogena t ed  
coconu t  oil exh ib i ted  the  classical s y m p t o m s  of  
essential f a t ty  acid def ic iency including poor  
growth,  scaliness of  the  tail and feet ,  and 
coarseness of  fur. Arachidonic  and 22:4(n-6)  
acids were major  c o m p o n e n t s  of  the  adrenal  
cholesteryl  esters  f rom the  rats receiving corn 
oil but  cons t i tu t ed  only a small f rac t ion  of  the  
esters f rom the  def icient  animals (Table II and 
III). In the  def icient  rats the  po lyenoic  acids of  
the  (n-9)-series, 20:3 and 22:3,  accoun ted  for  
a lmost  40% of  the  total  acids f rom this adrenal  
fract ion.  The to ta l  cholesteryl  ester  con t en t  was 
slightly higher  in the  def ic ient  adrenals.  

Subject ing the  rats to  cold stress resul ted  in 
a decrease in the  to ta l  choles teryl  esters. 
A l though  decreases in the  concen t ra t ions  of  
to ta l  esters were similar for  the  normal  and 

EFA def ic ient  animals,  a p ropor t iona te ly  
greater decrease was observed in rats receiving 
corn oil (30.6% vs. 25.9%). In animals main- 
rained on corn oil (Table II) most  esters were 
f o u n d  to  decrease in concen t ra t ion .  However  
only the  changes in 18:2 and 20:4  were 
demons t r a t ed  to be significant (p<0 .05 )  as a 
result o f  the  cold stress. The selectivity index  
(SI) was c o m p u t e d  in order  to  de te rmine  the  
relative ut i l izat ion o f  the d i f ferent  esters. Bo th  
arachidonic  and linoleic esters,  which were 
significantly lower  in the  stressed rats, had 
selectivity indices in excess o f  uni ty .  In addi-  
t ion the  selectivity indices of  oleic and palmit-  
oleic esters were greater  t han  uni ty .  The index  
of  22:4(n-6)  ester  was only  0.9. 

In rats main ta ined  on  hyd rogena t ed  coconu t  
oil (Table III) the  concen t ra t ions  of  the  
22:4(n-6) ,  20:4(n-6) and 20:3(n-9) esters were 
significantly lowered  as a result  o f  cold stress, 
and all o f  these  esters exh ib i t ed  selectivity 
indices greater than  1.0. A l though  the SI of  
22:3 (n-9) was the  same as tha t  o f  20:3(n-9) ,  
the  di f ference in concen t ra t ions  of  this ester  in 
the contro l  and stressed adrenals was no t  
demons t rab ly  significant.  

Erucic Acid and Stress 

The plasma cor t i cos te rone  levels were deter-  
mined in rats receiving olive oil or  corn oil-ethyl  
erucate  e i ther  in the  rest ing state or subjec ted  
to  stress. These data are p resen ted  in Table IV. 
Al though  the  rest ing levels o f  plasma cort icos-  
t e rone  were similar in the  two  dietary groups,  
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the  concen t ra t ion  of  the  g lucocor t icoid  was 
significantly greater in the  stressed rats fed olive 
oil than  in those  receiving ethyl  erucate  and 
subjec ted  to  stress. 

The compos i t ions  of  the  choles teryl  esters 
f rom animals receiving the  olive oil and erucic 
acid conta ining diets are presented  in Tables V 
and VI. The two die tary  fats were quite similar 
in f a t ty  acid compos i t i on  except  for  the  nature  
of  the  major m o n o e n o i c  acid present ,  oleic in 
t he  case of  the  olive oil and erucic acid in the  
corn oil-ethyl erucate  mixture  (Table I). Olive 
oil con ta ined  more  palm• and stearic and 
slightly less l inoleic acid than  the  o the r  oil. The 
corn oil-ethyl  erucate  diet  resul ted  in the  
depos i t ion  of  large amoun t s  of  erucic acid in 
the  adrenal  choles teryl  esters (Table VI). It was 
in fact  the major  fa t ty  acid c o m p o n e n t  of  this 
lipid f ract ion,  account ing  for  almost  30 mole % 
of  the total  acids. Eicosenoic  acid, 20:1(n-9) ,  
accoun ted  for  8% of  the to ta l  acids. However  
the  occurrence  of  these  two  acids in the  adrenal  
cholesteryl  esters was n o t  con t ingen t  on the  
presence o f  erucate in the  diet ,  since b o t h  were 
found  in the rats main ta ined  on t h e  olive oil 
diet. The rat  adrenal is apparent ly  capable of  
elongating oleic acid to  20:1 (n-9) and 22:1 (n-9) 
or o f  incorpora t ing  these acids f rom the  plasma. 
The major  dif ferences  be tween  the  olive oil and 
corn-erucate  groups were the  presence  of  large 
amounts  of  erucic acid and less oleic acid in the  
adrenals of  the  lat ter .  The p ropor t ions  of  most  
of  the o ther  acids, including the  (n-9)-acids, 
were slightly lower  in the  group receiving e thy l  
erucate,  a l though the  absolute concen t ra t ions  

TABLE IV 

Effect of Diet and Cold Stress 
on Hasma Corticosterone 

ug/100 rra 

Olive oil Corn oil-erucic 

Control 9.9 • 0.93 a 9.9 _ 1.15 
Stressed 61.3 _ 5.43 42.5 _ 6.51 b 

aMean_+SEM. 
bp<0.05. 

were similar or slightly higher in some in- 
stances.  Total  choles teryl  ester co n t en t  per  
gram wet  t issue was greater  in this group.  

Cold stress resul ted in significant decreases 
in the  concen t ra t ions  of  the  16:1, 18:2, 
20:1(n-9) ,  20:4(n-6)  and 22:4(n-6)  esters o f  
cholesterol  in rats receiving olive oil (Table V). 
The SI of  all o f  these  acids exceeded  uni ty  
a l though the  values for  20:1 (n-9) and 22:4(n-6)  
were only  slightly greater  than  1.0. In this 
group the  SI of  myris t ic  acid also exceeded  
uni ty .  The decrease in cholesteryl  ester  c o n t e n t  
was 34.7% of  the  con t ro l  value in the  olive oil 
fed rats. In contras t ,  cold stress resul ted in a 
decrease of  only  16.8% in animals receiving the  
e thy l  erucate  diet ,  but  this  change was no t  
significant at the  5% level. In only one ins tance,  
oleic acid, was a significant decrease n o t e d  in an 
individual ester  in this group,  a l though 14:0, 
16:1, 18:1, 18:2 and 20:4 all had SI values 
greater than unity.  A p rominen t  fea ture  o f  this 
group was the  lack of  ut i l izat ion of  choles teryl  

TABLE V 

Effect of Cold Stress on the Cholesteryl 
Esters From the Adrenals of Rats Fed Olive Oil 

Decrease 
Control (9) a Stressed (7) /~moles/g 

Ester #moles/g tissue Mole % ~zmoles/g tissue Mole % tissue SI b 

14:0 1.5 -----0.2 2.9 0.7 +0.1 2.1 0.8 1.5 
16:0 6.0 --+0.6 11.5 4.8 --. 1.1 14.1 1.2 0.6 
16:1 3.0 -I-0.3 5.8 1.6 ----.0.2 4.7 1.4 1.3 d 
18:0 1.8 -1"0.2 3.5 1.7 -1"0.5 5.0 0.1 0.2 
18:1 14.8 __. 1.5 28.4 10.7 + 1.4 31.5 4.1 0.8 
18:2 2.2 +0.4 4.2 1.1 +0.2 3.2 1.1 1.5 e 
20: l(n-9) 2.6 --+ 0.3 5.0 1.6 4, 0.2 4.7 1.0 1.1 e 
20:4(n-6) 5.1 _ 0.6 9.8 2.9 -I- 0.3 8.5 2.2 1.2 d 
22:1(n-9) 1.2 4-0.8 2.3 0.9 __.0.2 2.6 0.3 0.7 
22:4(n-6) 8.8 ----- 1.5 16.9 5.5 --+ 0.4 16.2 3.3 1.1 c 

Total 52.1 34.0 18.1 

aMean_SEM, number of samples in parentheses. Minor components omitted from table. 
bSelectivity Index = decrease in concentration of ester expressed as per cent of decrease in total ester divided 

by mole per cent of ester in control (17). A value greater than unity indicates a preferential loss of the ester in the 
stressed animal. 

Cp<0.05 
dp<0.01. 
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T A B L E  VI 

E f f e c t  o f  Co ld  Stress  o n  the  C h o l e s t e r y l  
Es ters  F r o m  the  A d r e n a l s  o f  Ra t s  F e d  C o r n  O i l -E thy l  E r u c a t e  

Decrease  
C o n t r o l  (9)  a S t r e s sed  (7)  # m o l e s / g  

Es t e r  # m o l e s / g  t i ssue  Mole % # m o l e s / g  t i ssue  Mole % t issue SI b 

14 :0  2 . 2 -  + 0.1 3 .2  1.3--- 0 .2  2 .3  0 .9  2 .4  
1 6 : 0  6.3-+ 0 .4  9 .2  5.3 + 0 .5  9 .3  1 .0  0 .9  
16:1  2.4-+ 0.1 3 .5  1.9 + 0 .2  3 .3  0 .5  1.2 
18 :0  1.4__. 0.1 2 .0  1.3--. 0.1 2 .3  0.1 0 .5  
18:1  9 . 9 +  0 .5  14 .5  7 . 6 +  0 .7  13 .4  2 .3  1.4 c 
18 :2  1.04- 0.1 1.5 0.8--.  0.1 1.4 0 .2  1.1 
2 0 : 1 ( n - 9 )  5.4-+ 0 .5  7 .9  4 .5  -I- 0 .5  7 .9  0 .9  1.0 
2 0 : 4 ( n - 6 )  6.2-+ 0 .4  9.1 4 .9-+  0 .5  8 .6  1.3 1.2 
2 2 : 1 ( n - 9 )  19.9-1- 2.1 29.1  18.3__. 2 .2  32 .2  1.6 0 .5  
2 2 : 4 ( n - 6 )  10.0-1- 0 .7  14 .6  8 .74-  0 .8  15 .3  1.3 0 .8  

To ta l  68 .3  56 .8  11 .5  

a M e a n + S E M ,  n u m b e r  o f  s a m p l e s  in p a r e n t h e s e s .  Minor  c o m p o n e n t s  o m i t t e d  f r o m  tab le .  

bSelect i ,v i ty  I n d e x  = decrease  in c o n c e n t r a t i o n  o f  es te r  e x p r e s s e d  as pe r  c e n t  o f  dec rease  in t o t a l  e s t e r  d iv ided  
b y  m o l e  per  c e n t  o f  e s te r  in c o n t r o l  (17) .  A va lue  g r ea t e r  t h a n  u n i t y  i n d i c a t e s  a p r e f e r e n t i a l  loss o f  t h e  es te r  in  t he  
s t r e s sed  an ima l .  

Cp(0 .05 .  

erucate (SI = 0.5). 

The total adrenal cholesteryl ester content 
was somewhat lower in the present study than 
in those reported previously. Gidez and Feller 
(17) found over 110/ lmoles  of esters per gram 
tissue in unstressed rats, whereas in the control 
animals receiving corn oil in the present study, 
the sterol ester level was only slightly more 
than 70 //moles per gram tissue. Moreover in 
the second experiment of this study even lower 
levels of  total cholesteryl esters were found. 
However the animals employed in this second 
experiment were considerably younger than 
those used in the EFA deficient study. As 
noted previously, feeding an EFA deficient diet 
(9) or one containing erucic acid (1) resulted in 
elevated adrenal cholesteryl ester concentra- 
tions. Again the differences noted in this study 
were smaller than those reported elsewhere 
(1,9). 

Subjecting rats to cold stress resulted in a 
decrease in adrenal chotesteryl ester content. In 
animals receiving corn oil this amounted to 
about 30% of the control value and was slightly 
lower in the deficient rats (26%). In animals 
subjected to unilateral adrenalectomy (17) the 
ester content of the remaining adrenal 3 hr 
after the operation was about 40% of the value 
obtained for the adrenal removed in the opera- 
tion. 

In previous studies, subjecting rats to stress 
resulted in decreases in specific cholesteryl 
esters. Muraoka (8) found that only cholesteryl 
arachidonate decreased significantly in rats 

receiving an injection of ACTH. This conclusion 
was based on relative changes in the mole per 
cent of the esters and absolute data were not 
presented. Gidez and Feller (17) found that the 
stress of unilateral adrenalectomy performed on 
rats fed a commercial diet resulted in selective 
decreases in cholesteryl oleate, linoleate and 
arachidonate. They proposed the "selectivity 
index" employed in the present study as a 
means of assessing the relative utilization of 
each ester in relation to its concentration in the 
control animals. An SI in excess of unity 
indicates that the ester is being depleted at a 
rate greater than might be expected from its 
initial concentration in the tissue. For SI<1.0, 
the reverse is true. In the present study choles- 
teryl oleate, linoleate and arachidonate exhib- 
ited selective decreases when animals fed corn 
oil were subjected to cold stress. However only 
the last two acids were significantly lower in 
the stressed animals. In addition palmitoleic 
appeared to be selectively utilized although we 
were unable to demonstrate a significant de- 
crease in the concentration of this ester. As was 
noted by Muraoka (8) and Gidez and Feller 
(17), 22:4(n-6), although a major constituent 
of this tissue, did not show any selective 
decrease in concentration in the stressed 
animals. 

A slightly different pattern was noted in 
animals maintained on hydrogenated coconut 
oil and subjected to stress. The 20:3(n-9), 
20:4(n-6) and 22:4(n-6) esters of cholesterol 
were significantly lower in the adrenals of the 
stressed animals and the latter two were very 
well utilized in relation to their concentrations 
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in the tissue, with selectivity indices of 2.8 and 
2.9, respectively. They were however relatively 
minor constituents in the deficient tissue. On 
t h e  basis of these data, the 22:4(n-6) ester may 
only be well utilized when the concentration of 
20:4(n-6) is quite tow. Both the 20:3(n-9) and 
22:3(n-9) esters were selectively utilized al- 
though the decrease in the latter was not 
significant at the 5% level. In view of this, it 
seems unlikely that the reduced capacity of the 
adrenals from EFA deficient animals to pro- 
duce glucocorticoids (13-14) can be ascribed 
solely to the substitution of the(n-9)-polyunsat- 
urated esters for the (n-6)-esters. The suggestion 
of Hayashida and Portman (13) that the re- 
duced steroidogenesis in EFA deficient rats 
stems from impairment of  the energy yielding 
processes in the tissue must still be considered a 
distinct possibility. 

Inclusion of erucic acid in the diet resulted 
in the deposition of large amounts of  this acid 
in the adrenal cholesteryl esters as first noted 
by Carroll (1). The increase in plasma corticos- 
terone in response to cold stress was smaller in 
animals maintained on such a diet than in those 
receiving olive oil. Moreover it is quite apparent 
from Table VI that cholesteryl erucate was 
poorly utilized in response to stress. Since this 
ester was the major constituent of the adrenals 
from animals in this dietary group, its lack of 
utilization may well account for the relatively 
poor response of these animals to cold stress as 
exemplified by the low plasma corticosterone 
level and the relatively small decrease in total 
adrenal cholesteryl esters. It is interesting to 
note that Beare et al. (21) found that rats 
receiving rapeseed oil and maintained at 4 C, 
lost weight and died in 4-34 days. Their mean 
survival time was 15 days whereas that of  
control animals receiving corn oil was 20 days. 

Linoleate and arachidonate again exhibited 
selectivity indices greater than unity in animals 
fed the olive oil or corn-erucic diet. The SI of  
cholesteryl oleate in the olive oil group was 
only 0.8 in spite of the fact that it was the 
major constituent of the adrenals and was well 
utilized in the erucic acid group. Cholesteryl 
myristate was a relatively minor component  of 
the esters from both groups and its SI was 
greater than unity. Again the differences 
between the control and deficient animals were 
not significant. 

It appears from the data presented in this 
paper that the relative changes in the concentra- 
tions of specific cholesteryl esters in the rat 
adrenal, which may reflect the rates of hydrol- 
ysis of the esters with release of cholesterol for 
steroidogenesis, are dependent on the nature of 
the dietary fat. Cholesteryl arachidonate was 

consistently well utilized. Indeed, with the 
exception of  the EFA deficient adrenals which 
contained very little arachidonate, the SI of this 
ester was remarkably constant. Cholesteryl lino- 
leate was generally well utilized when the 
animals were subjected to cold stress but 
variable results were obtained for oleate. T h e  
unusually high concentration of cholesteryl 
adrenate, 22:4(n-6), in rat adrenal lipids does 
not appear to reflect a specific role for this 
ester as a source of cholesterol for steroidogen- 
esis. Its only significant utilization occurred in 
the EFA deficient rats when the concentrations 
of 20:4(n-6) and 22:4(n-6) were quite low. 
Cholesteryl erucate was not well utilized by rats 
subjected to stress but it is not  possible to 
ascribe the low plasma corticosterone level 
purely to the poor utilization of this acid on 
the basis of the current data. Other factors may 
be operative. For example Houtsmuller et al. 
(22) reported a decreased rate of synthesis of 
ATP in heart mitochondria from rats receiving 
dietary erucic acid. A similar situation may 
exist in the adrenal. 

One of  the main problems encountered in 
the present study was the variability of  the 
results. The unilateral adrenalectomy technique 
of Gidez and Feller (17) provides a possible 
remedy to this problem since each animal acts 
as its own control. Alternatively, in vitro 
indubations of  adrenal tissue in the absence or 
presence of ACTH would provide a solution to 
this problem. Many questions remain un- 
answered. The fate of  the fatty acids liberated 
from the cholesteryl esters has not been investi- 
gated. Whether they act as sources of energy or 
are incorporated into other adrenal lipids is not 
known. Further information is required con- 
cerning the specificity of the hydrolytic 
enzymes in the adrenal for different cholesteryl 
esters. Such investigations would provide a 
definitive indication of the preferred substrates 
rather than the relative information provided 
by the type of experiment currently under- 
taken. 
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A Comparison of Triglyceride, Monoglyceride, 
and Phospholipid Substrates for Post-Heparin Lipolytic 
Activities From Normal and Hypertriglyceridemic Subjects 1 
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ABSTRACT 

Evidence for heterogeneity of post- 
heparin lipolytic activities in plasma was 
explored. After low or high doses of 
heparin, activities were measured in as- 
says with phospholipid or monoglyceride 
substrate and with triglyceride substrate 
in assays using either calcium or albumin 
as the fatty acid acceptor. An excellent 
correlation between all assays was ob- 
tained in normals after both low and high 
doses of heparin over a wide range of 
individual response. In selected subjects 
with hypertriglyceridemia known to be 
deficient in response to heparin, all 
responses measured with phosphotipid or 
triglyceride were below the lower limit of 
normal response. Some responses with 
monoglyceride substrate were within the 
normal range, pathophysiological evi- 
dence of a separate monoglyceridase. 
There was no evidence in either group of 

lOne of three papers being published from the 
Symposium, "Cholesteryl Esters," AOCS Meeting, 
Houston, May 19"71. 
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FIG. 1. Effect  o f  pH on triglyceride hydrolysis 
with albumin or calcium as fatty acid acceptor. The 
post-heparin lipolytic activity was measured in 60 min 
incubati6ns of 0.3 ml post-heparin plasma (10,000 
units IV), at the temperatures and with variations of 
pH indicated. 

separate triglyceride lipase and phospho- 
lipase activities. The closest correlation 
between assays in normals was between 
triglyceride substrate with calcium as the 
fatty acid acceptor and the assay with 
monoglyceride. No differential effect 
upon lipolytic activities was found (1) 
after preincubation of the plasma, (2) 
with inhibitors in the assay, or (3) with 
preincubation of plasma and inhibitors 
prior to the assay. 

INTRODUCTION 

Previous studies have shown that post- 
heparin plasma contains, in addition to triglyc- 
eride lipase, phospholipase activity effecting the 
removal of the fatty acid (FA) at the a (C-l) 
position of phosphatidyl ethanolamine (PE) or 
phosphatidyl choline (1,2,3). Evidence for a 
parallel in vivo action of lipase and phospho- 
lipase activity, mainly on plasma very low 
density lipoproteins, was obtained (4). In sup- 
port of an apparent identity of post-heparin 
lipase and phospholipase, activities with PE or 
triglyceride (TG) substrates appeared and dis- 

50- TG-AIb 
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I0 ,.,'~" 
s . .  SS PE 

~ s  

0 18 2'2 26 ~ 3'4 
Temp. *C 

FIG. 2. The effect o f  temperature of incubation 
upon the post-heparin enzymatic activity measured in 
four assays. Post-heparin lipolytic activity ~ moles 
lyphosphatidyl ethanolamine formed, or t~eq fatty 
acid released, per hr[ml plasma) was measured at the 
indicated temperatures. The arrows indicate the incu- 
bation temperature routinely used for each assay. 
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FIG. 3. The effects of the amounts of deoxycholate, substrate, and of the pH in the assay of post-heparin 
enzymatic activity with monoglyceride substrate. Four separate post-heparin plasmas (1,2,3,4), obtained after 
10,000 units IV heparin, were used in the assay with monoglyceride substrate. In part A the amount of 
deoxychotate was varied (20-100 # moles) with plasma No. 1 (0.5 ml); in part B the amount of monoglyceride 
was varied (5-50 mgs) with plasma No. 1 (1.0 ml); in part C the effect of pH (of complete assay at 22 C) was 
determined with plasmas No. 2 and No. 3 (0.5 ml each). The post-heparin lipolytic activity of plasma No. 4 was 
measured in part D with the amounts of plasma and intervals of incubation shown. 

appeared in parallel after intravenous (IV) 
heparin and were not separable by various 
fractionation methods (5). Recently activity of 
post-heparin plasma on monoglyceride (MG) 
substrate has been documented (6,7). 

This study has been designed to determine 
whether there is physiological evidence for 
heterogeneity of post-heparin lipolytic activities 
(PHLA) on PE, TG and MG substrates. The 
PHLA responses were determined in normals 
after both low and high doses of IV heparin. 
These responses were then compared to the 
responses obtained in subjects with hypertri- 
glyceridemia of diverse etiology and known, by 
previous assay with the method of Fredrickson 
et al. (8), to be deficient in PHLA after a 
standard dose of IV heparin. In addition the 
possibility of differential inhibition of activities 
was explored. 

MATE RI ALS 

Ediol, a 50% coconut oil emulsion contain- 

ing 1.5% monostearate and 2% Tween 60 (plus 
12.5% sucrose and other minor components) 
was obtained as Lipostrate-CB (Ediol) from 
C a l b i o c h e m .  Los A n g e l e s ,  California. 
Intralipid (A.B. Vitrum, Stockholm, Sweden) 
is a 10% soybean oil emulsion stabilized with 
1.2% phospholipid. PE, obtained from a 
c r u d e  egg yolk preparation (3) by a 
chromatographic separation on a column of 
silicic acid (1), was stored in chloroform- 
methanol (1 : 1) at - 15 C. Monoolein (technical 
grade, T7578, Distillation Products Industries, 
Rochester, N.Y.), tested by thin layer chroma- 
tography (TLC), contained about 95% of ma- 
terial with the Rf of monoglycerides. The only 
apparent impurities were about equal amounts 
of two components which separated with an Rf 
of FA and an Rf of diglycerides. Since mono- 
glycerides are relatively insoluble in petroleum 
ether (9), purification was accomplished as 
follows: an 8 cm diameter column contained 
400 gm silicic acid (Mallinckrodt, 100-200 
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FIG. 4. Comparison of post-heparin enzymatic activities with triglyceride, monoglyceride, and phospholipid 
substrate in normal subjects. The solid circles and open circles designate plasmas after high and low dose IV 
heparin, respectively. Post-heparin lipolytie activity in the assays TG-Alb, TG-Ca ++ and PE were plotted against 
assay MG activities in parts A, B, and C; assay PE against assay TG-AIb in part D. 

mesh, activated at 125 C) in chloroform; 10 
grams of crude MG was applied in 50 ml 
chloroform. Elution of MG was performed with 
800 ml diethyl ether-chloroform (90:10 v/v) 
and 2000 ml diethyl ether-chloroform (70:30 
v/v) in sequence. The impurities appeared in the 
eluates collected at 800-1100 ml; the pure 
monoglycerides were recovered in the eluates at 
1400-2500 ml. The solvents of the latter pooled 
eluates were removed under partial vacuum at 
45 C, the monoglyceride, tared, was stored in 
chloroform at 4 C. Analysis of the FA composi- 
t ion by gas liquid chromatography (GLC)of the 
pure monoglyceride showed: oleic acid 70%; 
7% each of palmitoleic and stearic acids; and 
16% of approximately equal amounts of five 
other components.  

Other chemicals used include: sodium 
deoxycholate (No. S-285, Fisher Scientific Co., 
Pittsburgh, Pa.); bovine albumin, fraction V 
(Metrix, Armour Pharmaceutical Co., Chicago, 
Ill.); protamine sulfate (K and K Laboratories,  

Inc., Plainview, N.Y.); monoolein (602G,  
highly purified, The Hormel Institute, Austin, 
Minn.). 

METHODS 

Post-Heparin Plasma Collections 

Post-heparin plasma samples were obtained 
in the post-absorptive state from two groups of 
subjects. Thirteen healthy adult men ("nor-  
mals") ranging in age from 28-33 years, except 
for one 54-year-old, were studied. Blood was 
collected 10 min after a standard test dose of 
10 units/kg body weight and also (12 of the 13 
normals) at about 20-21 min after the rapid 
infusion of 10,000 units of  heparin (1000 
units/ml, Invenex, San Francisco, California). 
Similarly plasma was obtained 10 min after the 
standard dose of heparin from 25 patients 
known to have hypertriglyceridemia (exog- 
enous lipemia, untreated diabetics, hypothy-  
roidism) and known to be deficient in PHLA 
response to IV heparin by the assay of 
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FIG. 5. Post-heparin enzymatic activities with triglyceride, monoglyceride, and phospholipid substrate in 
hypertriglyceridemic sugjects compared to the correlations obtained from the similar assays in normal subjects. 
The key in Figure 4 also applies to these subjects. Regression lines in Figure 4 are plotted here but changed from 
a solid line to dashes at the point of lowest response obtained in normal subjects. 

Fredrickson et al. (8). Plasma collections after a 
"high dose" of IV heparin were obtained in 
these subjects 60 min after an initial dose of 60 
units/kg which was followed by a continuous 
infusion of 120 units/kg/hr (10). All blood 
samples were treated with anticoagulant: diso- 
dium ethylenediaminetetraacetate (1 mg/ml 
whole blood) or potassium oxalate (0.03 ml 
33%/10 ml whole blood). The plasmas were 
frozen at -21 C until  assayed. 

Assays of  Lipolyt ic  Act iv i ty  

Units of PHLA were measured as /aeq FA 
released (with TG and MG substrate) or as 

moles lysophosphatidyl ethanolamine pro- 
duced (PE substrate) per hr/ml plasma. The 
method of Dole and Meinertz (11) was used to 
measure FA released except that the concentra- 
tion of H2SO 4 in the extraction medium was 
doubled to compensate for the alkalinity of 
PHLA assays. A 1.0 ml aliquot of assay medium 

was taken immediately after the addition of the 
plasma, added to the extraction mixture, and 
the procedure repeated at the incubation inter- 
val chosen. A one phase titration of FA was 
accomplished by preparation of the indicator in 
absolute ethanol. Corrections of results for 
distribution coefficient differences for short 
chain FA (as in Ediol) were not  made. With PE 
substrate, small aliquots (25-50 pl) of the assay 
medium taken immediately after plasma addi- 
tion and at the end of the incubation interval 
were applied directly, without lipid extraction, 
to commercial silica gel loaded filter paper (12). 
The separation of lipids was accomplished with 
diisobutyl ketone-acetic acid-water (40:25:5 
v/v) at 4 C  for 16 hr. A spray of 0.15% 
ninhydrin in lutidine-acetone (10:90 v/v) was 
used to visualize the hydrolysis of PE. Phos- 
phorus content of the lysophosphatidyl ethano- 
lamine was measured as previously described 
(1). 
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FIG. 6. The mean per cent decrease from the 
normal response in subjects deficient in post-heparin 
lipolytic activity (PHLA). The decreases in PHLA were 
derived from the data of Figures 4 and 5. 

Assays of PHLA 

The Ediol and Intralipid were usually diluted 
with 0.15 M NaC1 to a 5% TG content for 
additions to PHLA assays. Organic solvents 
were removed from appropriate aliquots of MG 
or of PE under reduced pressure at 55-60 C just 
prior to emulsification in the substrate medium 
using a tube mixer. 

The four assays used are abbreviated 
(TG-Alb, TG-Ca ++, MG and PE) to indicate the 
substrate and in addition, with TG, to indicate 
the FA acceptor. All assays employed 1.0 ml 
post-heparin plasma (0.5 ml plus 0.5 ml 0.15 M 
NaC1 in assays after high IV heparin with 
"Normals")  in a total volume of 7.0 ml. 
Routinely a proportional reduction of compo- 
nents to 3.5 ml was used. 

TG-Alb: incubations were for 60 min at 
2 7 C  with 1.0 ml of  50 mg E d i o l i n  0 .15M 
NaC1 and 5.0 ml of solution containing 400 mg 
albumin and 0.45 ml 1 M (NH4)2SO 4 at pH 9.1 
(with NaOH). The latter reagent was found to 
provide optimal activity with PE substrate (1). 
This assay is not  appreciably different from 
that of Fredrickson et al. with TG substrate 
(8). 

TG-Ca++: incubations were for 60 min at 
2 7 C  with 1.0 ml of 50 mg Ediol in 0.15 M 
NaC1 and 5.0 ml of 0.1 M glycine-0.08 M CaC12 
at pH 9.6 (with NaOH). The concentration of 
CaC12 in the glycine buffer was set at 0.08 M 
since equal values of PHLA were obtained in 
assays over the range of 0.03-0.10 M CaC12. 
Excessive use of a tube mixer at the end of an 
incubation was avoided since calcium soaps 
may aggregate and deposit above the medium. 
(A coagulation of the assay arising from recalci- 
fication of oxalated post-heparin plasma was 

FIG. 7. The effect of preincubation of post-heparin 
plasma upon post-heparin enzymatic activities. The 
means of activities (per cent of control) with the range 
were plotted on tile right of the vertical dotted line for 
each of the four assays. The results ("mean of 3 
experiments") taken from Greten et al. (7,13) with 
triolein and monoolein substrate were plotted on the 
left. Solid bar-38 C, hatched bar-54 C. 

encountered only under the conditions of lower 
pH, 8.6, and lower CaC12 concentration, 
0.03 M.) 

Higher enzyme activities were not obtained 
with Ediol substrate in amounts greater than 50 
mg. A decrease in rate of release of FA 
occurred after about 15% hydrolysis of sub- 
strate: 35/.teq FA released. Hence plasmas were 
reassayed using 0.5 ml when the PHLA ex- 
ceeded 35 /.teq FA released per hour with 1.0 
ml plasma. 

The PHLA of 19 plasmas correlated well 
with Ediol or Intralipid as substrate in the 
TG-Alb assay, but the mean of PHLA with 
Intralipid was 42% of the mean with Ediol 
substrate. However in the TG-Ca ++ assay the 
activities with lntralipid with two plasmas were 
disproportionately lower, 15 and 22% of activi- 
ties with Ediol substrate. 

The optimal pH for measurement of PHLA 
in the TG-Alb assay showed a somewhat 
broader range at an incubation temperature of 
27 C than at 38 C with less sensitivity to higher 
pH (Fig. 1). The optimal pH for measurement 
in the TG-Ca ++ assay was appreciably higher 
than with the TG-Alb assay. Zero order kinetics 
were obtained in the TG-Alb assay at both 27 
and 38 C, while with the TG-Ca ++ assay ob- 
tained at 27 C, but not at 38 C. From studies of 
effect of incubation temperature over the range 
of 18-38 C upon assays of  PHLA (Fig. 2), 27 C 
was selected for both TG assays. 

MG: incubations were for 60 min at 27 C 
with 50 mg monoglyceride emulsified in 5.0 ml 
of 0.1 M glycine-0.02 M sodium deoxycholate 
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FIG. 8. The effects of inhibitors in the assays upon 
measures of post-heparin enzymatic activities. Com- 
parisons as in the legend of Figure 7. The experiments 
with 1.0 M NaC1 in the assay with phosphatidyl 
ethanolamine substrate were not continued since an 
immediate aggregation of substrate occurred. 

at pH 9.7 (with NaOH), and 1.0 ml of 0.15 M 
NaC1. Chloroform must be evaporated com- 
pletely from MG substrate since incomplete 
removal could result in cloudiness of this 
medium and erroneous, low, measures of 
PHLA. 

The amount of deoxycholate in the MG 
assay was not critical (Fig. 3, part A), and a 
clear substrate was obtained at the larger 
amounts used. The amount of MG substrate for 
optimal activity in the assay was 30 mg or more 
(part B). An optimal pH of 9.6 for hydrolysis 
of substrate was indicated (part C). Zero order 
kinetics were found (part D) which extended to 
about 35% hydrolysis of substrate. 

A comparison of assays with the MG pre- 
pared for substrate in this study with assays 
using highly purified monoolein (The Hormal 
Institute) showed little difference (activity with 
the highly purified monoolein substrate was 
9.8% lower). There was no hydrolysis of  the TG 
(50 mg) of Intralipid or of Ediol when added to 
the medium of this assay (0.4 and 4.0 units, 
respectively, per hr/ml plasma). Activity was 
measured from 18-38 C (Fig. 2); kinetics were 
studied only at 27 C (Fig. 3, part D). 

PE: incubations were for 60 min at 38 C 
with 52 #moles of PE emulsified in 1.0 ml 3.5% 
glycerol, and 5.0 ml of the same albumin and 
(NH4)2 SO 4 reagent of  the TG-Alb assay above. 
Except for the substrates the media were nearly 
identical. Measurement of lipolytic activity 
with PE substrate have been carried out only at 
38 C (1,2,5) (Fig. 2). 

The I nhibition of PH LA 

The lipolytic activities of two plasma sam- 
ples from normals after 10,000 units IV heparin 
were measured: ( l )  after an incubation of  the 
plasmas at 38, 54 or 60 C for 60, 15 and 15 
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FIG. 9. The effects of the preincubation of 
post-heparin plasma with inhibitors upon enzyme 
activities. The reagent concentrations of the figure are 
prior to mixture (1 : 1) with plasma and preincubation. 

min, respectively; (2) after reagent additions to 
the substrate medium so that their concentra- 
tion in the entire assay was either I M NaCI, 
150 ~g/ml protamine, 10#M or 10 mM pyro- 
phosphate; and (3) after preincubation at 38 C 
for 30 min of equal volumes of plasma and 
either 2 M NaC1, 0.15 M NaC1, 2.1 mg/ml 
protamine in 0.15 M NaC1, or 140 /gM or 70 
mM pyrophosphate in 0.15 M NaC1, following 
which the substrate was added. 

RESULTS 

Post-Heparin Enzymatic 
Activities in Normal Subjects 

Activities measured in normal adults with 
TG, PE and MG substrate, when compared (Fig. 
4), were closely interrelated. The correlation 
coefficients with the MG assay were: 0.91 for 
TG-Alb; 0.97 for TG-Ca § and 0.87 for PE, an 
assay which has the most possibilities of analy- 
tical errors. A close correlation (r=0.92) was 
also observed when PHLA with PE or TG 
substrate in the same assay medium were 
compared. 

The relationship among these assays is simi- 
lar in plasmas obtained after low or high doses 
of heparin and over a wide range of  individual 
post-heparin response. 

Post-Heparin Enzymatic Activities in 
Hypertriglyceridemic Subjects with Low PHLA 

Activities were also measured in a selected 
group of  abnormal subjects characterized by 
hypertriglyceridemia and PHLA deficiency (TG 
substrate) using the method of  Fredrickson et 
al. (8). The interrelationship among enzyme 
activities in these subjects was tested and 
compared to the enzyme relationships in 
normals (Fig. 5). 

With the TG-Alb assay, responses were all 
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below normal as defined and some were nearly 
zero (Fig. 5, part A). However while most 
measures with MG substrate fell below the 
response of normals, some were at the lowest 
normal response level and a few were well 
within the range of normal. This wide distribu- 
tion of activities with MG substrate was also 
observed in comparison with other assays: with 
the TG-Ca ++ assay, part B, all samples were 
below normal and tended to be lower than with 
TG-Alb since many were at or near unmeasur- 
able responses; with PE substrate, part C, again 
responses were all below normal, approached, 
and were in some cases measured as zero. In 
PHLA assays with TG and PE substrate in the 
same assay medium, part D, a comparable 
reduction in both activities was observed. 

The mean per cent decrease in enzyme 
activities from the response obtained with 
normal subjects for each assay (Fig. 6) indica- 
ted a similar decrease with TG and PE sub- 
strate. The smallest decrease was found with 
MG substrate since a few responses of the 
abnormal subjects were in the normal range. 
The greatest decrease from normal was in assays 
with TG using Ca ++ as the FA acceptor. 

Effect of Preincubation 
Temperature on Post-Heparin Plasma 

The preincubation of post-heparin plasma at 
38 C for 60 min had no effect on PHLA in the 
four assays in the present study (Fig. 7). 
Preincubation of the plasma at 54 C for 15 min 
severely decreased all enzyme activities and at 
60 C abolished them. 

Effects of Inhibitors in the Assay 

There was no differential inhibitory effect 
with any of the inhibitors when added to each 
of the media at the beginning of incubation 
(Fig. 8). 

Preincubation of Post-Heparin 
Plasma with Inhibitors 

inhibitory effects were obtained when equal 
volumes of plasma and solutions of inhibitory 
reagents were preincubated at 38 C for 30 min 
(Fig. 9). With 70 mM pyrophosphate there was 
essentially complete inhibition in all assays. 
Strong and moderate inhibition of PHLA was 
found with protamine and 2 M NaC1, respec- 
tively, However with pyrophosphate 140/aM in 
0.15 M NaC1) no effect was found compared to 
the control (effect of preincubation without 
inhibitor). 

DISCUSSION 

The assays used in this study are in general 
comparable to those employed by others (Table 

I); however several important differences are 
noteworthy. The recently introduced method 
of Greten et al. (13), in which a very small 
amount of radioactively labeled triolein as 
substrate and post-heparin plasma with or 
without delipidization was used, yielded enzy- 
matic activity of about 0.1% of that measured 
in the widely used assay of Fredrickson et al. 
(8). The TG assay in the present study, in 
which substrate excess was present, is essen- 
tiaUy comparable to those of Fredrickson et al. 
(8) and of Boberg using Intralipid (14). 

The assay where calcium was used as the 
fatty acid acceptor with triglyceride substrate is 
a modification of the assay introduced by Datta 
(15) (Table I). Since uniform preparations of 
albumin are not  assured (14,16), this study 
provided an opportunity to reasses albumin and 
calcium as fatty acid acceptors in the measure- 
ment of post-heparin lipolytic activities. Excel- 
lent correlation with monoglyceridase activity 
in normals was obtained. (Fig. 4). 

Finally the assay in the present study with 
monoglyceride substrate differs from the previ- 
ously published methods of Biale and Shafrir 
(6) and of Greten et al. (7) (Table I). At the 
present time there is no basis for a preferential 
use of bile salt as the emulsifying agent except 
that it provides an easier means of preparation 
of substrate. Biale and Shafrir, with a standard- 
ized method for stabilization of emulsified 
lipids with gum acacia, report higher enzymatic 
activity in normals than in this study, which in 
turn are somewhat higher than those reported 
by Greten et al. The method in the present 
study (Fig. 3, part B), and that of Biale and 
Shafrir contains adequate substrate to insure 
zero order kinetics. The rate limiting quantity 
of substrate in the assays of Greten et al. using 
either monoolein or triolein as substrate for 
post-heparin enzymatic activity could in part 
explain differences in results. 

When the multiple assays were applied in a 
comparative study of 25 plasma samples, excel- 
lent correlations were obtained after low and 
high doses of heparin, over wide ranges of 
individual post-heparin response. Thus there 
was no physiological evidence of separate post- 
heparin activities specific for phospholipid, 
triglyceride or monoglyceride. Furthermore in 
unpublished data (Hazzard and Vogel), parallel 
activities measured with the four assays were 
found when testing dose response curves using 
one half to 24 times the standard dose of 
heparin. 

Criticism of the use of Ediol as substrate in 
measures of post-heparin lipolytic activity has 
been advanced on the basis of its content of 
monostearin (and Tween), a substrate for a 
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possible specific enzyme in plasma acting only 
upon monoglyceride (6,7,13). Persson and 
Hood (17), testing the activity of human 
adipose tissue eluates, could not explain higher 
rates of lipolysis of Ediol than of other TG 
substrates by preferential hydrolysis of mono- 
glycerides. In the present study the mono- 
stearin in 50 mg Ediol substrate would poten- 
tially contribute four units of  activity. There is 
little evidence that this is a vital factor in 
measurements in normal subjects (Fig. 4). 
Furthermore there is no evidence at present 
that hydrolysis of  triglyceride by post-heparin 
plasma does not proceed instantaneously to 
furnish an abundance of monoglyceride in vitro 
regardless of the nature of  the substrate mix- 
ture. 

With the selected patients with hypertriglyc- 
eridemia, a normal response was measured in 
some subjects in the assay with monoglyceride 
substrate, while other post-heparin enzymatic 
activities were deficient (Fig. 5), confirming 
observations of Greten et al. (7). However there 
was no evidence of a separate activity with 
phospholipid substrate. The near zero activity 
response in the assays using Ca ++ as the FA 
acceptor is difficult to explain. The design of 
the assay may limit detection of very low levels 
of enzyme activity. In contrast, however, as an 
indicator of decrease from normal levels (Fig. 
6), this assay may provide a greater sensitivity 
for decreased post-heparin enzymatic activity. 

The complete inactivation of all activity 
upon incubation of plasma at 60 C for 15 min 
(7,18) was confirmed in this study. The effect 
of preincubation of plasma at 38 C for 60 min 
(Fig. 7), while decreasing activity in the TG-Alb 
assay, was not as pronounced as the effect 
observed with triolein substrate by Greten et al. 
The effect of preincubation at 54 C for 15 min 
upon the activity with monoolein substrate in 
this study did not appear to differentiate 
among the enzyme activities and was less than 
that reported by Greten et al (Fig. 7) and by 
Shore and Shore, 28-30% (18)and 18-35%(19) 
of control. 

The differential effects of  inhibitors in the 
assays with triolein or monoolein substrate 
observed by Greten et al. (Fig. 8) were not 
obtained in this study. Pyrophosphate at 10 
mM, comparable to the concentrations found 
effective by Korn (20) and Korn and Quiqley 
(21) for tissue enzyme had little effect. How- 
ever marked inhibition of  post-hepafin lipolytic 
activities resulted after incubation of plasma 
with inhibitors prior to assay (Fig. 9). This, in 
part, confirms the observation of  Datta and 
Wiggins (22), that substrate concentration is an 
important factor in the effects of inhibitors, 

protamine and NaC1, in the complete assay. 
With the small amount of  triolein in the assay 
of Greten et al. (Fig. 8), and with the 22-fold 
dilution of  the plasma, the results may be 
explained by decreasing enzymatic activity with 
progressive inhibition in a 60 min incubation at 
27 C; in contrast to the results with monoolein 
substrate with relatively much larger amounts 
of  substrate. Thus with post-heparin plasma the 
differential effect of preincubation of plasma, 
as suggested by Greten et al. (7), is a more 
productive approach than that of adding the 
inhibitors directly to the assay. The value of the 
use of inhibitors may rest on a precise deter- 
mination of  the conditions of concentration of 
inhibitors, plasma, and buffers, and of  preincu- 
bation with plasma in further definition of 
separate post-heparin enzymatic activities. 

Thus there is no evidence to date of separa- 
ble post-heparin TG lipase and phospholipase 
activities. Pathophysiological evidence in the 
present study supports the possibility of a 
separate monoglyceridase activity. 

ACFdqOWLEDGMENTS 

This work was supported in part by NIH Grant AM 
06670 and the Veterans Administration. 

REFERENCES 

1. Vogel, W.C., and L. Zieve, J. Lipid Res. 
5:177-183 (1964). 

2. Vogel, W.C., W.G. Ryan, J.L. Koppel and J.H. 
Olwin, Ibid. 6:335-340 (1965). 

3. Vogel, W.C., and E.L. Bierman, Ibid. 8:46-53 
(1967). 

4. Vogel, W.C., and E.L. Bierman, Proc. Soe. Exp. 
Biol. Med. 127:77-80 (1968). 

5. Vogel, W.C., and E.L. Bierman, Lipids 5:385-391 
(1970). 

6. Biale, Y., and E. Shafrir, Clin. Chim. Acta 
23:413-419 (1969). 

7. Greten, H., R.I. Levy and D.S. Fredriekson, J. 
Lipid Res. 10:326-330 (1969). 

8. Fredrickson, D.S., IC Ono and L.L. Davis, Ibid. 
4:24-33 (1963). 

9. Hirsch, J., and E.H. Ahrens, Jr., J. Biol. Chem. 
233:311-320 (1958). 

10. Porte, D., Jr., and E.L. Bierman, J. Lab. Clin. 
Med. 73:631-648 (1969). 

11. Dole, V.P., and H. Meinertz, J. Biol. Chem. 
235:2595-2599 (1960). 

12. Marinetti, G.V., J. Lipid Res. 6:315-317 (1965). 
13. Greten, H., R.I. Levy and D.S. Fredrickson, 

Biochim, Biophys. Acta 164:185-194 (1968). 
14. Boberg, J., Lipids 5:452-456 (1970). 
15. Datta, D.V,, Proc. Soc. Biol. Exp. Biol. Med 112: 

1006-1008 (1963). 
16. Hanson, R.W., and F.J. Ballard, J. Lipid Res. 

9:667-668 (1968). 
17. Persson, B., and B. Hood, Atherosclerosis 

12:241-251 (1970). 
18. Shore, B., and V. Shore, Am. J. Physiol. 

201:915-922 (1961). 
19. Shore, B., and V. Shore, Nature 193:163-164 

LIPIDS, VOL. 6, NO. 1 1 



8 1 4  W.C. VOGEL, J.D. BRUNZELL AND E.L. BIERMAN 

(1962).  
20. Korn, E.D., J. Biol. Chem. 215:1-14 (1955).  
21. Korn, E.D., and T.W. Quiqley, Jr., J. Biol. Chem. 

226:833-839 (1957).  

22. Datta, D.V., and  H.S. Wiggins, Proc. Soc. Exp. 
Biol. Med. 115:788-792 (1964). 

[ R e v i s e d  m a n u s c r i p t  r e c e i v e d  A u g u s t  2 7 , 1 9 7 1  ] 

LIPIDS, VOL. 6, NO. 11 



Cholesterol Esterification and Cholesteryl 
Ester Hydrolysis by Rabbit and Human Ovaries 
ROBERT J. MORIN, Departments of Pathology, Los Angeles County 
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of California at Los Angeles School of Medicine, Los Angeles, California 90024. 

ABSTRACT 

Ester i f ica t ion  of  choles te ro l  occur red  
in vi t ro  in r abb i t  and  h u m a n  ovaries via 
an  acyl  CoA-choles te ro l  O-acyl t ransferase  
reac t ion .  The  rate  of  es te r i f ica t ion  was 
increased in early p regnancy  and  m ay  be 
one  of  the  mechan i sms  w he r eby  the  
c o n t e n t  of  s to red  ovar ian choles te ry l  es- 
ters  is increased dur ing  this  per iod.  The 
increased choles te ry l  esters  were pri- 
mar i ly  in  the  fo rm of  cho les te ry l  o leate .  
The  choles tery l  es ter  f a t ty  acid p a t t e r n s  
in b o t h  r abb i t  and  h u m a n  ovaries d i f fered 
f rom those  in sera, suggest ing t ha t  a 
s ignif icant  po r t i on  of  these  esters  m ay  
have been  derived f rom in s i tu  synthes is .  
The  rate  o f  hydro lys i s  of  cho les te ry l  
esters dur ing  p regnancy  was also in-  
creased,  and  occur red  at  a fas ter  in v i t ro  
ra te  t han  es ter i f icat ion.  Of the  agents  
tes ted ,  on ly  soy lec i th in  was f o u n d  to 
s ignif icant ly  enhance  the  ra te  o f  hydro l -  
ysis of  cho les te ry l  o lea te  b y  ovar ian  
homogena te s .  

I N T R O D U C T I O N  

E n z y m a t i c  es te r i f ica t ion  of  choles te ro l  has  
been  d e m o n s t r a t e d  in ra t  (1) ,  dog (2)  and  
bovine  (3) adrenals ,  h u m a n  p lacen ta  (4)  and  
recen t ly  in lu te in ized  ra t  ovaries (5). Esterifi-  
ca t ion  in the  la t ter  is e n h a n c e d  by  pr io r  

p ro lac t in  admin i s t r a t i on .  
Hydro lys i s  of  cho les te ry l  esters occurs  in 

adrenals  (6 ,7)  and  in ra t  and  r a b b i t  ovaries 
(8-10).  In ra t  ovaries th is  hydro lys i s  has been  
shown  to be  e n h a n c e d  by  pr ior  t r e a t m e n t  wi th  
leu te in iz ing  h o r m o n e  (LH) (8).  U t i l i za t ion  of  
cho les te ry l  esters for  s tero id  syn thes i s  in 
adrenals  and  in ra t  tes t icular  t u m o r  m i t o c h o n -  
dria appears  to  requi re  the  e n z y m a t i c  hydro l -  
ysis of  these  esters (6-11).  Early in  p r egnancy  
there  is a rapid increase  in the  a m o u n t s  of  
cho les te ry l  esters s to red  in the  ovary (10) .  The  
presen t  inves t iga t ion  was des igned to  s t u d y  the  
changes  in ovarian choles te ry l  es ter  m e t a b o l i s m  
occurr ing in early p regnancy  in rabbi t s ,  and  also 
the  mechan i sms  of  cho les te ry l  es ter  syn thes i s  
and hydro lys i s  in h u m a n  ovaries. 

M A T E R I A L S  A N D  METHODS 

For  es te r i f ica t ion  s tudies  ovaries f rom non-  
p regnan t  or  6 day p regnan t  r abb i t s  were ho-  
mogen ized  w i th  a g round  glass m o r t a r  and  
pestle in 0.1 M p h o s p h a t e  buf fe r ,  pH 7.1. 
H u m a n  ovaries were o b t a i n e d  i m m e d i a t e l y  a f t e r  
surgery f rom w o m e n  of  age range 35-48 and  
h o m o g e n i z e d  as were the  r abb i t  ovaries. (The  
h u m a n  ovaries were r e m o v e d  as pal l iat ive ther -  
apy for  breas t  carc inomas .  All were f u n c t i o n a l  
as d e t e r m i n e d  by  clinical  and  morpho log ic  
cri teria.)  Then  1.0 ml  a l iquots  of  the  h o m o g -  
ena tes  con ta in ing  100 mg of  ovary  were 

TABLE I 

Formation of Cholesteryl Esters From Precursors 
by Rabbit and Human Ovarian Homogenatesa, b 

Ch olesterol-4-14 C Oleic- 1-14 C 

p Moles p Moles 
% Esterified esterified/mg protein % Esterified esterified/mg protein 

Rabbit 
Nonpregnant 1.6 +0.4 35 4-- 8 5.7 •  127 + 19 
6 day pregnant 2.9 • 0.7 64 • 15 11.2 • 1.8 214 • 32 

Human 0.2 • 5 +2.1 3.8 + 1.1 95 +28 

alncubations were done for 1 hr at 37 C in 1.0 ml of medium containing 0.1 M phosphate buffer, pH 7.1, 6 
#moles ATP, 0.3/~moles CoA, 5/~moles MgCI2, 100 mg tissue homogenate, and 0.05 #c, 10 n moles of each sub- 
strate. 

bFigures given are means __. standard deviations of incubations from six separate specimens; p moles esterified 
are calculated assuming no equilibrium with endogenous substrate. 
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T A B L E  II 

F a t t y  A c i d  C o m p o s i t i o n s  o f  R a b b i t  O v a r y  a n d  S e r u m  C h o l e s t e r y l  Es te r s  a 

N o n p r e g n a n t  P r e g n a n t ,  6 d a y s  

F a t t y  ac id  Ovar ies  Sera  Ovar ies  Sera  

1 6 : 0  1 7 . 5 4 - 2 . 6  2 0 . 1 4 - 2 . 7  1 5 . 6 4 - 2 . 4  2 3 . 3 4 - 3 . 4  
16 :1  3 . 0 4 - 0 . 9  2 . 5 4 - 0 . 7  2 . 1 4 - 0 . 4  3 . 9 4 - 0 . 4  
1 8 : 0  1 5 . 7 4 - 2 . 3  7 . 2 4 - 1 . 8  7 . 0 4 - 1 . 0  5 . 5 4 - 0 . 6  
18:1  3 9 . 2 4 - 4 . 8  2 8 . 9 4 - 2 . 8  5 4 . 1 4 - 6 . 2  3 2 . 0 4 - 4 . 2  
18 :2  2 0 . 8 4 - 2 . 2  3 7 . 1 •  1 3 . 4 4 - 1 . 3  3 3 . 4 4 - 5 . 3  
1 8 : 3  1 . 6 •  1 . 7 4 - 0 . 3  0 . 5 4 - 0 . 1  0 . 7 4 - 0 . 2  
2 0 : 4  2 . 2 4 - 1 . 1  2 . 5 4 - 0 . 4  3 . 3 4 - 0 . 8  2 . 2 4 - 1 . 0  

a p e r c e n t a g e s  o f  t o t a l s .  M e a n s  o f  six d e t e r m i n a t i o n s  4- s t a n d a r d  dev ia t ions .  

incubated with 0.1 ml cholesterol-4-14C (Amer- 
sham/Searle, 0.05/~c, 10 n moles in each tube) 
or with 0.1 ml oleic acid-l-14C (Amersham/ 
Searle, 0.05 pc, 10 n moles in each) in acetone 
for 2 hr at 37 C with added cofactors as 
indicated in the tables. Control aliquots were 
heated at 90 C for 10 min prior to incubation. 
The incubations were stopped by addition of 5 
ml of ethanol-acetone 1:1 and the lipids were 
extracted by homogenization with a ground 
glass mortar and pestle, centrifugation, and an 
additional extraction of the residue with 10 ml 
ethanol-acetone. Samples were evaporated to 
dryness under an N 2 stream, dissolved in 
chloroform and the lipid fractions separated by 
thin layer chromatography on microscope slides 
coated with Silica Gel H (Brinkmann) using 
petroleum ether/ethyl ether/acetic acid 80:20:1 
as the developing solvent  The free cholesterol, 
free fatty acid and cholesteryl ester zones were 
scraped into liquid scintillation vials. Adequacy 
of separation was confirmed in each case by 
spraying a small residual edge of silica gel on 
the slide with 50% H2SO4, heating, and visu- 
alizing the lipid zones. Radioactivities in the 
fractions were determined by liquid scintil- 
lation counting in a PPO-POPOP-toluene scin- 

T A B L E  III 

Cho le s t e ro l  C o n t e n t  o f  R a b b i t  
a n d  H u m a n  Ovar ies  a n d  Se ra  

F ree  Es te r i f i ed  
c h o l e s t e r o l  cho l e s t e ro l  a 

R a b b i t  

N o n p r e g n a n c y  ovar ies  3.1 4- 0 .8  6 .0  4- 0 .7  
6 d a y  p r e g n a n c y  ovar ies  3.2 4- 0.5 20 .9  + 1.9 
N o n p r e g n a n c y  sera 12 4- 3 30  4- 4 
6 d a y  p r e g n a n c y  sera 15 4- 2 34  4- 5 

H u m a n  

Ovar ies  1.4 4 -0 .3  1.1 + 0 . 5  
Sera  67 "1-8 144  4- 18 

a O v a r i a n  cho l e s t e ro l  is given in m g / g m  w e t  t issue,  
s e r u m  c h o l e s t e r o l  in m g / 1 0 0  ml sera.  B o t h  are m e a n s  
o f  d e t e r m i n a t i o n s  _+ s t a n d a r d  dev ia t ions .  

tillation solution in a Packard 3314 automatic 
refrigerated liquid scintillation spectrometer. 
Quenching was monitored by subsequent addi- 
tion of internal standards. 

For hydrolysis studies ovaries were homog- 
enized with a ground glass homogenizer in 
0.1 M tris-maleate buffer at pH 6.6. The 1.0 ml 
aliquots of the homogenates containing 100 mg 
of ovary plus 3 mg fat free albumin were 
incubated with 0.1 ml of cholesteryl-4-14C- 
oleate in acetone (Amersham/Searle, 0.05 /.tc, 
10n  moles in each tube) for 2 hr at 37C.  
Control aliquots were heated at 90 C for 10 
min prior to incubation. The incubations were 
stopped by addition of 5 ml of ethanol-acetone 
1 : 1 and the lipids were extracted, separated by 
thin layer chromatography, and radioactivities 
determined as in the esterification experiments. 

Cholesteryl esters isolated by thin layer 
chromatography from portions of each ovary 
were hydrolyzed and methylated (12) and the 
fatty acid composition of each fraction was 
determined by gas-liquid chromatography in a 
Barber-Colman Model 5000 Gas Chromato- 
graph using diethylene glycol succinate on 
Gaschrom P, 70-80-mesh, at 185 C with an 
argon pressure of 20 lb. The fatty acids were 
identified by comparison of retention times to 

T A B L E  IV 

F a t t y  A c i d  C o m p o s i t i o n s  o f  
H u m a n  O v a r i a n  a n d  S e r u m  C h o l e s t e r y l  Es t e r s a  

F a t t y  ac id  Ovar ies  Sera  

16:0 14.7 +- 2 .5  13.0  _ 2.1 
16:1  2 .6  _ 1.0 3.9__. 1.3 
18 :0  6 .9  -I-2.4 2 .6  + 1.0 
18 :1  33 .4  -I- 5 .4  2 6 . 4  _ 3.5 
18 :2  32.1  4 -6 .2  4 5 . 3  4 -7 .4  
1 8 : 3  1.5 4- 1.1 1 .4  -- .0.6 
2 0 : 4  8 .8  -I- 1.8 7.1 4 -2 .5  

a p e r c e n t a g e s  o f  to ta l s .  Means  o f  six d e t e r m i n a t i o n s  
-+ s t a n d a r d  dev ia t ions .  
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OVARIAN C H O L E S T E R Y L  ESTERS 

TABLE V 

Hydrolysis of Cholesteryl Oleate by Rabbit and Human Ovarian Homogenates a,b 

817 

Subject % Hydrolysis p Moles/rag protein 

Rabbit 
Nonpregnant 8.2 • 1.0 182 4-25 
6 day pregnant 21.5 4- 3.2 410 4-45 
+ cyclic 3'5'  AMP 10 -4 M 20.7 + 3.5 385 +44 
+ Na taurocholate 5 mg/ml 22.4 4- 3.8 397 • 58 
+ Soy lecithin 2 mg/ml 30.6 4- 4.5 575 • 53 
+ 2-amino-2 methyl-l-propanol 10 -2 M 21.9 4- 2.9 394 • 50 

Human 12.3 -+ 3.3 320 • 62 

alncubations were done for 1 hr at 37 C in 1.0 ml of 0.1 M Tris-maleate buffer with 100 
mg ovary homogenate, 3 mg fat free albumin, 0.05 #c, 10 n moles of cholesteryl-4-14C 
oleate. 

bFigures are means of six separate incubations __. standard deviations; p moles hydrolyzed 
are calculated assuming no equilibration with endogenous cholesteryl esters. 

t hose  of  s t andards  (ob t a ined  f rom Nat iona l  
Ins t i tu t e s  of  Hea l th  and  Ca l b i ochem )  and  by  
graphic  r ep re sen t a t i on  of  r e t e n t i o n  t imes.  The  
areas u n d e r  the  peaks  were e s t ima ted  by  tri- 
angula t ion .  This  m e t h o d  es t ima ted  peak areas 
of  a k n o w n  s t anda rd  fa t ty  acid m i x t u r e  wi th in  
4-1-2% accuracy.  Only  the  major  f a t t y  acids (16,  
16:1,  18, 18:2,  18:3  and  20 :4 )  have been  
inc luded  i n  the  t abu la t ions .  O the r  f a t t y  acids, 
iden t i f i ed  in a m o u n t s  e i ther  t oo  small  or  having 
t oo  long a r e t e n t i o n  t ime  to  measure  accu- 
ra te ly ,  were 14, 20:1 ,  22 :4 ,  22 :5  and  22 :6  
( these t o g e t h e r  a c c o u n t e d  for  3-4% of  the  t o t a l  
f a t t y  acids). 

Free and  es ter i f ied cho les te ro l  c o n t e n t  of  
ovaries and  sera were d e t e r m i n e d  by  a modi f ied  
Sperry-Webb procedure .  Ovarian free f a t t y  
acids were d e t e r m i n e d  co lor imet r ica l ly  by  the  
m e t h o d  of  Mahedevan  et al. (13) .  P ro te in  
c o n t e n t  of the  ovar ian h o m o g e n a t e s  was deter-  
m i n e d  b y  the  m e t h o d  of  Lowry  (14)  adap ted  
for  the  au toana lyzer .  

The  probabi l i t ies  (P) t ha t  a p p a r e n t  differ-  
ences  in  the  data  were due to  chance  were 
ca lcula ted  by the  t tes t ,  and  on ly  those  dif- 
ferences  where  P<0 .01  have been  cons idered  
signif icant .  

RESULTS 

The ex ten t s  of  es te r i f ica t ion  of  choles tero l -  
4-14C and  oleic acid by  r a b b i t  and  h u m a n  
ovaries are ind ica ted  in Table  I. In  the  rabb i t ,  
es te r i f ica t ion  w i t h  the  o le ic - l -14C precursor  
was h igher  t h a n  wi th  choles terol -4-14C.  The  
ovaries on  day 6 o f  p regnancy  es ter i f ied b o t h  
subs t ra tes  at  a s ignif icant ly  h igher  ra te  t han  the  
non-p regnancy  ovaries. In t he  h u m a n  ovaries, 
es te r i f ica t ion  w i th  cho les te ro l  4-14C was ex- 
t r eme ly  low, bu t  w i th  o l e i c - l - l a C  the  esterif i-  
ca t ion  ra te  was 95 p m o l e s / m g  p r o t e i n / h r  and  

was in the  same a p p r o x i m a t e  range as in the  
n o n p r e g n a n c y  rabb i t  ovaries.  

I n c u b a t i o n s  done  over  the  pH range 4.5-9.0 
showed  dual  peaks,  one  at  5.5 and  a sl ightly 
h igher  one at  7.1;  all s u b s e q u e n t  e x p e r i m e n t s  
were done at the  la t te r  pH. Omiss ion of  b o t h  
ATP and  CoA f rom the  i n c u b a t i o n  m e d i u m  
resu l ted  in es ter i f ica t ion  ra tes  a p p r o x i m a t e l y  
10-15% of  those  wi th  these  cofac tors  present .  
Reduced  g lu t a th ione  added  in c o n c e n t r a t i o n s  
of  5 / a m o l e s / m l  had  no  s ignif icant  effects .  

The  choles tery l  ester  f a t ty  acid compos i t i ons  
of  r abb i t  ovaries and  sera and  the i r  free and  
ester i f ied cho les te ro l  c o n t e n t s  are ind ica t ed  in 
Tables  II and  III. The  p regnancy  ovaries con- 
t a ined  a s ignif icant ly  h igher  pe rcen tage  of  
oleate  t han  did the  n o n p r e g n a n c y  ovaries. The 
abso lu te  a m o u n t  of  cho les te ry l  o lea te  in the  
p regnancy  ovaries was even h igher ,  since the  
l a t t e r  c o n t a i n e d  a p p r o x i m a t e l y  th ree  t imes  the  
a m o u n t  of to t a l  cho les te ry l  esters as c o m p a r e d  
wi th  the  n o n p r e g n a n c y  ovaries.  The pe rcen tage  
of  s teara te  was s ignif icant ly  lower  in the  preg- 
nancy  ovaries. In b o t h  the  n o n p r e g n a n t  and  
p regnan t  s ta tes  the  percen tages  of  choles te ry l  
ester  f a t ty  acids in the  ovaries were d i f fe ren t  
f rom the  sera; the  la t te r  c o n t a i n e d  more  l inole- 
ate and  less o lea te  t h a n  the  ovaries. The 
a m o u n t s  of  to ta l  cho les te ry l  esters and  the  
percentages  of  ind iv idual  f a t t y  acids were simi- 
lar in sera f rom n o n p r e g n a n t  c o m p a r e d  wi th  
sera f rom p regnan t  rabbi ts .  The  percen tages  of  
choles te ry l  ester  f a t ty  acids in h u m a n  ovaries 
and  sera are ind ica t ed  in Table  IV. S t anda rd  
devia t ions  were s o m e w h a t  h igher  t han  in the  
r abb i t  de t e rmina t ions ,  poss ibly  due  to the  
d i f fe rent  ages and  diets  of  the  humans .  As in 
the  rabbi t s ,  t h e  se rum c o n t a i n e d  a h igher  
p r o p o r t i o n  of  cho les te ry l  l ino lea te  and  less 
oleate  t han  did the  ovaries. 

A m o u n t s  of  free f a t t y  acids were 0 .22  + 

LIPIDS, VOL. 6, NO. 11 



818 R.J. MORIN 

0.03 mg/gm in the nonpregnancy rabbit ovaries, 
0.27 + 0.05 in the pregnancy rabbit ovaries and 
0.17 -+ 0.06 in the human ovaries. The pool size 
of endogenous free fatty acids therefore was 
not significantly different between the nonpreg- 
nancy and pregnancy rabbit ovaries, and could 
not have accounted for the difference in esteri- 
fication rates. The same is true for the endoge- 
nous free cholesterol pools in nonpregnancy vs. 
pregnancy ovaries. 

In Table V are indicated the degrees of 
hydrolysis of cholesteryl-4-14C oleate during 
incubations with rabbit or human ovarian ho- 
mogenates. Hydrolytic activity was significantly 
higher in the pregnancy ovaries as compared 
with the nonpregnant. Addition of 2 amino-2 
methyl-l-propanol, sodium taurocholate or 
cyclic 3'5 ~ AMP to the homogenates of preg- 
nancy ovaries had no significant effects, but 
addition of 2 mg/ml of purified soy lecithin 
enhanced the degree of hydrolysis. 

DISC USSI ON 

Esterification of cholesterol in both rabbit 
and human ovaries at pH 7.1 appears to be 
catalyzed by an acyl-CoA cholesterol )-acyl- 
transferase, and is similar in this respect to 
esterification in the adrenal microsomes (3), 
but different from the system in the placenta 
(4) which apparently is a low energy esterifi- 
cation not requiring these cofactors. Reduced 
glutathione, which was found to enhance esteri- 
fication in the adrenal (1), had no effect in the 
present ovary experiments. Adrenals in several 
species have been found to have a second 
esterification system, located in the particulate 

. free supernatant fraction, which does not re- 
quire ATP and CoA (3). Although esterifying 
activity was noted in the ovaries at pH 5.5, the 
cofactor requirements at this pH were not 
investigated in these experiments. 

Esterification in the ovaries appeared to 
proceed more rapidly with exogenous oleic acid 
as the substrate than with cholesterol. This 
difference also has been noted in rat adrenals 
(1) and in pigeon aortas (15) and may be due to 
a higher rate of penetration of the fatty acids to 
esterification sites, or possibly to a greater 
dilution of the added cholesterol by the en- 
dogenous cholesterol pool. Calculation of re- 
sults assuming complete equilibration of the 
added cholesterol and oleic acid with endoge- 
nous pools of both does produce a higher total 
p moles cholesterol than oleic acid incorporated 
into cholesteryl esters. This is probably not a 
valid assumption, however, since most free 
cholesterol is part of the membranes of the 
mitochondria and endoplasmic reticulum (16) 

and may not all be available for esterification. 
The rate of esterification was increased in 

early pregnancy, and may be one of the 
mechanisms whereby the content of stored 
ovarian cholesteryl esters is increased during 
this period. Although luteinizing hormone has 
been shown to inhibit in vitro esterification of 
fatty acids with cholesterol (16), chorionic 
gonadotropin and prolactin appear to increase 
ovarian cholesteryl ester levels (16), and per- 
haps the increased estefification observed in the 
pregnant state in these experiments is mediated 
by the latter hormones. Prolactin recently has 
been found to reverse the hypophysectomy 
induced decline in an ovarian sterol acyl trans- 
ferase in rats (5). The increased ovarian esterifi- 
cation of cholesterol during pregnancy ap- 
peared to be predominantly to oleic acid as 
judged by the increased amounts of this choles- 
teryl ester. The percentages of fatty acids in the 
ovarian cholesteryl esters in both the nonpreg- 
nant and pregnant states differed from those of 
the sera, suggesting that a significant portion of 
the ovarian esters were derived by in situ 
esterification. Incorporation of serum choles- 
terol esters into the ovary, followed by hydrol- 
ysis of some esters more rapidly than others by 
the ovary, however, could also result in this 
different fatty acid composition in ovaries vs. 
serum. 

Hydrolysis of cholesteryl esters by the ovary 
is also higher during pregnancy, this effect 
probably being mediated by luteinizing hor- 
mone as has been shown in previous studies (8). 
This hydrolysis did not appear to be mediated 
by 3'5'  cyclic AMP and was not enhanced by 
addition of bile acids to the media, as is sterol 
ester hydrolysis in pancreas and intestine (17). 
Lecithin stimulated hydrolytic activity, pos- 
sibly by increasing the degree of physical 
dispersion of the emulsified cholesteryl oleate 
substrate, providing greater enzyme-substrate 
interaction. A similar enhancement of choles- 
teryl ester hydrolytic activity has been observed 
in vitro in rat intestine preparations (18) and in 
vivo in aortas from cholesterol-fed rabbits (19). 
The choline antagonist, 2-amino-2-methyl-l- 
propanol which has been shown to inhibit 
lecithin synthesis in vitro (20) had no effect in 
the present system, suggesting that endogenous 
lecithin may not have a significant role in 
activating cholesteryl ester hydrolysis. As welt 
as providing increased free cholesterol substrate 
for steroid hormone synthesis in the ovaries 
during pregnancy, this hydrolytic reaction may 
also function to release the fatty acid moieties 
of the cholesteryl esters; these fatty acids have 
been shown to provide the major source of 
respiratory energy for the luteal cells (21). 

LIPIDS, VOL. 6, NO. 11 



OVARIAN CHOLESTERYL ESTERS 81 9 

Rates of hydrolysis in the ovaries were some- 
what higher than rates of esterification, and if 
similar differences occur in vivo may indicate 
that a portion of the cholesteryl esters hydrol- 
yzed by the ovary are those that have been 
taken up by the ovary from the plasma or 
lymph. 
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Effect of Growth Conditions on the Fatty Acid 
Composition of Listeria Monocytogenes and Comparison 
With the Fatty Acids of Erysioolothrix and Corynebactorium 
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ABSTRACT 

Six strains of Listeria monocytogenes 
belonging to four different serotypes all 
had similar fatty acid profiles when 
grown at 37C,  with C~s and C17 
branched chain acids as major compo- 
nents. The proportion of 17:0 br de- 
creased markedly as the growth tempera- 
ture was lowered from 37 C to 4 C, and a 
reduction of 18:1 with increasing age of 
cultures was observed in cells harvested at 
different stages of the growth curve. The 
fatty acid composition was also affected 
hy the nature of the culture medium. 
Two other genera of the family Coryn- 
ebacteriaceae were analyzed for fatty acid 
composition. Strains of Erysipelothrix 
rhusiopathiae isolated from human, 
turkey, dog and pig had rather similar 
patterns, consisting mainly of straight 
chain, even-numbered fatty acids from 
C10 to C18. The three species of Coryn- 
ebacterium analyzed each had quite dif- 
ferent fatty acid patterns. C. poinsettiae 
bore some resemblance to L. monocyto- 
genes but C. pseudocliphtheriticum had 

1present address: School o f  Veterinary Medicine, 
Pahlavi University, Shiraz, Irma. 

2Medical Research Associate o f  the Medical Re- 
search Council o f  Canada. 

3part of this work was carried out in the Collip 
Medical Research Laboratory. 

much higher proportions of  16:0 and 
18:1 and C equi contained a rather 
complex mixture of fatty acids. 

INTRODUCTION 

The taxonomic value of the fatty acid 
composition of bacteria was first suggested by 
Abel et al. (1) and much of the early data on 
bacterial fatty acids, including studies on the ef- 
fects of growth conditions, were summarized by 
Kates (2). More recent contributions in this area 
have been reviewed by Kates and Wassef (3). 

The fatty acids of Listeria monocytogenes 
grown at 37 C were investigated by Carroll et 
al. (4) and byRaines et al. (5) and the major 
components were found to be CI5 and C17 
branched chain fatty acids. During the course 
of further studies in our laboratory on the 
monocyte producing agent (MPA) of L. mono- 
cytogenes (6,7), different strains of the orga- 
nism belonging to four main serotypes were 
grown in various media at different tempera- 
tures and the effects on fatty acid composition 
were determined. Fatty acids of cells harvested 
at different stages of the growth curve were also 
analyzed and the fatty acid composition of  L. 
monocytogenes was compared with that of  
related members of the family of Corynebac- 
teriaceae. The results of these studies are 
described below. 

MATERIALS AND METHODS 

L. monocytogenes strains 1 and 42, serotype 

TABLE I 

Fatty Acid Composi t ion of  Various Serotypes of  
L. monocytogenes Grown in Beaulieu's Medium at 37 

Strain 

Percentage o f  fatty acid a,b 

14:0 15:0 16:0 16:0 17:0 
Serotype br br br 

18:0 18:1 

1 I 0.9 53.0 1.1 2.6 37.7 0.7 3.4 
42 I 1.8 51.6 3.3 4.0 32.3 1.0 5.8 
85 II 2.1 49.9 1.4 3.8 35.8 1.6 5.1 
81 III 0.4 55.0 0.6 2.0 39.5 0.6 1.7 

109 IVB 0.9 58.3 2.0 2.7 36 .1  . . . .  
163 Not typed 1.3 50.8 1.3 2.4 38.3 0.9 4.9 

aSome minor peaks were not  included in these calculations. 
bbr, Branched chain; -- ,  not  detected. 
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1 ; 81, serotype 3; 85, serotype 2; 109, serotype 
4B; and 163, unknown serotype, were studied. 
Strain 1, NCTC 357 and ATCC 15315, was 
isolated by Murray et al. (8). Strain 42 was 
originally isolated by Stanley (9) in Australia 
from a case of  human meningitis and was used 
in the early studies on MPA. Strains 81 and 85, 
Paterson strains NCTC 5105 and 5348 respec- 
tively, and strain 109, Universit~t W~rzburg 
1071/53, were obtained from Professor H. Seel- 
liger, Institut ffir Hygien find Microbiologie der 
Universitat Wiirzburg; strain 163 was isolated in 
1965 from human cerebrospinal fluid at McGill 
University, McGill University 32872. Three 
species of Corynebacteriurn obtained from 
McGill University, C. equi 338, C. poinsettiae 
254 and C. pseudodiphtheritieum, together 
with four strains of Erysipelothrix rhusio- 
pathiae, University of Western Ontario 337 
isolated from human, 597 isolated from tur- 
keys, 598 isolated from a case of canine 
endocarditis and 599 isolated from pigs, were 
also studied. The bacteria were kept in the 
lyophilized state and during experiments strains 
of L. monoeytogenes were maintained on 
tryptose agar, Difco, and those of Corynebae- 
terium and Erysipelothrix were maintained in 
Brewer's meat or on blood agar, or both, at 4 C 
respectively. 

Media and Conditions of Growth 

The following media were used for the 
growth of L. monocytogenes: (a) Beaulieu's 
medium (10) which is composed of  2.7% 
tryptose broth (Difco), 0.2% dextrose, 0.319% 
Na2HPO4, 0.0005% thiamine He1 and 0.5% 
NaC1; (b) 2% tryptose broth (Difco) alone; (c) 
trypticase soy broth (BBL) supplemented with 
2% dextrose, 0.319% Na2HPO4, 0.0005% thia- 
mine He1 and 0.5% NaC1; and (d) trypticase soy 
broth alone. Beaulieu's medium, and broth 
containing 0.2% yeast extract and 0.1% glucose 
at pH 7.0, were used for the growth of cells of 
Erysipelothrix and Corynebacterium respec- 
tively. 

Cultivation of  the microorganisms in the 
fluid media was carried out in Erlenmeyer 
flasks of 0.5 and 2 liters capacity, containing 
250 or I000 ml of the broth respectively. The 
cultures were shaken at a rate of 105-128 
excursions per min at 37 C for 8-24 hr, at room 
temperature for 24-48 hr or at 4 C for three to 
eight days. The cells were checked for purity 
and harvested live either at various stages of 
their growth phase or at their stationary phase. 
They were then washed and lyophilized as 
reported previously (6). 
Fatty Acid Analysis 

Lipids were extracted as described previ- 
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ously (6) and methyl esters of the fatty acids 
were prepared from the crude lipid extracts by 
refluxing for 2 hr with HCl-methanol prepared 
by adding 10% (v/v) of acetyl chloride dropwise 
to methanol (4). In some experiments the 
methyl esters were prepared by refluxing the 
lyophilized cells directly for several hours with 
the transmethylating reagent. The cooled mix- 
ture was filtered and the methyl esters were 
then extracted with Skellysolve B. The samples 
were either analyzed immediately or after 
storage at -20 C. 

The fatty acid esters were analyzed by gas 
liquid chromatography (GLC) on a 6 ft x 118 
in. nonpolar column consisting of 3% SE-30 on 
siliconized Chromosorb W in a Barber-Colman 
Model 5340 with thermal conductivity detector 
and on a 10 f t x  1/8 in. polar column of 15% 
EGSS-X on Chromosorb P in a Beckman GC-45 
with hydrogen flame detector. The columns 
were operated at 180 C and 200 C respectively. 
Identification of the fatty acids was based on 
comparison with the retention times of methyl 
ester standards (NIH) and also by comparative 
chromatography of hydrogenated or bromi- 
nated samples (11) to distinguish between 
saturated and unsaturated fatty acids. The 
product of peak height multiplied by retention 
time was used for quantitation (12) and the 
results were checked by comparison with NIH 
standard mixtures. 

RESULTS 

The fatty acid composition of six different 
strains of L. monocytogenes grown at 37 C is 
shown in Table I. The results were basically 
similar to those obtained previously (4,5) and 
the differences between strains were no greater 
than those observed when a particular strain 
was harvested at different stages of the growth 
curve (Table II). From this Table it can be seen 
that the fatty acid pattern is also affected by 
the growth temperature and the growth med- 
ium. In particular the proportion of 17:0 br 
was much lower at 4 C than at higher tempera- 
tures. The low proportion of 17:0 br at 4 C was 
observed with all six of the strains listed in 
Table I. In most cases the difference was made 
up mainly by 15:0 br but in Beaulieu's medium 
there was a high proportion of 18:1 during the 
early stages of the growth curve and in trypti- 
case soy broth the proportion of C14 increased 
at the end. In addition Table II shows that the 
yield of cells as measured by optical density 
was also affected by the growth medium. 
Trypticase soy appeared to be a more suitable 
medium for L. monoeytogenes, since without 
addition of the four supplements it gave yields 

comparable to those with Beaulieu's medium. 
Four different strains of Erysipelothrix rhu- 

siopathiae obtained from various sources were 
grown at 37 C under conditions comparable to 
those of the L. monocytogenes described in 
Table I. Results of the fatty acid analysis are 
shown in Table III. The different strains con- 
tained similar mixtures of fatty acids with 16:0, 
18:0 and 18:1 as major components. The fatty 
acid profiles of E. rhusiopathiae were quite 
different from those of L. monocytogenes and 
an interesting feature was the presence of 
substantial amounts of two medium chain fatty 
acids, 10:0 and 12:0. The strains isolated from 
turkey and pig contained about 10% of 
branched chain C 15 fatty acid but strains from 
human and dog had only 1-2%. 

The fatty acid patterns of three strains of 
Corynebacterium grown in yeast extract at 
37 C under aerobic conditions are also shown in 
Table III. It was not possible to grow these in 
either Beaulieu's medium or the trypticase soy 
medium. These organisms each contained three 
or four major fatty acids with smaller propor- 
tions of a number of others, but the patterns 
differed quite markedly in the different strains. 
C. poinsettiae resembled L. monocytogenes in 
its high content of 15:0 br and 17:0 br fatty 
acids, but contained more 16:0 br. C. pseudo- 
diphtheriticum also had a considerable amount 
of 15:0 br but very little 17:0 br, and 18 : 1 was 
much more prominent than in C. poinsettiae. C. 
equi contained a more complex mixture of 
fatty acids with 15:0 br and 16:0 in largest 
amounts. 

In some cases the fatty acid methyl esters 
were reanalyzed by GLC on a 10 ft polar 
column which gave partial separation of the iso 
and anteiso forms of the odd number fattY 
acids. It can be seen in Figure 1 that anteiso 
acids predominated in L. monocytogenes, E. 
rhusiopathiae, C. poinsettiae and C. equi where- 
as C. pseudodiphtheriticum contained mainly 
the iso form. These results were obtained with 
extracts from bacteria grown to the stationary 
phase. However with L. monocytogenes similar 
proportions of iso to anteiso forms were ob- 
served with cells harvested at earlier stages of 
the growth cycle and the use of either Beau- 
lieu's medium or trypticase soy broth did not 
seem to have any marked effect on the ratio of 
the isomers. 

DISCUSSION 

The analytical data obtained in this study 
show that the fatty acid composition of L. 
monocytogenes is affected by the conditions 
under which it is grown. The major fatty acids 
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List~io rnonocytogenes 
grown at 37"C 
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C o P y n e b a c l e r i u r n  po/nsettioe 

A ~  

& 

Listerla rnonocytOgenes 
grown at 4*C 

Corynebocterlum pseudodlphtheriticum 

,o ,'~ ~o 

Eryslpelofhrlx rhuslopothlae 
strain BJ~7 (TURKEY) 
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Coryneboctertum e q u i  

FIG. 1. GLC of bacterial fatty acid methyl esters run on a 10 ftx 1/8 in. column packed with 15% EGSS-X 
(Applied Science Laboratories, State College, Pa.) on acid-washed Chromosorb P (100/120 mesh, Supelco, Inc., 
Beltefonte, Pa.) Carrier gas: He, 60 ml/min. Injector 250 C, column temperature 200 C, hydrogen flame detector 
250 C. 

are 15:0 br and 17:0 br in ceils grown at 37 C 
but the amount of 17:0 br decreases markedly 
as the environmental temperature is lowered. 
Other fatty acids such as 14:0, 14:0 br, 16:0 
and 18:1 are sometimes present in appreciable 
amounts depending on the temperature, growth 
medium and the age of the culture (Table II). 

There did not seem to be any great differ- 
ences in fatty acid composition between dif- 

ferent strains of L. monocytogenes grown 
under the same conditions, indicating that fatty 
acid profiles are of little value for typing strains 
in this genus (Table I). This confirms the work 
of Raines et al.(5). On the other hand compar- 
ison of the fatty acids of Listeria with those of  
Erysipelothrix and Corynebacterium shows that 
there are fundamental differences in their fatty 
acid patterns which are useful for differenti- 
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a t ion  and  iden t i f i ca t ion  of  these  t h r ee  genera  in  
the  fami ly  of  Corynebac t e r i aceae  (Fig. 1). 

We are no t  aware of  previous  s tudies  on  the  
f a t t y  acid c o m p o s i t i o n  of  Erysipelothrix bu t  
f a t t y  acid analyses  have been  carr ied ou t  o n  a 
n u m b e r  of  d i f fe ren t  species of  Corynebac- 
terium. Early s tudies  deal ing ma in ly  wi th  C. 
diphtheriae were reviewed b y  Assel ineau (13)  
and  more  r ecen t ly  Moss et al. ( 1 4 ) h a v e  s tud ied  
the  f a t t y  acid c o m p o s i t i o n  of  several anae rob i c  
species,  par t icu lar ly  C. acnes. Our  resul t s  
s h o w e d  subs tan t ia l  d i f fe rences  a m o n g  t he  f a t t y  
acid pa t t e rn s  of  t h r ee  species of  Corynebacter- 
iurn w h i c h  were on  t he  whole  grea ter  t h a n  the  
d i f ferences  observed  by  Moss et  al. in t he i r  
s tudies  of  six d i f fe ren t  species g rown  u n d e r  
anae rob i c  cond i t ions .  It  m ay  be  n o t e d  how eve r  
t h a t  Barksdale  (15)  has r ecen t ly  suggested t h a t  
C poinsettiae, one  of  the  species used in o u r  
s tudies ,  should  be  d r opped  f rom the  Genus  
Corynebacterium because  i t  differs  t oo  m u c h  
f rom the  desc r ip t ion  of  t he  t ype  species. He 
also r e c o m m e n d e d  t h a t  C. aches be r em oved  
f rom this  Genus  for  s imilar  reasons.  

The  resul ts  of  our  f a t t y  acid analysis of  C. 
pseudodiphtheriticurn were s o m e w h a t  d i f fe ren t  
f rom those  r epo r t ed  for  C. hofmanii by  Welby- 
Gieusse  et al. (16) ,  a l t h o u g h  the  two  names  
appear  to  be s y n o n y m o u s  (17 ,18) .  C. hofmanii, 
like C. diphtheriae and  some o t h e r  species of  
Corynebacterium, also con ta ins  c o m p l e x  f a t t y  
acids of  the  c o r y n o m y c o l i c  t ype  (13 ,16 ,19 ) ,  
b u t  these  were no t  inves t iga ted  in our  s tudies .  

The  present  resul ts  provide  f u r t h e r  ev idence  
t h a t  analysis of  f a t t y  acid c o m p o s i t i o n  can be  a 
va luable  aid in c lass i f icat ion of  bacter ia ,  bu t  
cau t ion  mus t  be  used in i n t e r p r e t i ng  the  f ind-  
ings. The  resul ts  o b t a i n e d  wi th  Listeria e m p h a -  
size the  i m p o r t a n c e  o f  m a k i n g  compar i sons  
u n d e r  wel l -con t ro l led  and  c o m p a r a b l e  condi -  
t ions  of  g r o w t h  in o rde r  to  avoid mis leading 
results .  
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Distribution of Free and Conjugated 
Sterols in Orange and Tangor Juice Sacs 
STEVEN NAGY and HAROLD E. NORDBY, U.S. Fruit and Vegetable Products 
Laboratory,tP.O. Box 1909, Winter Haven, Florida 33880 

ABSTRACT 

Comparative studies of the sterol com- 
position of four sterol fractions, vis., free 
sterols, sterol esters, sterol glucosides and 
esterified sterol glucosides, were con- 
ducted on the juice sacs of six varieties of 
oranges and two tangor varieties. The 
sterols quantified in each fraction were 
3-sitosterol, campesterol, stigmasterol, 
cholesterol, 24-ethylidene cholesterol, 
brassicasterol and 24-methylene choles- 
terol. Each variety showed its own intrin- 
sic composition for these sterols in the 
four sterol fractions. 

INTRODUCTION 

Extensive reviews on the biosynthesis of 
sterols in higher plants (1-4) indicate that 
sterols are formed through a complicated series 
of reactions. Cyclization of squalene produces 
tetracyclic triterpene alcohols which are metab- 
olized to 4or-methyl steroid compounds which 
in turn are demethylated to form the sterol 
group. By strict definition (5) a sterol contains 
only two methyl groups attached to the per- 
hydro-l ,2-cyclopentanophenanthrene ring at 
positions 10 and 13. This definition excludes 
the triterpene alcohols and 4a-methyl steroid 
compounds which have often been loosely 
classed as 4,4-dimethyl and 4ot-monomethyl 
sterols respectively. This paper defines a sterol 
according to its strict definition. 

Studies on sterols in citrus fruits have been 
very limited. Sterols have been reported in the 
rinds (6), pulp (7) and juice (8) of Valencia 
oranges but definitive sterol characterizations 
were not undertaken. Of all citrus, the peel of 
grapefruit has been subjected to the most 
intensive sterol investigations. By a combina- 
tion of gas chromatography-mass spectra and 
other methods, stigmasterol, 3-sitosterol, cam- 
pesterol, cholesterol and 24-ethylidene choles- 
terol were definitely identified in grapefruit 
peel (9-12). To date, the As,7,22 sterol, ergos- 
terol, has been shown to occur in only one 
citrus, i.e., peel of Rangpur lime (13). 

Sterols are distributed in citrus (14,15) and 
other higher plants in four fractions, viz., free 

ISo. Marl~et. Nutr. Res. Div., ARKS, USDA. 

sterols (FS), sterol esters (SE), sterol glucosides 
(SG) and esterified sterol glucosides (ESG). To 
the authors' knowledge, studies on the compar- 
ative distribution of sterols in each of these 
four fractions have never been undertaken. The 
purpose of the present study was to determine 
the comparative distribution of the most promi- 
nent  sterols in citrus juice sacs, viz., As, A5,~2 
and As,24(28) sterols, in each sterol fraction. 
Sterols were studied in six orange varieties of 
O'trus sinensis Osbeck, viz., Walker Early, Par- 
s o n  Brown, Hamlin, Washington Navel, Pine- 
apple and Valencia, and two tangor varieties, 
viz., Temple (C. sinensis x C. reticutata) and 
Temple x Kinnow [(C. sinensis x C. reticulata) 
x C. reticulata]. 

MATERIALS AND METHODS 

Isolation and Purification of Juice Sac Lipids 

Valencia, Hamlin, Parson Brown and Walker 
Early oranges were obtained from local groves. 
Pineapple and Washington Navel oranges and 
the Temple x Kinnow tangor were obtained 
from Whitmore Experimental Farm (Crops Re- 
search Division, USDA, Orlando, Fla.). The 
Temple tangor was obtained from a local 
market. All samples were collected at the time 
of their respective peak maturities. The eight 
citrus were cut in half and the intact juice sacs 
(vesicles) carefully separated from core, peel, 
seeds and carpellary membrane with the aid of 
a citrus spoon. The juice sacs were freeze-dried 
to a powder possessing a moisture content no 
greater than 4% and stored at 5 C until  lipid 
extractions were carried out. Lipids were ex- 
tracted and purified from 15 g of juice sac 
powder by the method previously described for 
orange juice powders (14). Each variety sample 
was run in triplicate. 

Column and Thin Layer Chromatography (TLC) 

The total purified lipid (ca. 150 to 200 mg) 
was dissolved in absolute CHC13 (no ethanol 
stabilizer) and percolated onto a 0.9 x 30 cm 
column containing 9g  Merck, 70-325 mesh 
silica gel (Brinkmann Instruments, Westbury, 
N.Y.). Neutral lipids containing the free sterol 
and sterol ester fractions were eluted with 150 
ml absolute CHC13 and glycolipids containing 
the sterol glucoside and esterified sterol ghico- 
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side fractions were eluted with 200 ml 
CHCIs/MeOH (95:5). Column aliquots (25 ml) 
were monitored by TLC to insure elution 
completeness for each group. The total neutral 
lipid fraction was concentrated to a small 
volume and streaked on precoated Silica Gel G 
plates (20 x 20 cm, 250/s, Analtech, Inc., 
Wilmington, Del.). These nonactivated plates 
were developed at room temperature in cham- 
bers lined with filter paper in hexane-ethyl 
ether (90:10). The bands corresponding to the 
free sterol and sterol ester fractions were 
scraped from the plate and eluted from the gel 
with ethyl ether. The glycolipid fraction was 
streaked on precoated G plates and developed 
in CHCIs/MeOH (85:15).  This solvent sepa- 
rated the glycolipid fraction into cerebrosides, 
sterol glucosides, monogalactosyl diglycerides, 
esterified sterol glucosides and resin acids. 

For  detection of glycolipids, anisaldehyde- 
H2SO 4 and a-naphthol-HzSO 4 (16) sprays 
were employed;  and for sterol containing lipids, 
spraying with 50% sulfuric acid followed by 
heating at 140 C for 10 min produced distinct 
colors. Glycolipids, separated by preparative 
TLC, were detected by spraying with the 
nondestructive Rhodamine 6 G and viewed 
under UV light. The SG and ESG fractions were 
scraped from the plate and eluted with 
CHCls]MeOH (1:1).  Because of the weak solu- 
bility of SG in CHCI3]MeOH solvents, small 
amounts of pyridine were often added to 
maximize SG solubility during transfer. Free 
sterols and sterols obtained from degradation of  
SE, SG and ESG were separated from tri terpene 
alcohols and 4-methyl steroid compounds by 
development on precoated G plates in hexane- 
ethyl acetate 4:1. 

Degradation Studies 

The SE fraction was concentrated to dryness 
under nitrogen and hydrolyzed with 3 ml 6% 
KOH in 95% ethanol in 10 ml sealed acetyla- 
t ion tubes (Regis Chemical Co., Chicago, Ill.) 
for 1 hr. After  neutralization the products were 
extracted into cyclohexane and concentrated. 
The hydrolyzed sterols were separated from the 
free fat ty  acids by chromatography on G plates 
with CHC13 as solvent. The sterol fraction was 
eluted, restreaked on G plates and developed in 
hexane-ethyl acetate 4:1. 

The SG and ESG fractions were concen- 
trated to dryness and hydrolyzed by reacting 
the sample in sealed acetylation tubes with 4 ml 
0.5N anhydrous HCI in MeOH containing 0.1% 
di-tert-butyl-cresol for 22 hr at 75 C. The 
hydrolysis mixture was concentrated to dry- 
ness, taken up in cyclohexane, streaked on G 
plates and developed in hexane-ethyl acetate. 
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Gas Liquid Chromatography (GLC) 

The purified sterol fraction obtained from 
preparative TLC was tr imethylsi lylated (TMS) 
by reacting 1-10 mg free sterol with 0.3 ml 
N,O-bis-(trimethylsilyl)-acetamide. The mixture 
was heated at 60 C for 15 min before analysis 
by GLC. At1 samples were analyzed with an F 
and M Model 5750 gas chromatograph 
equipped with hydrogen flame detectors. The 
sterol-TMS derivatives were separated on a 12 ft 
x 1/4 in. glass column packed with 4% OV-210 
and 1% OV-17 coated on 100-120 mesh Gas 
Chrom Q (Applied Science Labs., State College, 
Pa.). Separations were accomplished by on- 
column injection employing the following tem- 
peratures: column, 230 C; injection port ,  
255 C; and detector,  290 C. The helium flow 
rate was 80 ml/min. Quantitative results were 
obtained by triangulation measurement tech- 
niques coupled with measurement of peak areas 
with the aid of a disc integrator. 

Mass Spectra 

Sterot-TMS samples were separated by GLC 
and captured in glass capillary tubes. These 
samples were analyzed by the direct inlet probe 
technique with a CEC Model 21-490 mass spec- 
t rometer  (Bell and Howell, Monrovia, Calif.). 
The ionizing temperature was 250 C, probe tem- 
perature 180C, ionizing voltage 70 eV and 
spectra recorded at scan speeds of 4 see/decade 
and 10 see/decade. Mass spectral identif ication 
of juice sac sterols has been previously deter- 
mined (17). 

RESULTS AND DISCUSSION 

The amount of lipid extracted from 15 g of 
powdered juice sacs ranged from 163 mg 
(Pineapple) to 230 mg (Temple). These values 
indicate that orange and tangor juice sacs are 
composed of 1.1-1.5% lipid on a dry weight 
basis. The weight percentage distribution of the 
four sterol fractions has been determined only 
for Valencia oranges (18). From 15 g of Valen- 
cia orange juice sac powder,  185 + 4 mg (1.2%) 
of purified lipid was obtained. By a combina- 
tion of TLC densitometry (14) and gravimetric 
determinations, the following weight percent- 
ages have been computed for the four sterol 
fractions: free sterols, 8.1%; sterol esters, 6.2%; 
sterol glucosides, 8.6%; and esterified sterol 
glucosides, 1.7%. 

In orange and tangor juice sacs the following 
As sterols have definitively been characterized 
by  mass spectra, viz., cholesterol, campesterol 
and t3-sitosterol. The As,22 sterols found were 
s t i g m a s t e r o l  and brassicasterol and the 
A5,24(28) sterols were 24-ethylidene chotes- 

terol and 24-methylene cholesterol. 
Table I shows the distribution of  these seven 

sterols in the free sterol fraction of orange and 
tangor juice sacs. t3-sitosterot is the most domi- 
nant sterol comprising ca. 75% of this fraction. 
The order of concentration for these seven 
sterols is /3-sitosterol ~ campesterol ~ stigmas- 
terol ~ 24-ethylidene cholesterol ~ cholesterol. 
The two sterols, 24-methylene cholesterol and 
brassicasterol, are found in all varieties at trace 
concentrations,  i.e., less than 0.01%. Except for 
minor differences, Walker Early, Parson Brown, 
Hamlin, Washington Navel and Pineapple 
oranges possess essentially similar distributions 
for these seven sterols. One noticeable depar- 
ture is the low percentage of 24-ethylidene 
cholesterol in the Walker Early orange. As 
observed in Tables II, III and IV this low 
percentage is consistent in all sterol fractions. 
Valencia orange shows deviations from the 
other five orange varieties by the presence of 
higher campesterol and stigmasterol percent- 
ages. The two tangors show distinct differences 
in profiles when compared with the oranges and 
with each other. Temple's  relative cholesterol 
content is twice that observed for the oranges 
and four times higher than found for the 
Temple x Kinnow. As observed in Tables II,  III 
and IV, the relatively higher percentage of  
cholesterol in Temples is shown in all four 
sterol fractions. The Temple x Kinnow tangor is 
distinct in possessing the lowest percentage of 
cholesterol and stigmasterol and the highest 
percentage of sitosterol. 

The distribution of sterols found in the 
sterol ester fraction is shown in Table II. In 
general the sequence of sterol distribution is 
13-sitosterol > campesterol ~ 24-ethylidene cho- 
lesterol > cholesterol > stigmasterol ~ 24- 
methylene cholesterol > brassicasterol. The two 
minor exceptions to this sequence are observed 
for Walker Early which possesses a higher 
percentage of cholesterol than 24-ethylidene 
cholesterol and the Valencia orange which 
shows similar percentages for stigmasterol and 
24-methylene cholesterol. As was the case for 
the free sterol fraction, Walker Early, Parson 
Brown, Hamlin, Washington Navel and Pine- 
apple possess essentially similar percentage pro- 
files. The percentage of 24-ethylidene choles- 
terol found in Walker Early is relatively lower 
when compared with the other four oranges. 
Valencia differs from the other five oranges and 
the two tangors in possessing higher percentages 
of campesterol,  stigmasterol and 24-methylene 
cholesterol. The distinguishing feature of the 
tangor group is observed in the Temple profile. 
Temple possesses the highest percentages of  
cholesterol and 24-ethylidene cholesterol when 
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c o m p a r e d  w i th  the  Temple  x K i n n o w  and  the  
oranges.  

Table  III shows the  pe rcen tage  d i s t r ibu t ion  
of  s terols  in the  SG f rac t ion .  The  sequence  of  
s terol  d i s t r i bu t ion  is f l-si tosterol  > campes te ro l  
> s t igmas tero l  > 24-e thy l idene  choles te ro l  > 
choles tero l .  S imi lar i ty  in  pe rcen tage  d i s t r ibu-  
t ion  o f  s terols  is again ev iden t  w i th  Walker 
Early,  Parson  Brown,  Harnlin,  Washing ton  
Navel and  P ineapple  oranges.  The re la t ive  per-  
centage  of  cho les te ro l  in  t he  Temple  r ange r  is 
a p p r o x i m a t e l y  th ree  t imes  grea ter  t h a n  f o u n d  
for  the  o t h e r  cultivars.  

The  d i s t r i bu t ion  o f  s terols  in  the  ESG 
f r ac t ion  is shown  in Table  IV. The  re la t ionsh ips  
e n u m e r a t e d  for  oranges  and  rangers  in the  SG 
f rac t ion  are s imilar  for  the  ESG f rac t ion .  While 
similar,  compara t ive  e x a m i n a t i o n  o f  Tables  III  
and  IV reveal  some sub t le  differences.  In all 
variet ies the  relat ive pe rcen tage  of  campes t e ro l  
is ca. 1% h igher  in the  SG f rac t ion  as c o m p a r e d  
wi th  the  ESG frac t ion.  Converse ly  the  relat ive 
percen tage  of /3 -s i tos te ro l  is ca. 1-2% lower  in 
the  SG f rac t ion  t h a n  ESG f rac t ion .  

E x a m i n a t i o n  of  Tables  I-IV show b o t h  simi- 
larit ies and d i f ferences  in  the  s terol  compos i -  
t ion  of  the  eight cult ivars.  The  s te ro l  per- 
centages  of  the  four  s terol  f rac t ions  are d is t inct  
for  each  of  the  eight  cult ivars.  Several general  
pa t t e rns  emerge f rom these  four  tables .  Sito- 
s terol  is t he  ma jo r  s terol  in all f rac t ions ;  
howeve r  the  relative pe rcen tage  of  th is  s terol  is 
greates t  in  the  ESG frac t ion.  The re fo re  for  
s i tos tero l  the  fo l lowing pe rcen tage  o rde r  in the  
four  f rac t ions  is ev ident ,  viz., ESG > SG > SE > 
FS. 

The order  for  campes te ro l  is reversed to  t ha t  
of  s i tos terol ,  viz., FS > SE > SG > ESG. The  
o rde r  man i fes t  by  s t igmas tero l  is d i f fe ren t  f rom 
b o t h  s i tos terol  and campes te ro l ,  i.e., FS > SG 

> ESG > SE. F o r  choles tero l ,  SE > FS > ESG 
> SG is observed .  

The  two  m i n o r  sterols,  2 4 - m e t h y l e n e  choles-  
te ro l  and  brassicasterol ,  are on ly  de t ec t ed  in t he  
FS and  SE f rac t ions .  Brassicasterol  and  24- 
m e t h y l e n e  cho les te ro l  could  n o t  be de t ec t ed  in 
the  SG and  ESG frac t ions .  I f  these  two  s terols  
are present  the i r  percen tages  are well  be low 
0.001%. 
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The Effect of a Fat Free Diet on Esterified 
Monoenoic Fatty Acid Isomers in Rat Tissues 1 
M.W. SPENCE, McGill University Medical Clinic, The Montreal 
General Hospital, Montreal, Quebec (Canada) and the Department of 
Paediatrics, Faculty of Medicine, Dalhousie University, Halifax, 
Nova Scotia (Canada) 2 

ABSTRACT 

Rats were maintained 120-140 days on 
a normal  diet (group 1) or  one deficient  
in fat ty acids (group 2). Isomer composi-  
t ion was determined of monoeno ic  fat ty 
acids (16:1,  18:1) isolated from tota l  
lipids of  heart ,  k idney,  lung, brain and 
lumbar  fat, and from separated neutral  
lipids and phospholipids of  heart  and 
kidney.  Group 1: The number  of major  
isomers of  C16:1 and C18:1 was similar 
in all tissues but  their  propor t ions  varied 
in different  tissues and types of  lipid. 
Group 2: The propor t ions  of  16:1(n-7) 
increased and of  o ther  16:1 isomers 
decreased in all tissues; 18:1(n-9) was 
increased at the expense of  (n-7) in heart ,  
to a lesser extent  in kidney,  and was lit t le 
changed in lung, lumbar  fat, or brain. The 
decrease in propor t ion  of  18:1(n-7) was 
greatest in heart-muscle phospholipids.  
C20:3 comprised 95% (n-9) and 5% (n-7) 
in heart and kidney lipids. The changes in 
group 2 probably  represent  the body ' s  
a t tempts  to maintain lipids with the 
physical and chemical  propert ies  neces- 
sary to normal  biological funct ion.  

I NTRODUCTI  ON 

When the diet is deficient  in essential fa t ty  
acids, the major  changes in esterified fa t ty  acids 
in the tissues are a decreased concent ra t ion  o f  
polyunsaturated fat ty  acids derived f rom the 
essential fa t ty  acids C18:2 (linoleic acid)~ind 
C18:3 (l inolenic acid) and increased concentra-  
t ion of  C16:1 (palmitoleic  acid), C18:1 (oleic 
acid) and C20:3 (1). Fulco  and Mead (2), using 
pooled tissues f rom fa t ty  acid deficient  rats, 
showed that  C20:3 (eicosatr ienoic acid) is 
formed mainly by desaturat ion and chain 
lengthening f rom oleic acid, and that  a small 

INomenclature of  fatty acids as in 1UPAC-IUB 
Commission on Biochemical Nomenclature,  "The 
nomenclature of  lipids," J. Biol. Chem. 242:4845-49 
(1967). 

2present address: Department of  Paediatrics, Fac- 
ulty of  Medicine, Dalhousie University, Halifax, Nova 
Scotia, Canada. 

amount  (<10%) is an isomer,  differing in the 
posi t ion of  the double bonds,  derived f rom 
palmitoleic  acid. Thus most fa t ty  acids that  are 
increased in this condi t ion  are members  of  the 
monoeno ic  fa t ty  acid series or  are derived f rom 
this series by chain elongat ion and desaturat ion.  
These changes probably represent  a t tempts  by 
the body to maintain lipids with the physical 
and chemical propert ies  that  are necessary for 
normal  biological funct ion.  

The major  monoeno ic  fa t ty  acids (16:1 and 
18:1) comprise a group of  isomers that  vary 
only in the posi t ion of  the double  bond.  
Despite the knowledge that  these isomers, 
especially those of  18:1, make  a significant 
cont r ibu t ion  to the fa t ty  acid compos i t ion  of  
complex  lipids, few studies have been made of  
their propor t ions  in normal  mammal ian  tissues 
(3-7) and the effect  of  dietary manipula t ion  on 
these propor t ions  (3,8). Sand et al. (8), who 
examined the esterified fat ty  acids f rom the 
total  lipids of  carcasses of  rats fed a fat free 
diet, found that  16:1(n-7),  the major  16:1 
isomer,  had increased at the expense of  all 
o ther  16 : 1 isomers;  the propor t ion  o f 18 : 1 (n-7) 
also was slightly increased, wi th  resultant  de- 
crease in 18: l(n-9).  Similarly, Brockerhof f  and 
Ackman (3) found 16:1(n-7) increased in the 

TABLE I 

Monoenoic Fatty Acid Isomer 
Composition of Control and Fat Free Diets a 

Fatty acids b Control diet Fat free diet 

Total 16:1 3.0 3.2 
16: l(n-10) 2.8 23.3 
16: l(n-9) 4.4 6.5 
16:1 (n-7) 89.2 66.8 
16:1(n-5) 3.6 3.4 

Total 18:1 31.2 27.1 
18:l(n-10) 0.7 2.3 
18:1 (n-9) 96.0 92.3 
18:1 (n-7) 3.3 5.4 

Each value is the mean of two separate isolations. 
aMeasured fatty acid content: control  diet, 33.1 

mg/g; fat free diet, 0.5 mg/g. 
bFigures for total 16:1 and 18:1 are weight per- 

centages of total fatty acids. Isomers are expressed as 
mole percentages of the total class; e.g., 16: l(n-10) is 
expressed as moles per cent of total 16:1. 
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depot fat of pigs fed a fat free diet, but in their 
studies the 18:1 isomers were little changed. 

This study was undertaken to determine 
whether in the normal state the monoenoic 
fatty acid isomers of 16:1 and 18:1 differ in 
type and proportion in different tissues, and if 
a diet deficient in essential fatty acids alters the 
proportions of these isomers, affecting some 
tissues more than others. Such an effect, which 
would not be seen in examinations of total- 
carcass lipids, might reasonably be expected, in 
order to (i) maintain the proper proportions of 
unsaturated fatty acids with specific configura- 
tions, suitable to the special metabolic role of 
the various tissues, and (ii) supply precursors 
for longer-chain nonessential polyunsaturated 
fatty acids. In addition, one member of this 
latter group, eicosatrienoic acid (C 20:3), was 
examined to see whether its isomer composi- 
tion differed in various tissues and, if so, 
whether this pattern correlated with differences 
in the parent isomer, 16:1(n-7) or 18:1(n-9). 

EXPERIMENTAL PROCEDURES 

Male Wistar rats weighing 90-110g were 
used. For 120-140 days, group 1 (control) was 
maintained on Purina Laboratory Chow (Purina 
of Canada Ltd., Sherbrooke, Que.) and group 2 
was fed a diet deficient in fatty acids (Nutri- 
tional Biochemicals Corp., Cleveland, Ohio). All 
other conditions were the same for both 
groups. After the animals had been killed, the 
brain (including cerebellum and rostral brain 
stem), heart, kidney, lung and lumbar fat were 
removed, washed with 0.85% NaC1 in water 
and quickly frozen, and were stored at -20 C 
until  extracted. In some cases tissues from two 
or three animals in one group were pooled to 
provide samples large enough for analysis. Total 
lipids were extracted from the tissues by 
homogenization in chloroform-methanol, 2:1, 
v/v (9). Neutral lipids (chiefly cholesterol, 
cholesterol esters, and triglycerides) were sepa- 
rated from phospholipids by chromatography 
on silicic acid (Unisil; Clarkson Chemical Co., 
Williamsport, Pa.) (10). Separation was com- 
plete as judged by phosphorus measurement 
(11) and thin layer chromatography (11,12). 
An average of 98% of applied phospholipid P 
was recovered. Using the methods described 
fully in earlier reports (4,13), total fatty acids 
were prepared and measured, pure monoenoic 
fatty acid methyl esters were isolated, and 
monoenoic fatty acid isomers were identified 
and quantified by periodate-permanganate oxi- 
dation and gas liquid chromatography of the 
dicarboxylic-acid dimethyl esters formed. 

Relative amounts of each monoenoic fatty 

LIPIDS, VOL. 6, NO. 11 



MONOENOIC FATTY ACID ISOMERS 

TABLE III 

Monoenoic Fatty Acid Isomers of Neutral Lipids and Phospholipids in Heart and Kidney a 

833 

Heart Kidney 

Neutral lipid Phospholipid Neutral lipid Phospholipid 

Fatty acids b Group 1 Group 2 Group 1 Group 2 Group 1 Group 2 Group 1 Group 2 

Total 16:1 2.9 7.8 0.6 3.7 2.6 6.6 1.0 5.1 
16:l(n-10) 5.3 3.4 7.8 3.5 13.3 4.8 9.1 3.8 
16:1 (n-9)  5.3 2.6 3.7 2.3 8.8 3.2 17.3 1.7 
16: l(n-7) 85.4 92.9 80.4 92.9 76.1 90.5 70.1 93.4 
16: l ( n - 5 )  4.1 1.2 8.2 1.3 2.2 1.7 3.8 1.3 

Total 18:1 33.1 41.9 8.7 22.3 23.0 31.2 9.1 17.7 
18:l(n-10) 1.5 2.5 1.4 2.1 2.1 2.1 1.4 2.0 
18: l(n-9) 88.0 83.2 54.7 74.2 87.3 82.8 76.5 81.6 
18: l(n-7) 10.7 14.3 44.0 23.6 10.7 15.2 22.1 17.2 

Each value is the mean of two separate isolations. 
aMeasured fatty acid content: control diet, 33.1 mg/g; fat free diet, 0.5 mg/g. 
bFigures for total 16:1 and 18:1 are weight percentages of total fatty acids. Isomers are expressed as mole 

percentages of the total class; e.g., 16: l(n-10) is expressed as moles per cent of total 16:1. 

acid i somer  are expressed  as a pe rcen tage  o f  t he  
to ta l  class, abb rev ia t ed  to  moles  per  cent  for  
convenience .  Fo r  example ,  a sample  of  18:1 
yie lding 70 moles  of  C 9 d ica rboxyl ic  acid and  
30 moles  of  a C 11 d ica rboxyl ic  acid would  have 
cons is ted  original ly of  70% 18 : l ( n - 9 )  and  30% 
1 8 : l ( n - 1 1 ) .  

RESULTS 

The  fat free diet  c o n t a i n e d  ve ry  l i t t le  f a t t y  
acid ( f o o t n o t e ,  Table  I): t he  c o n t r i b u t i o n  to  
t o t a l  f a t t y  acids by  C18:2  , C18:3  , and C20:4  
a m o u n t e d  to  on ly  14.1%, c o m p a r e d  wi th  35% 
in the  con t ro l  diet .  The  18:1 i s o m e r  p a t t e r n  in 
b o t h  diets was s imilar ;  t ha t  is, 18: l (n -9 )  (oleic 
acid) was the  ma jo r  i somer  (Tab le  I). The  16:1 
i somer  p a t t e r n  was qui te  d i f fe ren t ,  howeve r :  
the  fa t  free diet  c o n t a i n e d  m u c h  more  
16 : 1 (n-  10), and  m u c h  less o f  t he  ma jo r  i somer ,  
16 :1(n-7) .  

Normal Diet (Group 11 

Of the  16:1 isomers ,  (n-7)  was the  ma jo r  
c o m p o n e n t  in  the  to ta l  l ipids of  all n o r m a l  
t issues (Table  II), especial ly l u m b a r  fat .  The  
(n-9)  c o m p o n e n t  was grea ter  in lung  t h a n  in 
k idney  and was p resen t  in smaller ,  s imilar  
a m o u n t s  in hear t ,  b ra in  and  l u m b a r  fat .  There  
were d is t inc t  t issue-specif ic  d i f fe rences  in t he  
18:1 i somer  p a t t e r n :  oleic acid (n-9)  was the  
major  i somer  in all t issues,  b u t  t he  (n-7)  
c o n t e n t  differed,  decreasing in the  o rde r  hea r t  
> k i d n e y  ~- bra in  ~ lung  ~ l u m b a r  fat.  

Fat Free Diet (Group 21 

Tota l  16:1 and  18:1 were great ly  increased  
in all t issues excep t  bra in  (Tab le  II). Not  s h o w n  

in the  tab le  are the  m a r k e d  increase  in C20:3  
and  c o n c o m i t a n t  decrease in C20:4 in  hear t ,  
k idney ,  and  lung;  t he  same pa t t e rn ,  bu t  of  
m i n o r  ex t en t ,  was observed  in b ra in ,  and  the re  
was n o  de tec tab le  change  in the  low levels 
(<1 .0%)  of  these  f a t t y  acids in l u m b a r  fat .  The  
major  a l t e ra t ion  in the  16:1 i somer  p a t t e r n  was 
an increase  in the  p r o p o r t i o n  o f  (n-7)  at t he  
expense  of  all o t h e r  isomers .  In the  18 : 1 group 
the  p r o p o r t i o n  of  (n-9)  increased at the  expense  
of  (n-7)  in  hea r t  and  to  a sl ight e x t e n t  in k i d n e y  
and lung  b u t  there  was l i t t le  change  in bra in  or  
l u m b a r  fat .  Analysis  of  the  20:1 f rac t ion  in 
bra in  ( the  on ly  t issue c o n t a i n i n g  a m o u n t s  suffi- 
c ient  for  analysis)  showed  l i t t le  d i f fe rence  f r o m  
values in t he  con t ro l  rats.  

These  changes  in the  t issues of  the  g roup  2 
rats  cou ld  be a c c o u n t e d  for  by  an  increase in 
t r iglycer ides  of  an i somer  c o m p o s i t i o n  similar  
to  t h a t  of  l u m b a r  fa t ;  t h a t  is, i f  t he  change  were 
t o w a r d  the  p r o p o r t i o n s  in  l u m b a r  fat .  Direct  
m e a s u r e m e n t  of  the  l ipid weight  and  phospho -  
l ipid c o n t e n t  of  these  organs showed  very  l i t t le  
increase in the  f o r m e r  (<5%) ,  appa ren t ly  due to  
increase in neu t r a l  l ipid (mean  values for  
neu t r a l  l ipid in  con t ro l  t issues:  hear t ,  30%; 
k idney ,  23% of  l ipid wt) .  Accord ing ly  a ma jo r  
shif t  in i somer  p r o p o r t i o n s  in e i t he r  neu t r a l  
l ipids or phospho l ip id s  or  b o t h  seemed  neces- 
sary to expla in  the  changes  in the  to ta l - l ip id  
i somer  p a t t e r n  in hea r t  and  to  a lesser e x t e n t  in 
k idney .  

Neu t ra l  l ipids and  phospho l ip ids  were iso- 
la ted f rom hear t  and  k idney  t issues and  the i r  
m o n o e n o i c  f a t ty  acid i somer  p a t t e r n s  were 
de t e rmined .  In b o t h  l ipid types  t he  diet-  
i nduced  change  in 16:1 i somers  was similar:  t he  

p r o p o r t i o n  of  (n-7)  had  increased  at the  ex- 
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pense of all other 16:1 isomers (Table III). In 
the 18:1 group of isomers (n-7) was slightly 
greater in heart and kidney neutral lipids; it was 
slightly less in kidney phospholipids and mark- 
edly decreased in heart phospholipids. 

The fat free diet had increased the amount 
of C20:3 in heart, kidney, and lung. This acid 
was isolated by argentation thin layer chroma- 
tography and preparative gas liquid chromatog- 
raphy (4) from total lipids of heart and kidney; 
after hydrogenation (14) the fatty acid chro- 
matographed identically with C2o:o. It was 
oxidized with periodate-permanganate and the 
dicarboxylic acid fragments were examined. 
Assuming a methylene-interrupted pattern of 
double bonds (2), 20:3 from both kidney and 
heart consisted of 94-95% (n-9) and 5-6% (n-7). 

DISCUSSION 

In the control animals (n-7) was the major 
16:1 isomer in all tissues and 16:1(n-9) was 
present in greatest proportions in lung; (n-9) 
was the major 18:1 isomer in all tissues, and the 
18:1(n-7) contribution decreased in the order 
heart > kidney > brain >_ lung > lumbar fat, 

In group 2 rats all tissues except brain 
contained increased amounts of 16:1, due 
chiefly to increase in (n-7); and although total 
16:1 in brain did not alter significantly the 
(n-7) component there, too, was increased. 
These results agree with those for total-carcass 
lipids (8) and pig depot fat (3). The increased 
16:1(n-7) component in all of the tissues 
examined could have been derived from the 
diet only if there was selective uptake of this 
isomer at the expense of (n-10): the diet 
contained relatively large amounts of (n-10) but 
the tissues contained relatively little. It is more 
likely that the fat free diet increased the 
endogenous synthesis of 16: l(n-7) as has been 
shown in liver microsomes (15), and that this 
accounts for the increased proportion of 
16:1(n-7) in tissue. 

Although the total 18:1 fraction was mark- 
edly increased in all tissues except brain in the 
group 2 rats there were major alterations in the 
isomer pattern in only the heart and minor 
changes in the kidney, consisting in altered 
proportions of 18: l(n-7) and (n-9). As the total 
18:1 fraction increased, 18:t(n-7) increased in 
amount; but its proportion decreased due to 
increase in the proportion of 18:1(n-9). The 
change in 18:1 isomer composition in heart 
muscle and to a lesser extent in kidney was due 
to decrease in the proportion of 18:1(n-7) in 
the phospholipid fraction and only slight in- 
crease in the neutral-lipid fraction. 

The increase in 18:1(n-7) during a fat free 
diet observed by Sand et al. (8) in total-carcass 

lipids was observed in only heart and kidney 
neutral lipids in this study (Table lII); it was 
not observed in the whole-organ lipids, due to 
the relatively greater decrease in 18:1(n-7) in 
the phospholipid fraction. That the results 
obtained in this study differ from those of Sand 
may mean that certain tissues which were not 
individually studied respond to the diet by 
increasing the amount of 18:1(n-7). Alter- 
natively, the age of the animals may be con- 
cerned. (The rats used by Sand et al. (8) were 
25 days old, whereas those in the present study 
weighed 90-110 g and therefore were older.) 
Diet-induced fatty acid changes in complex 
lipids develop more rapidly in young than in 
older animals (16), and alterations in the 
monoenoic fatty acid isomers in their tissues 
may differ. 

During the fat free regimen, eicosatrienoic 
acid (C20:3) accumulated in heart and kidney, 
and to a lesser extent in lung and brain, and the 
levels of arachidonic acid (C20:4) fell. The 
C20:3 was chiefly the (n-9)isomer in heart and 
kidney, the only two tissues containing quanti- 
ties sufficient for this exam/nation; this prob- 
ably reflects the larger amount of 18:1(n-9) 
than of 16:1 (n-7) available for chain elongation 
and desaturation. Similarly, Fulco and Mead (2) 
obtained about 93% of the (n-9) isomer in the 
20:3 fraction isolated from pooled organs of fat 
deficient rats. The finding in both studies that 
C20:3 was predominantly (n-9) supports the 
suggestion (17) that the presence of nine 
carbon atoms between the carboxyl group and 
the first double bond is an important factor in 
determining whether further desaturation takes 
place. Linoleic acid (18:2 A 9,12), linolenic 
acid (18:2 A 9,12,15) and oleic acid (18:1 A 9) 
have nine carbons between the carboxyl group 
and the first double bond, whereas 18:1(n-7), 
which is not further desaturated to the same 
degree, has 11 such carbon atoms. 

The greatest changes in monoenoic isomer 
proportions were in heart-muscle lipids, particu- 
larly their phospholipids. Phospholipids form 
an integral part of all mammalian membrane 
systems (18), and diet-induced alterations in 
their fatty acid content,  with consequent 
changes in physical properties, may have patho- 
logic significance. Examples of altered mem- 
brane properties in fatty acid deficiency are 
increases in erythrocyte fragility (19) and capil- 
lary permeability (20). In rats deficient in 
essential fatty acids, enlarged mitochondria 
with disorganized cristae have been observed in 
heart (21), and an abnormal electrocardiogram 
(notching of the QRS complex) is a consistent 
feature (22). The altered ratios of the mono- 
enoic fatty acid isomers of heart-membrane 
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p h o s p h o l i p i d s  m a y  c o n t r i b u t e  to  these  e f fec t s .  
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Isolation and Identification of Cholesterol 
a-Oxide and Other Minor Sterols in Human Serum ] 
M.F. GRAY and T.D.V. LAWRIE, Department of Medical Cardiology, 
and C.,I.W. BROOKS, Department of Chemistry, University of Glasgow, Glasgow, W. 2 

ABSTRACT 

The isolat ion and ident i f ica t ion  of  
c h o l e s t e r o l  a -oxide ,  copros tanol ,  fl- 
s i tosterol ,  cholest-4-en-3-one and cho- 
lesta-4, 6-dien-3-one f rom h u m a n  serum 
are repor ted .  C o m p o u n d s  were isolated 
by thin layer  ch roma tog raphy  and were 
ident i f ied  by gas liquid ch roma tog raphy  
and gas chromatography-mass  spec t rom-  
e t ry  (GC-MS). Data for  s tandard  sterols 
are also repor ted .  The possible origins of  
these minor  c o m p o n e n t s  and the  signifi- 
cance o f  their  presence  are discussed. 

INTRODUCTION 

The occurrence  o f  sterols o the r  than  choles- 
terol  in serum has been r epo r t ed  in several 
studies. Nakanishi et al. (1) es t imated  latho- 
sterol  (5ct-cholest-7-en-3/3-01) in serum as 0.6% 

1Throughout the paper the following nomencla- 
ture is used: cholesterol a-oxide, cholesterol-5t~, 6a- 
epoxide; coprostanol, 5fl-cholestan-3fl-ol ; chotestanol, 
5c~-cholestan-3~3-ol ; dihydrolanosterol, 5a-lanost-8(9)- 
en-3~3-ol; /3-Sitosterol, 24/3-ethylcholest-5-en-3/3-ol; 
cholesterol, cholest-5-en-3/3-ol; coprostanone, 5fl-cho- 
lestan-3-one. 

of  cholesterol .  Koehler  and Hill (2) r epo r t ed  
the presence of  sterols which  were fast-acting 
with Liebermann reagent;  average concent ra -  
t ions were es t imated  to  be 3 . 4  mg free 
s terol /100 ml serum and 16.5 mg sterol  
es ter /100 ml serum. The au thors  a t t r ibu ted  the  
reac t ion  mainly to cholesta-5,7-dien-3/3-ol.  
Cha t t opadhyay  and Mosbach (3) descr ibed a 
m e t h o d  for  the  de te rmina t ion  of  choles tanol  in 
serum and gave human  values as 0 .716-0.769% 
of  the  tota l  s terol  present .  

In recent  years there have been  fu r ther  
studies on minor  sterols present  in h u m a n  
serum. Claude and Beaumont  (4,5) have re 
por ted  the presence o f  desmostero l ,  cholesta-  
5,7-dien-3/3-ol, copros tano l  and cholesta-3,5- 
dien-7-one;  they  ident i f ied  the  c o m p o u n d s  
mainly by th in  layer ch ro ma t o g rap h y  (TLC) 
but  also used gas l iquid ch roma tog raphy  (GLC). 
Miet t inen (6) has ident i f ied  va r ious  lanos tero l  
and me t h y l  s terol  precursors  in serum, includ-  
ing lanosterol ,  d ihydro lanos te ro l  (5a-lanost-  
8(9)-en-3/]-o 1 ), 4t~-methyl-5t~-cholest-7-en-3/3-o 1 
and 4a-methyl-5a-cholest-8(9)-en-3fi~ol .  Copro-  
stanol and 24f l -e thylcoprostanol  were also 
ident if ied.  The sterols were ident i f ied  by TLC, 
GLC, and GC-MS. We have previously r epo r t ed  

TABLE I 

Mobilities for Standard Compounds and 
Their TMS Ethers on Silver Nitrate-Silica Gel G Layers 

Free sterols a TMS b ethersr 

Compound Rf Rchol d Rf Rchol d 

Cholesterol 0.44 1.00 0.47 1.00 
Coprostanol 0.52 1.18 0.74 1.58 
Cholestanol 0.43 0.98 0.45 0.96 
Desmosterol 0.35 0.79 0.31 0.66 
Lanosterol 0.53 1.20 0.57 1.21 
Dihydrolanosterol 0.53 1.20 0.66 1.42 
~-Sitosterol 0.45 1.02 0.40 0.85 
25-Hydroxycholesterol 0.15 0.34 0.31 e 0.66 
Cholesta-4,6-dien-3-one 0.61 1.39 . . . . . .  
Cholest-4- en-3-one 0.62 1.41 . . . . . .  

Coprostanone 0.73 1.66 . . . . . .  
Cholesterol a-oxide 0.20 0.45 0.12 0.25 
5a-Cholestane-3~, 5-diol 0.09 0.20 0.18 f 0.38 

aSolvent system : Chloroform/acetone 9[ 1. 
bTrimethylsilyl. 
CSolvent system: Hexane/benzene 4/1. 
dMobility relative to cholesterol or its TMS ether. 
eBis TMS. 
fMono TMS. 
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S T E R O L S  IN H U M A N  S E R U M  

T A B L E  II 

R e t e n t i o n  I n d e x  Va lues  fo r  
S t a n d a r d  C o m p o u n d s  a n d  The i r  TMS a E the r s  
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1% O V - I ,  2 3 5  C 

C o m p o u n d  IFree  s t e ro l  ITMSa  

1% O V - 1 7 , 2 3 5  C 

IFree  s te ro l  ITMSa 

Cho le s t e ro l  3 0 4 0  3 1 1 0  3 3 0 0  3 2 2 0  
C o p r o s t a n o l  2 9 9 0  3 0 3 0  3 2 5 0  3 1 2 0  
C h o l e s t a n o l  3 0 5 5  3 1 2 0  3 3 1 0  3 2 3 5  
D e s m o s t e r o l  3 0 7 0  3 1 5 5  3 4 1 5  3 3 0 0  
L a n o s t e r o l  3 2 3 0  3 2 7 0  3 5 1 0  3 4 0 5  
D i h y d r o l a n o s t e r o l  3 1 9 5  3 2 5 0  3 4 4 5  3 3 3 0  
/3-Sitosterol 3 2 1 0  3 2 8 5  3 4 9 5  3 4 2 0  
2 5 - H y d r o x y c h o l e s t e r o l  3 2 1 5  3 2 8 0  b 3 5 9 0  3 5 2 0  b 

3 3 7 0  c 3 4 7 0  c 

C h o l e s t a - 4 , 6 - d i e n - 3 - o n e  3 1 7 0  --- 3 4 9 5  --- 
Cho les t -4 -en-  3 -one  3 1 5 0  --- 3 4 6 5  --- 
C o p r o s t a n o n e  3 0 3 5  --- 3 3 0 5  --- 
C h o l e s t e r o l  a - o x i d e  3 1 6 0  3 2 5 5  3 4 8 5  3 3 9 5  
5a-Choles tane-3 /3 ,  5-diol  3 2 0 0  3 2 4 5  b 3 5 3 5  3 4 2 5  b 

3 1 9 5  e 3 4 8 0  c 

a T r i m e t h y l s i l y l .  
b M o n o  TMS. 

CBis TMS.  

(7) the identification of dihydrolanosterol, 
lanosterol, desmosterol and cholesta-3,5-dien-7- 
one. The present work reports further identifi- 
cation of minor sterols found in human serum 
and discusses the significance of their presence. 

M A T E R I A L S  A N D  METHODS 

Extraction and Fractionation of Sterols 

Serum, 20 ml, was mixed with chloroform- 

methanol, 400 ml 2:1 v/v (8,9), and left at 
room temperature for 3 hr with occasional 
shaking. The mixture was filtered to remove 
precipitated protein and equilibrated with 0.9% 
(w/v) sodium chloride solution overnight at 
4 C. The chloroform-methanol layer was re- 
moved, dried with sodium sulphate and evapo- 
rated to dryness to give the total lipid 
extract. 

Fractionation into lipid classes was achieved 

T A B L E  III 

C h r o m a t o g r a p h i c  D a t a  for  C h o l e s t e r o l  a - O x i d e  

C o m p o u n d  

R e t e n t i o n  I n d e x  

1% O V - 1 , 2 3 5  C 1 % O V - 1 7 , 2 3 5  C 

I s o l a t e d  c o m p o u n d  
I so l a t ed  c o m p o u n d  TMS a e t h e r  
I s o l a t e d  c o m p o u n d  t r i f l u e r o a c e t a t e  
I s o l a t e d  c o m p o u n d  a c e t a t e  

C h o l e s t e r o l  a -ox ice  
C h o l e s t e r o l  a - o x i d e  TMSa  e t h e r  
C h o l e s t e r o l  a - o x i d e  t r i f l u o r o a c e t a t e  
C h o l e s t e r o l  ce-oxide a c e t a t e  

L i A 1 H  4 r e d u c t i o n  

I so l a t ed  c o m p o u n d ,  r e d u c e d  
I s o l a t e d  c o m p o u n d ,  r e d u c e d :  m o n o  TMS a e t h e r  
I so l a t ed  c o m p o u n d ,  r e d u c e d :  bis  TMS a e t h e r  

5a -Cho les t ane -3 f l ,  5-diol  
5 a - C h o l e s t a n e - 3 ~ ,  5-diol  m o n o  TMS a e t h e r  
5a -Cho le s t ane -3~ ,  5-diol  bis  TMS a e t h e r  

3 1 6 0  
3 2 4 0  
3 0 8 0  
3 3 0 5  

3 1 6 0  
3 2 2 5  
3 0 7 5  
3 3 0 5  

3 2 0 0  
3 2 4 5  
3 1 9 5  

3 2 0 0  
3 2 4 5  
3 1 9 5  

3 4 8 5  
3 4 0 5  
3 2 2 5  
3 6 1 0  

3 4 8 5  
3 3 9 5  
3 2 2 5  
3 6 1 0  

3 5 3 0  
3 4 2 5  
3 4 8 0  

3 5 3 5  
3 4 2 5  
3 4 8 0  

a T r i m e t h y l s i l y l .  
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by preparative TLC on Silica Gel G. Plates were 
prepared by slurrying 3 0 g  Silica Gel G (E. 
Merck AG, Darmstadt) with 60 ml water, and 
spreading 1.0 mm thick layers using a commer- 
cial spreader (Shandon Scientific Company 
Ltd., London). They were dried at room 
temperature and activated by heating for 3 hr 
at 120C. The lipid extract was first run in 
hexane, which separated the hydrocarbons to 
the solvent front. The plates were then dried, 
the top few centimeters of the layer cut off and 
the plates re-run in benzene-chloroform (4:1 
v/v) which separated the sterol esters, triglycer- 
ides and free sterols. The sterol esters were 
hydrolyzed using 2% alcoholic potassium 
hydroxide, 0.5 ml/mg sterot ester (10), at 40 C 
for 2 hr. Petroleum ether, bp 60-80 C, 10 vol, 
was then added and the mixture was extracted 
with an equal volume of distilled water. The 
organic layer was dried with sodium sulphate 
and taken to dryness to give sterols resulting 
from the hydrolysis of esters. 

The sterols were fractionated by TLC on 
silver nitrate-impregnated Silica Gel G layers 
(11). These were prepared by dissolving 1 g 
silver nitrate in 60 ml water and slurrying this 
with 30 g Silica Gel G. The plates (0.5 mm) 
were then spread and the layers dried at room 
temperature in the dark and activated by 
heating to 80 C for 2 hr. 

The sterols were run both as free sterols in 
chloroform-acetone 9:1 (v /v )and  as trimethyl- 
silyl ethers (TMS ethers) in hexane-benzene 
(4:1 v/v) (12). Mobilities of standard com- 
pounds are given in Table I. As can be seen the 
TMS ethers give better separations, but this 
advantage is partially offset by their tendency 
to decompose in the presence of traces of acids 
and thus to "tai l"  on the plate. 

The TMS ethers were formed by treating the 
sterols with hexamethyldisilazane (HMDS) and 
trimethylchlorosilane (TMCS) at room tempera- 
ture overnight. Excess reagents were blown off  
under nitrogen and the products dissolved in 
hexane. 

After fractionation by TLC the sterols were 
analyzed by GLC using a Perkin-Elmer F.11 
dual column flame ionization chromatograph. 
The 6 ft glass columns were packed with 1% 
OV-1 and 1% OV-17, both on 100/120 mesh 
Gas Chrom Q (Applied Science Laboratories 
Ltd., State College, Pa). The oven temperature 
was 235 C, injection block 250 C, and the 
carrier gas (N2) flow rate was 50 ml/min. 
Sterols were chromatographed both as the free 
sterols and as TMS ethers. Retention indices 
for some standard sterols are given in Table II. 

Suitable fractions were submitted to GC-MS 
using an LKB 9000 gas chromatograph-mass 
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TABLE V 

Mass Spectral Data for/3-Sitosterol and Coprostanol Isolated From Human Serum 

Compound Parent ion (M) Base peak Other ions 

/3-Sitosterol TMS a ether 486(18%) b 129 c 

Coprostanol TMS a ether 460(2%) 73 

95(90%); 357d(62%); 396e(55%); 
97(53%); 107(48%); 93(45%); 121(35%) 
381r(25%); 255g(21%); 471h(11%) 

370e(60%); 109(40%); 111(38%); 147(38%) 
107(33%); 149(29%); 215(28%); 221(16%); 
257g(12%) ;355f(9%) 

aTrimethylsilyl. 
bFigures in parenthesis are percentage abundances. 
c[ (CH3)3_Si_0_CH.CH=CH 2 ] + 
dM-129 

eM-90 ((CH3)3-SiOH) 
fM-105 (90,15) 
gM-90-sidechain 
hM-15 (CH3) 

spectrometer. Samples were separated using 
either a 10 ft column at 250 C or a 6 ft column 
at 235 C. Both 1% OV-1 and I% OV-17 were 
used, as appropriate. Mass spectrometry was 
effected with a source temperature of  290 C, 
ionizing voltage 70 ev, accelerating voltage 3.5 
kv, electron multiplier setting 2.7 kv. 

RESULTS 

Identification of Sterols 

In many extracts the presence of a sterol 
more polar than cholesterol was noted in both 
the free sterol and sterol ester fractions. The 
chromatographic data are shown in Table III, 
and the mass spectra of the free sterol and TMS 
ether in Figure 1. 

The formation of a bis TMS ether was 
a t t e m p t e d  using bistrimethylsilylacetamide 
(BSA)-trimethylsilylimidazole (TSIM)-TMCS, 
3:3:2 (13). The reagents were added to the 
sterol and the mixture was kept at 60 C for 66 
hr. The excess reagents were then blown off  
under nitrogen and the residue was taken up in 
hexane for GLC. Only the mono TMS ether was 
obtained. This method ofs i ly la t ion  will form 
TMS ethers of even the most highly hindered 
hydroxyl groups in the nucleus (14). Thus the 
failure to form a bis TMS ether suggested that 
the compound contained a ketone or epoxide 
group rather than a second hydroxyl group. 
The sterol was therefore reduced using lithium 
aluminium hydride and was found to be altered 
(Table liD. Trimethylsilylation of the resulting 
compound under the usual conditions formed 
only a mono TMS ether (shown by retention 
increments on GLC and its mass spectrum), but 
on treatment with BSA/TSIM/TMCS, 3:3:2, as 
described above a bis TMS ether was formed 

(see Table III and Fig. 2 for mass spectra). Thus 
the reduction product contained a hindered 
hydroxyl group, e.g., 5a ,5~ ,  14a:comparison 
with standards suggested tha~ it was 5a-choles- 
tane-3/3,5-diol. This was confirmed by compari- 
son of GLC and mass spectral data with those 
of authentic 5a-cholestane-3/~,5-diol (Table III). 
The identity of  the origingl polar sterol as 
cholesterol a-oxide (15) was confirmed by 
direct comparison of its chromatographic and 
mass spectrometric properties with those of 
authentic material. 

/3-Sitosterol was found in many extracts and 
was identified by comparison of the TLC, GLC 
and mass spectral data with those of a reference 
sample of/3-sitosterol (Tables IV and V). 

Coprostanol was found in every extract 
studied and was also identif!ed by comparison 
of TLC, GLC and mass speetral behavior with 
that of authentic coprostanol (Tables IV and 
V). Standard mass spectral ~lata of/3-sitosterol 
TMS ether and coprostanol TMS ether have 
been published (16). 

Cholest-4-en-3-one and cholesta-4,6-dien-3- 
one were found running above cholesterol on 
TLC. Cholest-4-en-3-one has been identified on 
the basis of TLC, GLC and mass spectral data 
and its UV absorption. StarbOard mass spectral 
data have been published i34). Cholesta-4,6- 
dien-3-one has been identified on the basis of 
chromatographic data and o f i t s  UV absorption 
(Table VI). 

DISCUSSION 

Occurrence and Significance 
of Cholesterol a-Oxide 

Cholesterol a-oxide has not previously been 
identified from a natural source, although it has 
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been found among the autoxidation products 
of cholesterol in one study (17) but not in 
others (18-20). The possibility that cholesterol 
a-oxide could have arisen from the autoxida- 
tion of cholesterol during the extraction and 
separation procedures in this study has been 
rejected for the following reasons: (a) The 
quantities of cholesterol a-oxide in the extracts 
did not increase with time; (b) extracts of 
different sera, worked up in parallel under the 
same conditions, contained widely differing 
amounts of cholesterol a-oxide; (c) there is no 
evidence for other autoxidation products of 
cholesterol, e.g., 7-hydroxycholesterols, 7- 
ketocholesterol, etc., in the extracts; (d) choles- 
terol a-oxide has never been detected in sam- 
ples of cholesterol similarly treated. 

Steroid epoxides are rare in nature, the 
principal examples being several toad poisons 
(21). 

Recent studies have shown that after intuoa- 
tion of cholesterol a-oxide emulsion in the rat, 
no trace of cholesterol a-oxide was found in the 
blood or tissues (22) and that cholesterol 
a-oxide is metabolized to 5 a-cholestane-3/3, 
5,6fl-triol in the gastro-intestinal tract (23). The 
presence of cholesterol a-oxide in, and the 
absence of the triol from, human serum suggest 
that cholesterol a-oxide is not metabolized in 
this manner in humans. 

The quantity of cholesterol a-oxide isolated 
in the extracts ranged from none to 4,500 
ttg/1 O0 ml serum. 

The known clinical data, cholesterol levels 
and cholesterol a-oxide levels for the extracts 
are given in Table VII. 

Extracts containing no cholesterol a-oxide 
(or only a trace thereof) came mainly from 
normal volunteers and patients with normal 
lipid patterns. Higher levels of cholesterol a- 
oxide were found in patients with varying 
degrees of hypercholesterolemia and also vary- 
ing degrees of atherosclerosis. It appears that 
there may be a relation between the severity of 
atherosclerosis and the level of cholesterol 
a-oxide in serum. However this will require 
further investigation. 

Occu rrenc~ and Significance of 
~-Sitosterol and Coprostanol 

~-Sitosterol was identified in many extracts, 
both as the free sterol and the sterol ester, in 
quantities ranging from 10-400 /ag/100 ml 
serum. It undoubtedly originates from dietary 
sources by absorption from the intestine. 

The absorbability of/~-sitosterol has been the 
subject of several investigations. Schoenheimer 
(24) first studied it in experimental animals in 
1929 and concluded on the basis of liver sterol 
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T A B L E  VII 

Levels  o f  C h o l e s t e r o l  a - O x i d e  F o u n d  in S e r u m  E x t r a c t s  

S e r u m  cho l e s t e ro l ,  a C h o l e s t e r o l  a - o x i d e  levels, b 
Cl inical  c o n d i t i o n  m g / 1 0 0  ml s e r u m  /~/100 ml s e r u m  

N o r m a l  114  0 
N o r m a l  2 1 4  0 
N o r m a l  174  t race  (5 
Pep t i c  u lce r  184 25  
Mild h igh  b l o o d  p res su re  3 0 0  3 0  
Co l l agen  disease 2 6 3  5 0  
High b l o o d  p res su re  342  1 5 0  
T y p e  II h y p e r c h o l e s t e r o l e m i a  4 5 4  2 5 0  
U n k n o w n  2 8 4  5 0 0  
H y p e r c h o l e s t e r o l e m i a  3 5 8  1 , 5 0 0  
T y p e  II h y p e r c h o l e s t e r o l e m i a  316  3 , 2 5 0  
H y  p e r c b o l e s t e r o l e m i a ,  
p o o l e d  s a m p l e s  356  4 , 5 5 0  

a M e a s u r e d  b y  P e a r s o n  m e t h o d  (35) .  
b E s t i m a t e d  b y  gas l iqu id  c h r o m a t o g r a p h y .  

concentrations that the sterol was not ab- 
sorbed. Gould (25) showed that absorption 
occurred to an extent of 10% after feeding 
tritiated/3-sitosterol to terminal patients, and he 
has reported ~3-sitosterol levels in serum of 
4.5-38.6 /Jg/100 ml after administration of a 
single dose of [3 H]-/3-sitosterol (26). 

The metabolism of ~-sitosterol has recently 
been extensively studied by Salen et al. (27) 
and they have reported 5% or less absorption of 
dietary /3-sitosterol with serum levels ranging 
from 0.30 to 1.02 mg/100 ml, in patients 
ingesting amounts of/3-sitosterol typical of the 
American diet. These levels are much higher 
than we have observed and may reflect a 
difference between American and British diets. 

Coprostanol was found in all extracts, only 
as the free sterol, in quantities ranging from 
10-20 /lg/100 ml serum. Cholesterol is con- 
verted to coprostanol in the intestine by bacte- 
rial action and its presence in serum indicates 
that a small amount of absorption takes place. 
The levels found are in agreement with those 
reported by Miettinen (6) in the serum of obese 
patients, viz., 7-24 /ag coprostanol/100 ml 
serum. One extract however contained a much 
higher level of coprostanol (~200 /ag/100 ml 
serum) but no reason for this could be found. 
Salen et al. (27) reported individual variations 
in the absorption of ~-sitosterol and this higher 
l eve l  m a y  m e r e l y  represent an individual 
variation in the absorption of coprostanol. 

The fact that coprostanol has been found 
only as the free sterol is in accord with the 
work of Rosenfeld et al. (28). They showed by 
feeding [ 14C ]-coprostanol that radioactivity 
was recovered only from the free coprostanol 
fraction and that no radioactivity was found in 
the ester fraction. They have also shown (29) 

that administered epicoprostanol becomes 
partly esterified and they conclude that for 
esterification to occur an equatorial conforma- 
tion of the 3-hydroxyl group is required. 

Occurrence and Significance of 
Cholest-4-en-3-one and Cholesta-4,6-Dien-3-one 

Cholest-4-en-3-one was found in the free 
sterol fraction of  all the extracts in quantities 
ranging from 10-30 pg/100 ml serum, while 
cholesta-4, 6-dien-3-one was found in the free 
sterol fraction in about half the extracts studies 
in quantities ranging from 10-20 /~g/100 ml 
serum. 

Little is known of the source or functions of 
cholesta-4, 6-dien-3-one but cholest-4-en-3-one 
has been shown to reduce serum cholesterol 
levels (30,31) in rats. However it was also found 
to be highly toxic. Cholest-4-en-3-one has also 
been demonstrated fairly conclusively to be an 
intermediate in the formation of cholestanol 
from cholesterol (32,33). Its presence in serum 
in small amounts could arise from this source. 
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Metabolism of Phospholipid in Mammary Gland: I. The 
Supply of Phospholipid for Milk Synthesis in the Rat and Goat 
D.J. EASTER, S. PATTON and R.D. McCARTHY, Borland Laboratory, 
Department of Dairy Science, .The Pennsylvania State University, 
University Park, Pennsylvania 16802 

ABSTRACT 

Data presented in this study demon- 
strate that under normal physiological 
conditions~ milk phospholipids in the rat 
and the goat originate predominantly, if 
not totally, by de novo synthesis within 
the mammary gland. Evidence to support 
this has been obtained for the goat by 
measurement of P32-phosphate incorpo- 
ration into milk phospholipids, and in the 
rat by measurement of P32-phosphate 
incorporation and by feeding radioactive 
phospholipid to measure the incorpora- 
tion of serum phospholipids into milk. 
The latter experiment showed that the 
fatty acid portion of the dietary phospho- 
lipid can readily be utilized by the mam- 
mary gland for triglyceride synthesis, but 
that the contribution of the serum phos- 
pholipid "backbone"  to milk phospho- 
lipid is minimal. 

INTRODUCTION 

Previous data on the role of serum phospho- 
lipids in milk production by mammary gland 
have indicated that the circulating serum phos- 
pholipids play no direct part in the secretion of 
milk phospholipids by this tissue (1-4). Arterio- 
venous difference studies across mammary 
gland (1,2) indicate no significant uptake of 
phospholipid. 

However a consideration of serum and milk 
phospholipid levels and of blood circulation 
time demonstrates that all milk phospholipids 
could be derived from blood supplies without a 
measurable drop in the level of serum phospho- 
lipids across the gland. For the lactating rat the 
levels of phospholipid in milk and serum were 
determined (5) as 130 mg/100 ml and 150 
mg/100 ml respectively. If it is assumed that 
10% of the total blood flow passes through the 
mammary gland, then from the cardiac output 
(35 ml/min [61), total blood volume (6.7% 
body weight [7] ), hematocrit  of 0.45 (5), and 
the milk production rate (26 ml per day [8] ), it 
can be calculated that the mean mammary 
serum flow to milk yield in a 300 g rat is 
approximately 87:1. From this datum, the 
arteriovenous difference across the mammary 
gland if the serum phospholipid provided all of 

the milk phospholipid would be 1.00%. 
The corresponding data for the lactating 

goat are: serum phospholipid 160 mg/100 ml 
(9), milk phospholipid 37 mg/100 ml (10), and 
mean mammary plasma flow to milk yield 
353:1 (9). By the same calculation as above, 
the corresponding arterio-venous difference if 
the serum provided all of the milk phospholipid 
would be 0.07%. 

It has been suggested (3) that serum phos- 
pholipids are stabilizers of serum lipoproteins, 
but can also act as carriers of specific fatty 
acids to the mammary gland. However, experi- 
ments with P32-1abelled lipoproteins have dem- 
onstrated that the mammary glands of the cow 
(3) and rabbit (4) take up serum phospholipids. 
In the rabbit, no activity was recovered in the 
milk (4). Instead, the absorbed phospholipid 
was broken down in the tissue. 

This study represents an attempt to measure 
the relative contributions of serum phospho- 
lipid and de novo synthesis within the mam- 
mary gland to milk phospholipid in the 
lactating rat and goat. 

MATERIALS AND METHODS 

Animals 

All rats used were lactating females 
(250-400g), of  Sprague-Dawley strain, each 
nursing six pups, and experiments were pe~:- 
formed between 10-18 days post partum. The 
rats were maintained on normal laboratory diet 
and water ad lib. The young were left with the 
mother and allowed to suckle at will for the 
duration of the experiment. 

The goat used was from the department herd 
and was producing 1200 ml of milk daily at the 
start of the experiment. The animal was main- 
tained on a normal hay-grain ration and water 
ad lib. 

Radioactive Isotopes 

Radioactive phosphorus (Carrier-free p32_ 
orthophosphoric acid in 0.02N HC1) was ob- 
tained from New England Nuclear, Boston, 
Mass. The acidity of the solution was neutral- 
ized before use. U-C14-phosphatidyl-choline 
1800 /lc//lmole) was also obtained from New 
England Nuclear (Cat. No. 588, batch 
526-061). The isotope contained 1.8% of the 
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activity as free fa t ty  acid, and 2% as lyso- 
lecithin, tt was used wi thou t  fur ther  purifica- 
tion. 

Administration of Isotope 

Radioactive phosphorus  was administered 
intravenously.  In the exper iment  with rats the 
first animal was given 25 /lc of  the isotope and 
the second rat 10 / lc .  In each case the isotope 
was administered in 0.2 ml saline. In the goat 
exper iment  the animal was given 200 /lc of  the 
radioactive phosphorus injected in 4 ml of  
dilute phosphate  buffer  pH 7. 

Uni formly  labelled C14-phosphat idyl  cho- 
line (5 /lc) was administered to one rat by 
garage in 0.6 ml corn oil. 

Collection of Samples 

Blood samples were collected at various 
t imes after the adminis t ra t ion of the i s o t o p e s -  
in the rat f rom the tail under  ether  anesthetic,  
and in the goat by venipuncture .  Milk samples 
were collected from the goat by hand expres- 
sion. In the rat, milk samples were obtained 
under slight suction after intramuscular  injec- 
t ion of  0.1 USP unit  oxy toc in ,  usually at the 
same t ime as b lood collection.  

Extraction of Lipids 

Rat Experiments: Cream and skim milk frac- 
tions were obtained from whole milk (0.5-2.0 
ml) by centr i fugat ion (2.0 x 104 x g rain.). The 
cream samples were dissolved in 20 volumes  of  
ch loroform-methanol  (2:1 v/v),  and the skim- 
milk fractions added to 4 volumes of  chloro- 
fo rm-methanol  (1:3 v/v) to obtain  a one-phase 
system. The skim-milk samples were then taken 
to dryness below 50 C under  ni t rogen (using 
acetone to remove water  by co-evaporat ion) ,  
and the lipids dissolved in ch loroform methano l  
(2:1 v/v).  

Samples of  b lood serum, prepared from 
whole b lood by centr i fugat ion at 4.0 x 104 x g 
rain, were treated in the same way as skim-milk 
fractions. 

Goat experiment: The milk  samples (40 ml)  
were cooled in ice, then centr i fuged at 3.7 x 
104 g/min,  and the skim-milk drained f rom 
under  the fat layer. Serum samples were pre- 
pared f rom whole  b lood  as described above. 

Skim-milk, cream and sera were ext rac ted  by 
the Roese-Got t l ieb procedure  (11). The ex- 
tracts were evaporated to dryness under  vacu- 
um at 38 C, and the lipids taken up in a small 
quant i ty  of ch loroform.  

Separation of Lipid Components 

The various l ipid classes in the extracts  were 
separated in two  ways. Fo r  the rat extracts,  

1.5- 

1.0- 
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"6 
�9 
D~ 
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0 a~-... , ~.------y__o_____ ' . , - . .~ ,  
0 10 20 30 40 50 

hours  pos t - feed ing  

FIG. 1. Serum and milk radioactivity levels after 
UlaC-phosphatidyl choline feeding. The lactating rat 
was fed 5 pc of isotope in 0.6 ml of corn oil  by gavage. 
Key: -v- and -o- radioactivity equivalent to 1 ml of 
whole milk in cream and skim respectively, -x- total 
radioactivity per ml serum. 

where the amount  of  lipid available was small, 
separat ion was ef fec ted  by thin layer chroma- 
tography on Silica Gel F254 plates (E. Merck, 
Darmstadt ,  Germany) ,  using for neutral  lipids 
the solvent system: pe t ro leum ether  (boiling 
range 30 -60C) :  diethyl  ether:  acetic acid 
(70:30:1  v/v/v) ,  and for  polar  lipids the two- 
dimensional  system of Parsons and Pat ton (12). 
( F i r s t  solvent,  ch loroform-methanol -water -  
ammonia  [130 :70 :8 :0 .5  by v o l ] ;  second sol- 
vent,  ch loroform-ace tone-methanol -ace t ic  acid- 
water  [ 100 :40 :20 :20 :  10, v/v] ). The lipids were 
ext rac ted  from the silicic acid after separat ion 
by scraping the gel off  the plate and extract ing 
several t imes with small quanti t ies  of  polar  
solvents, e.g., diethyl  e ther  for neutral  lipids, 
me thano l  for polar  lipids. 

In some instances the locat ion of  the C 1a- 
radioactivi ty in lipid classes was determined by 
au toradiography (13). 

Fo r  the goat extracts ,  where larger quanti t ies 
of  material  were available, extracts  were chro- 
matographed on silicic acid columns (14) to 
separate the phosphol ipids  from neutral  lipids. 
Portions of  the phosphol ipid  from the skim-- 
milk and cream fractions at 31 hr  were chro- 
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TABLE I 

Radioactive Composition of Lipid Fractions -U-14C-Phosphatidyl Choline Experiment 

Percentage total radioactivity in each fraction 

Chol + 
Sample PL a DG FFA TG CE 

Serum 2-7 hr 51.0 12.0 11.0 19.0 8.0 
Serum 24-36 hr 44.0 10.0 35.0 3.0 7.0 
Cream 7 hr 0.6 2.4 1.0 93.9 2.1 
Skim 7 hr 2.2 2.5 1.9 92.4 0.7 

aAbbreviations: PL, phospholipid; DG, diglyceride; Chol + FFA, cholesterol + free fatty acid; TG, 
triglyceride; CE, cholesterol ester. 

matographed in the two-dimensional system 
described above and the distribution of p32 in 
the phospholipids was studied by autoradiog- 
raphy (13). 

RadioactiviW Determination 

Samples of the various fractions from the rat 
experiments (C 14 and p32) were counted in 
methanolic Instagel scintillation fluid (Meth- 
anol: Instagel [Packard Instrument Co. Inc., 
Downers Grove, Ill. 60515] 1:3 v/v). This 
system was also used for determining the 
radioactivity in various lipid classes from thin 
layer chromatography by scraping the gel from 
the area and counting directly in scintillator. 
For colorless samples, chemical quenching was 
corrected by the channels-ratio method. For 
color-quenched samples (C14 only) internal 
standard (U-C 14-toluene [Packard[ ) was added, 
and the samples recounted to correct for this 
effect. 

In the goat experiment (p32) the results 
were not  corrected for quenching and are 
expressed as counts/min. 

To compensate for the decay of p32 all 
samples were either counted at the same time 
(goat experiment) or counted in conjunction 
with a p32 standard solution, and the results 
corrected to equivalent activity at the time of 
injection (rat experiments). 

Hydrolysis Studies 

In some instances lipids from the C14-exper- 
iment were hydrolyzed by incubation in etha- 
nolic KOH (4N KOH in 30% ethanol) at 80 C 
for 1 hr. After acidification with c.HC1 the 
saponifiable material (fatty acids) was extracted 
with 3 x 5 volume petroleum ether. After 
evaporation of the solvent the fatty acids were 
counted in methanolic Instagel. 

The aqueous residues (nonsaponifiable mate- 
rial) were counted whole in 5 volumes of 
methanolic Instagel, radioactivity due to K 40 in 
the medium (from the ethanolic KOH used for 

saponification) being corrected by using the 
appropriate blanks. 

Other Determinations 

Phosphorus, total, inorganic and phospho- 
lipid, was assayed either by the method of 
Fiske and Subbarow (15) or that of Rouser et 
al. (16). 

RESULTS AND DISCUSSION 

Metabolism of Uniformly-labelled C14-Phosphatidyl 
Choline by Lactating Rat Mammary Gland 

Uniformly labeled phosphatidyl choline was 
administered by a dietary route into the serum 
of a lactating rat, and the radioactivity recov- 
ered in the serum and milk examined by the 
methods described above. 

Practically all of the administered radio- 
activity was absorbed by the animal (total fecal 
activity 1%). Approximately 16% of the ad- 
ministered isotope was secreted into the milk 
over the 4 days of the experiment. At sacrifice 
the liver and mammary glands contained 0.05% 
and 0.15% of the administered dose respec- 
tively. The location of the rest of the activity 
was not  determined. 

The results (Fig. 1, Table I) show that the 
cream fraction contained the majority (93%) of 
the milk radioactivity, mainly in the form of 
triglyceride (94%). The activity in the skim- 
milk fraction also was mainly as triglyceride 
(92%). Analysis of these lipids by hydrolysis 
(see Materials and Methods) showed that the 
fatty acid part of the triglycerides contained 
98% and 93% of the activity respectively. The 
origin of the radioactive fatty acids on these 
triglycerides is presumably the plasma lipids. 
Since all the serum lipid classes were radioactive 
(Table I) we cannot determine from this datum 
which lipid fraction of the serum was utilized 
by the mammary gland in this experiment. 

Very little activity was recovered in the 
phospholipid fractions of the milk (Table I). 
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Analysis of this fraction from cream by hydrol-  
ysis showed all of the activity associated with 
the acyl residues on the lipid. In contrast the 
activity in the skim-milk phospholipid was 
distributed between the acyl (45%) and non- 
saponifiable (55%) portions of the molecule. 

Bearing in mind that the original isotope 
(uniformly-labeled, acyl groups mainly C 16 and 
C18 species) contained only 19-20% of its 
activity in the "backbone"  of the phospholipid,  
the total  amount of milk phospholipid which 
could have been derived from this port ion of 
the administered isotope (by way of serum 
phospholipids) can be calculated. The total 
radioactivity associated with the skim-milk 
phospholipid over the experimental period was 
1% x 2.2% of the original dose (from the text 
and Table I). Of this activity 55% was associ- 
ated with the "backbone"  of the phospholipid 
(see text). The contr ibution of the "backbone"  
of the dietary phospholipid to milk phospho- 
lipid was therefore approximately 0.05%. This 
demonstrates that the lactating rat mammary 
gland does not  utilize pre-formed exogenous 
(serum) phospholipids to supplement its supply 
of phospholipid for milk production.  

Metabolism of p32-Phosphate by Lactating Rat Mam- 
mary Gland 

Two experiments were performed in which 
p32 (as phosphate was injected intravenously 
into lactating rats, and the radioactivity in 
blood and milk determined at various times 
after injection. The results from one experi- 
ment  are presented in Figure 2. Similar data 
were obtained in the second experiment (not 
shown). 

In both experiments the administered iso- 
tope was rapidly taken up by the mammary 
gland and secreted into milk. Using the factor 
of 26 ml/day for milk product ion (8), then 
during the experimental period 32% (expt. 1) 
and 40% (expt. 2) of the administered radio- 
activity was recovered in the milk. 

Most of the radioactivity in the milk was in 
the form of inorganic Pa2-phosphate. However 
some radioactivity was detected in milk phos- 
pholipids: 1.9% and 2.5% of  the total  milk 
radioactivity in experiments 1 and 2 respec- 
tively. The maxima for radioactivity in milk 
phospholipid and total milk phosphorus oc- 
curred at approximately the same time (6 hr)  
after injection (Fig. 2). 

If  the inorganic phosphate in milk and the 
phosphorus necessary for milk phospholipid 
synthesis were provided from a single pool  of 
phosphate in the tissue, then one would expect  
that  the ratio of the activity in each fraction, 
i.e., 1.9% and 2.5% as above, would be similar 

U 
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0 10 20 30 40 50 

hours post- in ject ion 

FIG. 2. Serum and milk radioactivity in the rat 
after p32-phosphate injection. The rat received 25 t~c 
sodium phosphate-p32 in saline (0.2 m l ) b y  intra- 
venous injection (caudal vein). Key: - x-, specific 
activity of non-lipid-P 32 in milk; -o-, specific activity 
of lipid-P 32 in milk; -v-, specific activity of inorganic 
p32 in serum. 

to the ratios of the amounts of  phosphorus in 
each fraction. Values were determined there- 
fore for inorganic phosphorus (2.1 mg/ml) and 
phospholipid phosphorus (0.04 mg/ml) in rat 
milk. The mass ratio of phospholipid phos- 
phorus to total  phosphorus in rat milk is 
therefore 1.9%, a value in close agreement to 
that obtained for the distribution of  radioac- 
tivity. 

Since serum phospholipids (or at least the 
"backbone"  of the molecule) are not  utilized to 
any great extent  by the lactating rat mammary 
gland (demonstrated in Metabolism of Uni- 
formly-labelled . . . .  above) for milk phospho- 
lipid, these results on the incorporat ion of 
inorganic p32 into milk phospholipids show 
that milk phospholipids must be derived mainly 
(if not  total ly)  by de novo synthesis from 
inorganic phosphate within the mammary 
gland. 

Metabolism of p32-Phosphate by Lactating Goat 
Mammary Gland 

A lactating goat was injected intravenously 
with 200 #c inorganic phosphate-P 32. Milk and 
blood samples were collected and fractionated 
as described (see Materials and Methods). 

As shown in Figure 3, in the first 12 hr of 
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FIG. 4. Autoradiography of goat milk p32 phos- 
pholipids. Left: Two-dimensional thin layer chromato- ~ c  

gram of polar lipids from milk fat globules 31 itr 
o following intravenous injection of p32 (phosphate) 

-2 c~ into a goat. Right: Autoradiogram of the chromato- 
gram. Abbreviations: CMH, cerebroside monohexo- 
side; CDH, cerebroside dihexoside; PE, phosphatidyl- 

-~ ethanolamine; PC, phosphatidylcholine; PS, phospha- 
tidylserine; PI, phosphatidylinositol Sp, sphingo- 
myelin; X, lactose. Essentially identical chromato- 

O graphic and autoradiographie data (not shown) w e r e  
obtained for the skim-milk polar lipids. 

FIG. 3. Serum and milk specific radioactivity in 
the goat after p32-phosphate ~ection. The goat 
received 200/~c orthophosphate-P in 4 ml of diluted 
phosphate buffer (pH 7) by intravenous injection 
(jugular vein). Key: -x-, total p32 in milk; -o-, 
skim-milk lipid p32, -v-, cream lipid p32; .�9 serum 
lipid p32. 

the experiment the major form of milk radio- 
activity was as inorganic phosphate. However 
after the 12th hr, progressively more of the 
total  milk radioactivity was associated with the 
skim-milk and cream phospholipids. Autoradi-  
ography of samples of  cream (Fig. 4) and 
skim-milk phospholipids from the 31-hr milk 
indicated that  all of the phospholipids normally 
present in goat milk were synthesized by the 
goat mammary gland from inorganic phosphate. 

By extrapolat ion of  the specific activity 
results for milk phospholipids past 96 hr, it was 
estimated that  2.1% of the total  milk radioac- 
tivity would have been associated with the 
phospholipid fractions. Since total milk phos- 
phorus is 685 pg/ml (17) and total  milk 
phospholipid phosphorus is 14.7 pg/ml (10), 
then the corresponding mass ratio (phospho- 
lipid phosphorns-total  phosphorus) is 2.1%, a 
value in excellent agreement with the ratio of 
radioactivity. 

We can assume therefore that as with the 
lactating rat, a single pool  of phosphate in the 
mammary gland is responsible both for sup- 
plying inorganic milk phosphate and for 

supplying the phosphate necessary for milk 
phospholipid synthesis. Since the specific ac- 
tivity of  serum phospholipid is at all times 
lower than that of cream phospholipid,  and for 
the first 15-20 hr  lower than that of the 
skim-milk phospholipid,  it is extremely unlikely 
for the milk phospholipid to be derived to any 
great extent  from serum phospholipids trans- 
ported across the mammary gland. 

From the posit ioning of the maximum activ- 
ities of  total milk phosphorus (1.5-6 hr) and 
milk phospholipid phosphorus (8-80 hr) we 
must assume that  in the goat (but  not  in the 
rat, see Metabolism of  P 3 2 - p h o s p h a t e . . . ,  
above), phospholipid synthesized within the 
mammary gland from inorganic phosphate is 
incorporated into a phospholipid pool  within 
the tissue, and that  the delay in buildup of milk 
phospholipid radioactivity (and slow turnover 
time) is caused by a gradual turnover of this 
phospholipid pool  within the tissue. 

The results from this experiment demon- 
strate that  as with the lactating rat (Metabolism 
of Un i fo rmly- l abe l l ed . . .  and Metabolism of  
P32-Phospha te . . . ,  above) the lactating goat 
mammary gland does not  utilize circulating 
pre-formed serum phospholipids for milk pro- 
duction. Instead the gland utilizes a single pool  
of phosphate within the tissue both for the 
secretion of inorganic phosphate into the milk 
and for supplying the phosphorus necessary for 
milk phospholipid synthesis within the mam- 
mary gland. 
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SHORT COMMUNICATIONS 

The Lipids of the Oriental Hornet, Vespa orientalis F. 

ABSTRACT 

Analysis of the hornet 's hemolymph 
revealed the presence of C16 and C18 
fatty acids (70%), which were accompa- 
nied by minor quantities (ranging from 
0.1% to 0.6%) of the following acids: 

Clo:O, C l l :O ,  C12:0, C13:0, C14:0, 
C15:0 , C16:0 , and C17:0. The hemo- 
lymph of the queen larvae contained 
more C 18:1 than the hemolymph of the 
worker larvae, and the percentage of 
C16 : t was higher in the fat body and the 
midgut than in the hemolymph. The 
significance of these results is discussed. 

Many studies concerning hornets and wasps 
have emphasized the fact that the larvae of all 
casts and of both sexes serve, inter alia, as a 
storehouse for food leavings for all members of 
the family (1-3). The aim of our work was to 
find out how these food leavings are kept 
within the larval body, their location and 
concentration, as well as the qualitative differ- 
ences of the lipid constituents, mainly the fatty 
acids, of larvae of different ages and sexes (J. 
Ishay and R. Ikan, in preparation). 

TABLE I 

Lipids Content in Different 
Tissues of the Oriental Hornet 

Percentage of lipids 
Source of lipids in dry material 

Worker larvae a 
Hemolymph 0.4 
Midgut 0.2 
Fat body 18.6 

Total percentage of lipids 
in the whole body 28.2 

Queen larvaeb 
Hemolymph 0.9 
Midgut 11.4 
Fat body 20.1 

Total percentage of lipids 
in the whole body 32.4 

Queens pupae hemolymph 24.9 

aMean value of 200 worker larvae collected during 
the  month of July. 

bMean value of 200 queen larvae collected during 
the  month of October. 

Lyophyllized hemolymph, fat body and 
midgut were extracted with chloroform-ether 
1:1. The extracts were filtered and concen- 
trated under reduced pressure, yielding viscous 
residues. 

Each of the above extracts was applied on 
silica gel GF-254 plates (20 x 20 cm; 0.25 and 
0.75 mm thick), and the two plates were 
developed with petrolether-ether-acetic acid 
(20: 4:1 ) in the same chromatographic chamber. 
Octadecenoic and palmitic acid and tripalmitin 
were used as reference compounds. Drying of 
the plates and spraying of the thin one (0.25 
mm) only with 50% sulfuric acid and subse- 
quent charring at 150 C revealed the constitu- 
ents as black spots. The bands (on the 0.75 mm 
plates) corresponding to the Rf values of the 
free fatty acids (FFA) and triglycerides as 
revealed by the thin plate were scraped off  the 
plates and extracted with chloroform-ether 
(1:1). 

The triglycerides (after removal of  solvents) 
were refluxed for 1 hr with a methanolic 
solution of  potassium hydroxide (5%) and a 
few drops of water. The solvents were removed 
in vacuo, water was added, and the solution was 
extracted with ether. The aqueous phase was 
treated with 1 N hydrochloric acid and ex- 
tracted thoroughly with ether. The combined 
ethereal extracts were dried and the solvent 
evaporated. 

The mixtures of fatty acids (both FFA and 
BFA) were methylated with diazomethane in 
ether. The methyl esters were analyzed on a 
Packard Model 7400 gas chromatograph using: 
(a) a coiled glass column, 2 m x 6 mm, packed 
with 1.5% (by weight) of SE-30, coated on 
Chromosorb W, 80-100 mesh, the column 
temperature being 190 C; (b) a similar column 
filled with DEGS 10% on Chromosorb W, 
column temperature 160 C. The gas flow 
(nitrogen) was 35 ml/min. The chain length and 
degree of unsaturation of  the compounds was 
established by comparison of the retention 
times with those of the methyl esters of pure 
fatty acids, and by co-injection with these 
standards. 

The weight of  lipids found in hemolymph, 
fat body and midgut are summarized in Table I. 
The percentage of the extractable lipids of  the 
hemolymph and rnidgut and fat body of the 
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TABLE II 

Percent of Free and Bound Fatty Acids in the Various Tissue of the Oriental Hornet 

851 

Acid 

Hemolymph of: Fat body Mid gut 

Worker Queens Queens Worker Worker Queens 
larvae larvae pupae larvae larvae larvae 

FFA FFA BFA FFA BFA FFA BFA FFA FFA 

10:0 0.1 0.1 0.1 0.1 0.2 0.4 1.1 0.4 1.0 
11:0 0.1 0.3 0.3 0.1 0.1 . . . . . . . . . . . .  
12:0 1.5 1.8 1.2 0.9 2.8 1.4 3.0 0.7 0.5 
13:0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
14:0 7.8 6.4 5.8 4.0 8.2 8.4 9.5 4.4 2.7 
15:0 0.3 0.2 0.3 0.1 0.1 0.1 0.1 0.1 0.1 
16:0 43.6 36.0 36.8 27.5 27.0 24.6 26.2 26.9 25.0 
16:1 0.3 0.6 0.4 1.8 1.5 3.1 2.9 4.5 2.5 
17:0 0.3 0.5 0.3 0.I 0.5 0.1 0.1 0.1 0.1 
18:0 13.0 11.2 12.6 11.4 6.9 11.0 7.4 23.5 10.5 
18:1 31.0 39.4 40.3 48.2 51.2 49.4 47.6 33.6 47.9 
18:2 1.6 1.9 1.5 5.1 2.3 1.1 1.7 5.0 8.7 

queen  larvae is higher than  of  the  worker  larvae. 
The high lipid concen t ra t ion  of  the  midgut  of  
b o t h  workers  and queens  (Tables I and II) 
indicates  that  the  midgut  may  func t ion  no t  
only as a digestive t ract  but  as storage space as 
well. A higher concen t ra t ion  of  lipids was 
found  in the  larvae of  queens  than  in the  larvae 
of  workers .  A plausible exp lana t ion  is tha t  since 
larvae of  queens  h ibernate  f rom au tumn  to  
spring (4,5) they  need  more  fat. Workers,  on 
the  o the r  hand,  do no t  h ibernate  but  live for  
no t  more  than  45 to  60 days (during the ho t  
season of  the  year) and receive nu t r i t ion  during 
their  lives as imagines.  

Vespa orientalis is a carnivorous insect  (6), 
the workers  feeding p redominan t ly  on honey-  
bees. They also collect ca rbohydra tes  f rom 
flowers having superficial  nectaries.  A signifi- 
cant  por t ion  of  the  llpids b rought  to the  nes t  
may also be in the  fo rm of  but te r f ly-ca ter -  
pillars, bees and flies, in which  the  major  fa t ty  
acids are: C16:0 , C16:1 , C18:0 and C18:1 (7). 
The only o the r  publ ished data on species close 
to  the  Oriental  ho rne t  is on imagines (not  
larvae) of  Vespa crabro (8) and honeybees  (9). 

In our  fu ture  research work,  we in t end  to  
bring some data on the al terat ions in lipids at 
d i f ferent  deve lopmenta l  stages of  the  larvae. 
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On the Origin of Oil Droplets in Maturing 
Castor Bean Seeds, Ricinus communis 

ABSTRACT 
Fat  droplets  isolated f rom matur ing  

castor  bean seeds conta in  high concent ra-  

t ions  of  fa t ty  acid synthe tase  and triglyc- 
eride synthesiz ing enzymes .  These activi- 
ties are not  due to  con tamina t ion  by 
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TABLE I 

Lipid Synthesis by Castor Bean Fractions a 

Fatty acids Triglyceride 

Fraction 14C-Acetate 14C-Mal. CoA 14C-Oleyl CoA 

Homogenate 1.00 1.00 1.00 
1,000-g pellet 0.60 0.55 --- 
10,000-g pellet 0.50 0.30 0.60 
100,000-g pellet 0.25 1.10 0.55 
100,000-g sup. 0.00 1.30 0.00 
Fat fraction 4.80 3.20 1.80 

aResults are expressed as Relative Specific Activity of homogenate in terms of protein. 
Details of the reaction mixture are described in References 6 and 7. 

other organelles and account for at least 
80% of the total lipid synthesis. Electron 
microscopy of the isolated oil droplets 
and the seed tissue in vivo revealed 
particulate containing vacuole-like inclu- 
sions which, it is suggested, are the site of 
lipid synthesis and which form the origi- 
nal locus of the droplet. 

Seeds containing large amounts of lipids 
have as much as 70% of their dry weight in the 
form of triglycerides stored as oil globules in 
the cell. Under the electron microscope these 
globules appear as uniform bodies with no 
internal structures or enclosing membranes. 
They cannot be equated with spherosomes 
which are reported as small membrane bound 
bodies containing osmiophilic material (1). 
Some workers believe spherosomes develop 
from fragments of endoplasmic reticulum (2,3). 
Sorokin (1) differentiates quite clearly between 
the oil droplet and the spherosome, and denies 
any developmental connection between the 
two. 

Formation of the oil droplet calls for the 
flow of substrates and cofactors to a specific 
site where the synthesis and accumulation of 

lipids as triglycerides could occur. The site 
would need to possess (a) a high concentration 
of the fatty acid synthetase enzymes using 
malonyl CoA for the de novo formation of  long 
chain fatty acids, and (b) the enzymes neces- 
sary for the further esterification of  the fatty 
acids to triglycerides. 

A typical high lipid containing seed is 
Ricinus communis (castor bean). More than 
90% of its esterified fatty acids is ricinoleic 
acid, D-(+)12-hydroxy-cis-9-octadeconoic acid 
(4), which is synthesized from oleyl CoA by a 
mixed function oxidase (5). The maturing seed 
was chosen as a model for a plausible explana- 
tion of oil droplet biogenesis. 

The maturing (24-40 days after flowering) 
seed was subjected to subcellular fractionation 
by differential and Ficoll density gradient 

FIG. 1. Section of the isolated fat fraction showing 
fat globules with vacuole-like inclusions containing 
vartieulates: i, inclusion; p, particulates (x 3,590). 

FIG. 2. Portions of two endosperm cells showing 
profiles of developing fat globules with vacuole-like 
inclusions containing particulates: fg, fat globule; i, 
inclusion; er, endoplasmic reticulum; cw, cell wall (x 
21,890). 
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centrifugation. The fractions were incubated 
with 1-14C-acetate and added cofactors (CoA, 
bicarbonate,  NADH, NADPH, MnC12, ATP and 
acyl carrier protein),  and the fat ty  acids pro- 
duced were analyzed by gas liquid chromatog- 
raphy as previously described (6). The fat 
droplets that were isolated had the highest 
specific activity in terms of protein (Table I), 
and accounted for more than 80% of the total  
fat ty acid synthesis. Extensive washing of the 
oil droplets, which removed all measurable 
marker enzyme activities (such as succinate 
dehydrogenase ,  giucose-6-phosphatase, and 
5'nucleotidase), failed to reduce fatty acid 
synthesis. Only complete defatting of the fat 
fraction with acetone at -20 C released soluble 
fatty acid synthetase. Mild dispersion of the oil 
droplet lipid with 0.1% Triton X-100 or Lubrol 
allowed the fat ty  acid synthesizing enzymes to 
be sedimented in a 105,000 g x 60 min spin. In 
addition to acetate, malonyl CoA was also 
rapidly utilized by the fat fraction in fat ty acid 
synthesis (Table I). Thus the first requirement 
for oil droplet biogenesis, i.e., a high level of 
the fat ty  acid synthesizing enzymes at a specific 
site, was fulfilled. 

Triglyceride synthesis was studied in subcel- 
lular fractions by following the incorporation 
of 1-14C-oleyl CoA in the presence of t~-glyc- 
erophosphate (7,8). The specific activity of  the 
fat fraction was double that of the homogenate 
and accounted for the bulk of  the total  
recovered activity. Association of membrane 
fragments with the outside of  the oil droplet  
was excluded by centrifuging the other organ- 
elles in an artificial emulsion of  olive oil. The 
resulting floating layer did not  synthesize tri- 
glycerides. Therefore the native oil droplets also 
contained the enzymes necessary for the 
synthesis of triglycerides. 

After  demonstrating that the forming oil 
droplet can synthesize its own lipid and is the 
primary site of such synthesis in the maturing 
castor bean, we examined the isotated fat 
fraction by electron microscopy using a tow 
viscosity epoxy resin for embedding (Fig. 1) 
(9). The fraction is homogeneous and consists 
almost entirely of osmiophilic droplets of  vari- 
ous sizes, 0.1-3.5/am diameter. The particulate 
containing, vacuole-like inclusions within the 
droplets were of considerable interest. To deter- 
mine if such inclusions occur in vivo, endo- 
sperm tissue at progressive stages of develop- 
ment was also examined by electron micro- 
scopy. At 37 days after anthesis, vacuole-like 
inclusions (0.1-0.3 /am in diameter) were evi- 
dent in the oil droplets of endosperm cells (Fig. 
2). The inclusions also contained an osmiophilic 
particulate phase indicating that the inclusions 

FIG. 3. Portion of a mature endosperm cell 
showing fat globules lacking vacuole-like inclusions: 
fg, fat globule; n, nucleus; m, mitochondrion; pl, 
plastid (x 11,090). 

observed in the oil droplets of the isolated fat 
fraction were not artifacts of the isolation 
process. We believe that these inclusions are an 
important  site of lipid synthesis in the maturing 
castor bean endosperm. 

Since the oil droplet is in a constant state of  
flux and agitation (consider the variable shapes 
of the droplets and of the inclusions Figure 2, 
and that  the inclusions may contact the periph- 
eral interface of the droplet),  presumably both 
substrate and cofactors can, by proximity  to 
the globule interface, become available to the 
internal enzymes. The fact that  the inclusions 
are discrete regions within the oil droplet  is 
indicative of the i r  more hydrophilic nature in 
an otherwise lipophilic matrix,  and is one basis 
for considering them the site of  hydrophilic 
enzymes. When the lipid globule is larger and 
more stable the oppor tuni ty  for interchange 
decreases; and for this reason, and perhaps 
others, fat synthesis ceases. In mature seeds 
acetate incorporation into lipid is at a very low 
level (10), and inclusions are no longer present 
within the fat globule (Fig. 3). 

It is significant that the fat droplets lack a 
peripheral membrane but have a very thin, 
contrasted and sharply defined interface with 
the ground substance of the cytoplasm. This is 
at variance with the assumption that a true 
membrane surrounds the fat droplet (2). The 
inclusions within the droplet also lack limiting 
membranes. 

In summary, we have shown that the oil 
droplets can account for at least 80% of the 
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total fatty acid and triglyceride synthesis in the 
maturing castor bean. The location of the 
synthesizing enzymes in inclusions within the 
oil droplets suggests a highly specialized site 
designed for oil droplet biogenesis with the full 
complement of enzymes necessary for the 
synthesis of  triglycerides from acetate and 
glycerophosphate. We propose that oil droplets 
originate in the maturing castor bean seed 
around a cluster of enzymes in the ground 
substance of the cell and involve both de novo 
fatty acid biosynthesis and triglyceride forma- 
tion. These systems then catalyze the build-up 
of triglycerides from suitable substances leading 
to the formation of the fully mature oil 
droplets (Fig. 3). 
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The Structures of Triglycerides From 
Atherosclerotic Plaques and Other Human Tissues 

ABSTRACT 

Stereospecific analysis of triglycerides 
isolated from human liver showed that 
these were much more asymmetric than 
the triglycerides from human adipose 
tissue. Heart muscle triglycerides were 
similar in structure to adipose tissue 
triglycerides. The triglycerides from aor- 
tic plaques were intermediate in structure 
between triglycerides of liver and adipose 
tissue. 

It has recently been shown that the triglyc- 
erides isolated from the livers of the pig (1), 
sheep (2), chicken and rabbit (Christie and 
Moore, unpublished data) differ considerably 
in structure from those in the adipose tissue of 
these species. We now report structural analyses 
of triglycerides isolated from human liver, 
adipose tissue, heart muscle and aortic plaques. 

Tissues were obtained from three patients in 
the age range of 60-70 years who had died as a 
consequence of cerebrovascular accidents and 
who at autopsy were found to have severe 
atherosclerotic lesions in the aorta of grade III 

severity according to the classification of  Boet- 
tcher et al. (3). The plaques were dissected 
from the aortas and corresponding tissues from 
each of the patients were pooled before anal- 
ysis. The lipids were extracted from the tissues 
with chloroform-methanol 2:1 and the triglyc- 
erides were obtained by preparative thin layer 
chromatography (1). The procedure for stereo- 
specific analysis of triglycerides, i.e., for deter- 
mining the composition of fatty acids esterified 
in positions 1,2 and 3 of the glycerol moeity, 
has been described elsewhere (1,4). The results 
of the analyses are listed in Table 1. 

Human liver triglycerides were highly asym- 
metric and contained more than 60% 16:0 and 
I 1% t8:0  in position 1, the remainder being 
largely monoenoic components. Position 2, on 
the other hand, contained only 12% saturated 
acids and was occupied largely by 18:1 and 
18:2. Position 3 contained somewhat more 
16:0 and 18:0 (23%) than position 2 but the 
principal components were again 18:1 and 
18:2. The small amount of polyunsaturated 
fatty acids were found mainly in position 2. 

The adipose tissue triglycerides were similar 
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total fatty acid and triglyceride synthesis in the 
maturing castor bean. The location of the 
synthesizing enzymes in inclusions within the 
oil droplets suggests a highly specialized site 
designed for oil droplet biogenesis with the full 
complement of enzymes necessary for the 
synthesis of  triglycerides from acetate and 
glycerophosphate. We propose that oil droplets 
originate in the maturing castor bean seed 
around a cluster of enzymes in the ground 
substance of the cell and involve both de novo 
fatty acid biosynthesis and triglyceride forma- 
tion. These systems then catalyze the build-up 
of triglycerides from suitable substances leading 
to the formation of the fully mature oil 
droplets (Fig. 3). 
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ABSTRACT 
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isolated from human liver showed that 
these were much more asymmetric than 
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tissue. Heart muscle triglycerides were 
similar in structure to adipose tissue 
triglycerides. The triglycerides from aor- 
tic plaques were intermediate in structure 
between triglycerides of liver and adipose 
tissue. 

It has recently been shown that the triglyc- 
erides isolated from the livers of the pig (1), 
sheep (2), chicken and rabbit (Christie and 
Moore, unpublished data) differ considerably 
in structure from those in the adipose tissue of 
these species. We now report structural analyses 
of triglycerides isolated from human liver, 
adipose tissue, heart muscle and aortic plaques. 

Tissues were obtained from three patients in 
the age range of 60-70 years who had died as a 
consequence of cerebrovascular accidents and 
who at autopsy were found to have severe 
atherosclerotic lesions in the aorta of grade III 

severity according to the classification of  Boet- 
tcher et al. (3). The plaques were dissected 
from the aortas and corresponding tissues from 
each of the patients were pooled before anal- 
ysis. The lipids were extracted from the tissues 
with chloroform-methanol 2:1 and the triglyc- 
erides were obtained by preparative thin layer 
chromatography (1). The procedure for stereo- 
specific analysis of triglycerides, i.e., for deter- 
mining the composition of fatty acids esterified 
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has been described elsewhere (1,4). The results 
of the analyses are listed in Table 1. 

Human liver triglycerides were highly asym- 
metric and contained more than 60% 16:0 and 
I 1% t8:0  in position 1, the remainder being 
largely monoenoic components. Position 2, on 
the other hand, contained only 12% saturated 
acids and was occupied largely by 18:1 and 
18:2. Position 3 contained somewhat more 
16:0 and 18:0 (23%) than position 2 but the 
principal components were again 18:1 and 
18:2. The small amount of polyunsaturated 
fatty acids were found mainly in position 2. 

The adipose tissue triglycerides were similar 
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in structure to those analyzed by Brockerhoff 
(5). These were still asymmetric although the 
differences in fat ty acid composit ion between 
positions 1 and 3 were not as marked as in the 
liver triglycerides. There were much higher 
proport ions of 14:0 and 16:1 in the adipose 
tissue triglycerides than in the liver triglycerides 
and these acids were in greatest concentration 
in position 2. Heart muscle triglycerides were 
virtually indistinguishable from adipose tissue 
triglycerides. This was also true of other species 
examined (1,2) (Christie and Moore, unpub- 
lished data). 

The triglycerides of aortic plaques were 
intermediate in structure between those of  liver 
and adipose tissue. There was a high proport ion 
of 16:0 (54%) in position 1 together with 11% 
18:0. Position 2 contained somewhat more 
16:0 (15%) than was found in this position in 
the triglycerides of the other tissues although 
unsaturated acids again predominated.  Position 
3 contained only 17% in all of 16:0 and 18:0, 
and longer chain unsaturated acids predomi- 
nated in this position also. Significant amounts 
of  14:0 and 16:0 were also found, although not  
as much as in adipose tissue triglycerides, and 
these were in greatest concentration in position 
2. Small amounts of long chain polyunsaturated 
fatty acids were found in positions 2 and 3. 
These results directly contradict  those of  Caley 
et al. (6) who reported that saturated fat ty  
acids occurred principally in position 3 of the 
triglycerides of aortic plaques. 

The differences in structure between liver 
and adipose tissue triglycerides probably arise 
from different mechanisms of biosynthesis in 
these tissues. In adipose tissue, triglyceride 
synthesis must occur largely by the a-glycero- 
phosphate pathway (7 ,8 )v i a  diglyceride inter- 
mediates although there may be a contribution 
from the monoglyceride pathway (9). In liver, 
on the other hand, there is much more rapid 
turnover of lipid classes, and the diglyceride 
intermediates for triglyceride biosynthesis are 
produced to a large extent  by dephosphoryla- 
tion, deacylation and resynthesis of  other lipids 
(10). However there is considerable uncertainty 
about the origin of triglycerides in aortic 
plaques. 

W.W. CHRISTIE 
J.H. MOORE 
The Hannah Research Institute,  Ayr. 
A.R. LORIMER 
T.D.V. LAWRIE 
Department of Medical Cardiology 
The University 
Glasgow, Scotland 

e~ 

o 

f q  t i i , , i i ~ O'~ t ' q U  '~ 

fx~t 

. . . . . .  ] . . . . . . . . .  

r .. ~.,~.q,~. ~ . . ~ .  o.~.~ , ~ . ~  

t ' q  ,..., t ,~ t t~ ,..~ tt~ c o  , . . ,  ~o  o~  00  e o  00  r-.- ~.o c.~ 0 0  

o 

t ~  

" "  ~ I ~ I ~ o ~ $ - t - q  t ~ , . - 4 e o t  "--- , , , , 

O 

O 

LIPIDS, VOL. 6, NO. 11 



856 SHORT COMMUNICATIONS 

ACKNOWLEDGMENT 

J. Tierney provided technical assistance. 

REFERENCES 

1. Christie, W.W., and J.H. Moore, Biochim. Bio- 
phys. Acta 210:46 (1970). 

2. Christie, W.W., and J.H. Moore, J. Sci. Food Agr. 
22:120 (1971). 

3. Boettcher, C.J.F., F.P. Woodford, C.C. Ter Haar 
Romney-Wachter and E. Boelsma Van Houte, 
Lancet i:1378 (1960). 

4. Christie, W.W., and J.H. Moore, Biochim. Bio- 

phys. Acta 176:445 (1969). 
5. Brockerhoff, H., Arch. Biochem. Biophys. 

1 1 0 : 5 8 6  (1965). 
6. Caley, R.M., R.G. Jensen and R.E. Pitas, A b s t r a c t  

of paper presented at 61st AOCS Meeting, New 
Orleans, April 1970. 

7. Weiss, S.B., and E.P. Kennedy, J. Amer. Chem. 
Soc. 78:3550 (1956). 

8. Stein, Y., and B. Shapiro, Biochim. Biophys. 
Acta, 24:197 (1957). 

9. Schultz, F.M., and J.M. Johnston, J. Lipid Res. 
12:132 (1971). 

10. Lands, W.E.M., and P. Hart, Ibid., 5:81 (1964). 

[Received May 17, 1971] 

Fatty Acid Composition of Triglycerides and 
Phosphoglycerides During Growth in Glomerella cingulata 

ABSTRACT 

The fa t ty  acid compos i t ion  of  triglyc- 
erides and phosphoglycer ides  accumu- 
lated at selected ages during the growth 
of  Glomerella cingulata was investigated. 
Glyceride accumula t ion  was taken  as mg 
glycer ide/mg N and the ni t rogen con ten t  
of the  fungus at the ages invest igated was 
used as an index  of  growth.  The fa t ty  
acids produced were ident i f ied by com- 
paring their  re ten t ion  t imes on gas l iquid 
chromatography with  that  of  k n o w n  stan- 
dards. The results showed that  whereas 
total  glyceride and fa t ty  acid con ten t  
varied f rom age to  age, the fa t ty  acid 
composi t ion  at the  various ages remained 
the same. 

INTRODUCTI ON 

Triglycerides and phosphoglycef ides  are the 
major  classes of  lipids found in fungi. In a s tudy 
on the lipids of  six-day-old conidia of  the  
fungus Glomerella cingulata, Jack (1) had 
shown that  tf iglycerides accounted  for more 

than 95% of  the neutral  lipids of  the fungus. 
Four  of  the five classes of  tr iglycerides present  
in the fungus conta ined unsatura ted  fa t ty  acids. 
The phospholipid fract ion consisted o f  phos- 
p h a t i d y l - e  t hano lamine ,  phosphat idylser ine,  
phosphat idylchol ine  and an unknown  phospha- 
t ide fract ion (1). Both of  these glycerides 
however  contained the same major  classes of  
fa t ty  acids: C14, C16, C16(1=),  C18, C18(1=),  
C18(2=),  C18(3=).  However  li t t le is known 
concerning the fa t ty  acid compos i t ion  of  the  
glycerides at earlier periods of  fungal growth.  
Since some microorganisms are known to  be 
capable of  synthesizing different  fa t ty  acids 
during growth (2) it  appeared of  interest  to 
s tudy the fa t ty  acid compos i t ion  of  the glycer- 
ides at selected ages during growth of  G. 
cingulata. 

The culture of  G. cingulata used in this 
s tudy was obta ined originally f rom Jack Ziffer  
Pabst Laboratories ,  Milwaukee, Wisconsin, and 
was mainta ined on po ta to  dextrose agar. Abou t  
87 x 106 spores were used to  inoculate  1000 ml 
of  nutr ient  medium,  supplemented  with  1 ml 
micronut r ien t  solution.  The composi t ions  o f  

TABLE I 

Quantitative Measurement of Fungal Growth, 
Total Lipids, Triglycerides and Phosphoglycerides 

Days 
Growth, Total lipids, Triglycerides, Phosphoglycerides, 

(total mg nitrogen) mg/ml mg/ml mg/ml 

1.5 12.5 2.7 1.3 1.5 
2 15.0 3.6 1.8 2.0 
3 14.0 3.6 1.8 2.0 
4 13.0 2.7 1.0 1.3 
6 1 5 . 0  2 .6  1 .0  1.5 
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ABSTRACT 

The fa t ty  acid compos i t ion  of  triglyc- 
erides and phosphoglycer ides  accumu- 
lated at selected ages during the growth 
of  Glomerella cingulata was investigated. 
Glyceride accumula t ion  was taken  as mg 
glycer ide/mg N and the ni t rogen con ten t  
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INTRODUCTI ON 

Triglycerides and phosphoglycef ides  are the 
major  classes of  lipids found in fungi. In a s tudy 
on the lipids of  six-day-old conidia of  the  
fungus Glomerella cingulata, Jack (1) had 
shown that  tf iglycerides accounted  for more 

than 95% of  the neutral  lipids of  the fungus. 
Four  of  the five classes of  tr iglycerides present  
in the fungus conta ined unsatura ted  fa t ty  acids. 
The phospholipid fract ion consisted o f  phos- 
p h a t i d y l - e  t hano lamine ,  phosphat idylser ine,  
phosphat idylchol ine  and an unknown  phospha- 
t ide fract ion (1). Both of  these glycerides 
however  contained the same major  classes of  
fa t ty  acids: C14, C16, C16(1=),  C18, C18(1=),  
C18(2=),  C18(3=).  However  li t t le is known 
concerning the fa t ty  acid compos i t ion  of  the  
glycerides at earlier periods of  fungal growth.  
Since some microorganisms are known to  be 
capable of  synthesizing different  fa t ty  acids 
during growth (2) it  appeared of  interest  to 
s tudy the fa t ty  acid compos i t ion  of  the glycer- 
ides at selected ages during growth of  G. 
cingulata. 

The culture of  G. cingulata used in this 
s tudy was obta ined originally f rom Jack Ziffer  
Pabst Laboratories ,  Milwaukee, Wisconsin, and 
was mainta ined on po ta to  dextrose agar. Abou t  
87 x 106 spores were used to  inoculate  1000 ml 
of  nutr ient  medium,  supplemented  with  1 ml 
micronut r ien t  solution.  The composi t ions  o f  

TABLE I 

Quantitative Measurement of Fungal Growth, 
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Days 
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(total mg nitrogen) mg/ml mg/ml mg/ml 
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4 13.0 2.7 1.0 1.3 
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TABLE II 

Areas a of Methylated Fatty Acids Obtained 
from a Growing Culture of Glomerella Cingulata 

857 

Days C14 

Triglyceri des 

C16 group C18 group C14 

Phosphoglycefides 

C16 group C18 group 

1.5 11.7 1.8 6.6 1.3 
2 18.9 1.9 7.6 12.4 
3 26.4 2.3 9.1 13.5 
4 18.8 0.8 2.7 0.8 
6 8.8 0.8 3.0 1.8 

0.6 2.6 
2.4 7.6 
2.8 8.2 
0.4 0.8 
0.8 1.3 

aln cm. 

the nutrient medium and the micronutrient 
solution were as given by Jack (3). The material 
was incubated with shaking at 22 C and 25 ml 
of the mycelial sample was taken from the 
growing culture at 1.5, 2, 3, 4 and 6 days of 
fungal growth. 

The 25 ml sample was mixed with 150 ml 
chloroform-methanol 1 : 1 and macerated in the 
large cup of a Waring blender. Five milliliters of 
this slurry was taken for nitrogen determination 
by Nesslerization. Total lipid extraction from 
the remaining 170 ml was carried out as 
reported by Jack (3). 

The triglycerides and phosphoglycerides 
were separated from the rest of the lipids and 
from each other by column chromatography on 
silicic acid. The glycerides were purified by gel 
filtration using Sephadex G-25 and the lipids 
monitored by thin layer chromatography on 
Silica Gel G. Glyceride quantitation was done 
by the method of Snyder and Stephens (4). 
Free fatty acids were obtained from the glyc- 
erides by hydrolysis with 0.5 N methanolic 
KOH and the methyl esters of these fatty acids 
prepared for gas liquid chromatography by 
esterification of the fatty acids with boron 
trifluoride methanol reagent. A Microtek gas 
chromatograph, Model DSS 161, with a thermo 
conductivity detector was used. Column dimen- 
sions: 6.3 ft x 1/4 in., internal diameter; 
column packing 5% S.E. 30 on chromosorb-P 
80/90 mesh; inlet temperature 210C,  oven 
temperature 185 C and detector temperature, 
200 C; carrier gas Helium, inlet pressure 40 
psig, sample size: 50/.tl. 

The methyl esters were identified by com- 
parison of their retention times to those of  
known standards, and peak areas were obtained 
by multiplying the length of the peaks by the 
width at half length. 

RESULTS A N D  DISCUSSION 

In preliminary experiments it was observed 
that the quantities of phosphoglycerides (PG) 

and triglycerides (TG) at the various ages 
differed considerably. This is shown in Table I. 
Maximal glyceride accumulation occurred 
somewhat between two and three days of 
fungal growth, although glyceride accumulation 
and fungal growth exhibited a rise by six days 
of age. This was observed in previous studies (5) 
and may be due to secondary growth in the 
culture. Table II shows the peak areas of the 
fatty acid methyl esters obtained from the 
triglycerides and phosphoglycerides at the ages 
studied. The same classes of fatty acids-C14,  
C16 group (saturated and unsaturated) C18 
group (saturated and unsaturated)-were found 
at all the ages, although the quantities differed 
from age to age. Thus there was generally 
maximal fatty acid production between two 
and three days, and a general rise in fatty acid 
content at six days. 

It is apparent that the triglycerides and 
phosphoglycerides contained the same major 
classes of fatty acids at the selected ages 
studied. It is also apparent that maximal fatty 
acid production as well as maximal glyceride 
accumulation occurred between two and three 
days of fungal growth. 

GREGORY E. ANEKWE 
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The Carver Research Foundation and 
The Department of Chemistry 
Tuskegee Institute 
Alabama 36088 
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Early Steps on the in Vivo Incorporation of 
1-14C-Linoleic Acid Into Liver Lipids From 

Normal and Essential Fatty Acid Deficient Rats 

ABSTRACT 

Essential fatty acid (EFA) deficient 
rats were injected intraportally with a 
solution of 1-14C-linoleic acid during a 1 
rain period. Livers were quickly frozen, 
pulverized, and the lipids extracted and 
fractioned by thin layer chromatography. 
The incorporation of 1-14C-linoleic acid 
into liver lipids was measured. The results 
were compared with those previously 
obtained from normal rats. No significant 
differences were observed in the total 
radioactivity recovered from lipid ex- 
tracts. While the distribution of radioac- 
tivity into the 1-2 diacylglycerol fraction 
remained unchanged in both groups of 
rats, in the EFA deficient rats the 
1-14C-linoleic acid incorporation was 
actually directed to the phospholipid 
fractions instead of to the triacylglycerol 
fractions as was observed in the normal 
rats. 

It is well recognized that essential fatty acids 
(EFA) play an important role in the structure 
and function of membranes. The structural and 
functional alterations observed in EFA defi- 
ciency were related to a change in the fatty acid 
composition of  the phospholipids of the mem- 
brane ( 1 ). 

In recent experiments (DeTomas and 
Mercuri, unpublished) (2) we have studied the 

early steps of the in vivo incorporation of  
1-14C-linoleic acid into liver lipids from normal 
rats. In these experiments it was found that 
there was a higher incorporation of  radiolino- 
leic acid into the triacylglycerol fractions than 
in the phosphatidylcholine fractions. 

A similar experiment was performed in order 
to elucidate if this normal scheme of incorpora- 
tion became different in the EFA deficient rats. 

Weanling male Wistar rats maintained during 
90 days on a semisynthetic fat free diet (3) 
were used. Under ether anesthesia 0.1 ml of 
labeled solution (4) containing 10 #c 1-14C 
linoleic acid (Radiochemical Centre, Amer- 
sham, England, (52.9 mc/mmole)  was in- 
jected into the exposed portal vein during a 1 
min period. After the injection the tivers were 
quickly frozen with liquid N2, pulverized and 
the  powder  extracted with chloroform- 
methanol 2:1 (5). The lipids recovered from the 
extract were fractioned by thin layer chroma- 
tography (6,7). The lipid fractions were trans- 
esterified from the silica gel (8) and the 
extracted methyl esters assayed for radioac- 
tivity in a Packard Tri-Carb Scintillation Spec- 
trometer. Phospholipid hydrolysis was per- 
formed as described earlier (2). 

Table I summarizes the distribution of  the 
total radioactivity expressed as percentage of 
1-14 C-linoleic acid incorporated into the princi- 
pal lipid fractions. No significant differences 
were observed in the per cent distribution of 
1-14C-linoleic acid incorporated into 1-2 diacyl- 

TABLE I 

Per Cent  o f  the  Tota l  Rad ioac t iv i ty  R e c o v e r e d  F r o m  the  
1-14C-l inole ic  A c i d  Incorporated  Into  Lipid Fract ions  a 

Per cent  d i s tr ibut ion  o f  rad ioac t iv i ty  

Experimental 3-s-n-Phosphatidyl- 3-sn-Phosphatidyl- 
group 1-2 Diacylglycerol Triacylglycerol choline ethanolamine 

Normalb(6) 26.7 + 3.8 38.3 +4.1 18.3 + 3.9 5.0 --4. 1.2 
N.S. d P (0.001 P (0.001 N.s.d 

NormalC(5) 26.7 4- 3.9 35.6 4- 4.4 20.4 + 2.7 4.0 4- 0.8 
N.S. d P (0.001 P (0.001 P(0.02 

Essential  fatty 
acid def ic i ent  (5) 19.0 4- 7.2 14.5 4- 3.7 49.9 _ 2.2 8.0 4- 2.5 

a N u m b e r s  in parenthes is  indicate  the n u m b e r  o f  an imals  in each  group. Data are the  m e a n s  + s tandard devia-  
t ions  o f  the  means .  Probabi l i ty  (P) values  are re la ted  to  essent ia l  fa t ty  acid de f i c i ent  group.  

hDe Tomas and Mercuri, unpublished. 
CReference  2. 
dN.S. ,  n o t  s ignif icant .  
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glycerol  fract ions f rom normal  rats compared  
with  the E F A  deficient  rats. 

Coincident ly  wi th  a fall in the amount  of  
1-14C-linoleic acid incorpora ted  in to  the tri- 
acylglycerol  f ract ion f rom E F A  deficient  rats, 
there was a rise in the level of  radiolinoleic acid 
incorpora ted  into  the lecithin f ract ion f rom this 
group of  rats compared  with  the normal  rats. 

If  we accept  that  the fa t ty  acid pat tern at 
the 3 posi t ion of  t r iacylglycerol  (9-12) is a 
ref lec t ion  o f  the composi t ion  of  the liver 
acyl-CoA pool,  the decrease in the capaci ty  of  
E F A  deficient  animals to incorpora te  l inoleic 
acid into tr iglycerides could  be due to a defect  
of  l inoleyl-CoA in this pool.  On the  o ther  hand 
the increase o f  incorpora t ion  o f  1-14C-linoleic 
acid into 3-sn-phosphatidylcholine f rom E F A  
deficient  rats compared  wi th  the normal  rats 
could be explained ei ther by an increase in the 
rate o f the novo biosynthesis  o f  leci thin (13,14)  
or  by a rise of  incorpora t ion  through the  
acylat ion-reacylat ion pa thway  (15). A similar 
conclusion could be drawn wi th  regard to the 
1-14C-linoleic acid incorpora t ion  into 3-sn- 
phosphat idyle thanolamine .  

In the present  exper iment  the mean value of  
1-14C-linoleic acid incorpora ted  into  to ta l  
lipids was 5.95 + 1.75 nmoles /g  liver tissue, 
resembling the data obta ined  f rom normal  rats. 
Despite the low availability of  l inoleic acid such 
an incorpora t ion  might  be explained by the 
high turnover  rate o f  lecithin observed in E F A  
deficient  rats (9,13). As expec ted  the  incorpor-  
at ion of  labeled l inoleic acid in to  the lecithin,  
96%, and cephalin,  94%, fract ions f rom E F A  
deficient  rats occurs  pr imari ly  in to  the 2 
posi t ion as in the normal  rats (2). 

In conclusion we can suggest that  in the 
E F A  deficient  rats the  in vivo incorpora t ion  of  
l inoleic acid is principally directed to the 
phosphol ipid  fract ions.  
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Lipid Composition of H 

ABSTRACT 

Mucus f rom an asthmatic  pat ient  con- 
tained lipids which have no t  been ana- 
lyzed before.  The compos i t ion  was 
similar to two o ther  types  of  mucus  
lipids. The tr iglyceride f rac t ion was 
highly saturated and conta ined  large 
amounts  of  short  chain fa t ty  acids. 

Mucus secretions generally have not  been 

uman Bronchial Mucus 

examined for the presence of  lipids. Until  
recent ly lipids have been found  only in mucus 
f rom the fol lowing sources: bovine cervix (1), 
human cervix (2), submaxil lary gland (3), ca- 
nine gastric juice (4), and snail epi the l ium (5). 
In a recent  s tudy in this labora tory  the lipids 
f rom fish cutaneous mucus  were analyzed (6). 
The occurrence of  lipids in mucus f rom such 
diverse sources suggested an invest igation of  
another  type  of  mucus.  Human bronchial  mu- 
cus was chosen because it had not  been 
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glycerol  fract ions f rom normal  rats compared  
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acylglycerol  f ract ion f rom E F A  deficient  rats, 
there was a rise in the level of  radiolinoleic acid 
incorpora ted  into  the lecithin f ract ion f rom this 
group of  rats compared  with  the normal  rats. 

If  we accept  that  the fa t ty  acid pat tern at 
the 3 posi t ion of  t r iacylglycerol  (9-12) is a 
ref lec t ion  o f  the composi t ion  of  the liver 
acyl-CoA pool,  the decrease in the capaci ty  of  
E F A  deficient  animals to incorpora te  l inoleic 
acid into tr iglycerides could  be due to a defect  
of  l inoleyl-CoA in this pool.  On the  o ther  hand 
the increase o f  incorpora t ion  o f  1-14C-linoleic 
acid into 3-sn-phosphatidylcholine f rom E F A  
deficient  rats compared  wi th  the normal  rats 
could be explained ei ther by an increase in the 
rate o f the novo biosynthesis  o f  leci thin (13,14)  
or  by a rise of  incorpora t ion  through the  
acylat ion-reacylat ion pa thway  (15). A similar 
conclusion could be drawn wi th  regard to the 
1-14C-linoleic acid incorpora t ion  into 3-sn- 
phosphat idyle thanolamine .  

In the present  exper iment  the mean value of  
1-14C-linoleic acid incorpora ted  into  to ta l  
lipids was 5.95 + 1.75 nmoles /g  liver tissue, 
resembling the data obta ined  f rom normal  rats. 
Despite the low availability of  l inoleic acid such 
an incorpora t ion  might  be explained by the 
high turnover  rate o f  lecithin observed in E F A  
deficient  rats (9,13). As expec ted  the  incorpor-  
at ion of  labeled l inoleic acid in to  the lecithin,  
96%, and cephalin,  94%, fract ions f rom E F A  
deficient  rats occurs  pr imari ly  in to  the 2 
posi t ion as in the normal  rats (2). 

In conclusion we can suggest that  in the 
E F A  deficient  rats the  in vivo incorpora t ion  of  
l inoleic acid is principally directed to the 
phosphol ipid  fract ions.  
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Lipid Composition of H 

ABSTRACT 

Mucus f rom an asthmatic  pat ient  con- 
tained lipids which have no t  been ana- 
lyzed before.  The compos i t ion  was 
similar to two o ther  types  of  mucus  
lipids. The tr iglyceride f rac t ion was 
highly saturated and conta ined  large 
amounts  of  short  chain fa t ty  acids. 

Mucus secretions generally have not  been 

uman Bronchial Mucus 

examined for the presence of  lipids. Until  
recent ly lipids have been found  only in mucus 
f rom the fol lowing sources: bovine cervix (1), 
human cervix (2), submaxil lary gland (3), ca- 
nine gastric juice (4), and snail epi the l ium (5). 
In a recent  s tudy in this labora tory  the lipids 
f rom fish cutaneous mucus  were analyzed (6). 
The occurrence of  lipids in mucus f rom such 
diverse sources suggested an invest igation of  
another  type  of  mucus.  Human bronchial  mu- 
cus was chosen because it had not  been 
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TABLE I 

Composition of Pooled Lipids From Human Bronchial Asthmatic Mucus 

Components 

Neutral lipids a 

mg % Components 

Phospholipids a 

mg % 

Neutral lipids 75.5 64.8 
Cholesterol esters 3.3 2.8 
Triglycerides 45.4 39.0 
Free fatty acids 21.1 18.1 
Cholesterol 3.3 2.8 
Diglycerides 1.1 1.0 
Monoglycerides 1.4 1.2 

Phospholipids 24.6 21.1 
Phosphatidylethanolamine 5.8 5.0 
Unknown 1.7 1.4 
Phosphatidylcholine 12.8 11.0 
Lysophosphatidylch oline 

and sphingomyelin 4.3 3.7 

aper cent of total lipid weight. 

analyzed for lipids and because it could be 
obtained, free of contamination, from patients 
with bronchial asthma, an allergic condition 
characterized by a greatly increased secretion of 
mucus. The large quantities of mucus obtain- 
able from such a patient permitted quantitative 
lipid analysis. Smaller quantities of mucus were 
obtained from patients with chronic bronchitis 
uncomplicated by infections, but the small 
yields of lipid generally permitted only quali- 
tative lipid analyses. 

Six daily collections of mucus were obtained 
from a 51-year-old male patient hospitalized 
with bronchial asthma. His medication included 
bronchodilators and synthetic corticosteroids. 
The mucus samples were cloudy but colorless. 
Microscopically they appeared to be free of 
pus. The smaller samples of bronchitis mucus 
were similar in appearance. 

Weighed samples of mucus were homoge- 
nized at slow speeds in 20 volumes of chloro- 
form-methanol, 2:1, v/v. The chloroform layer 
was removed and the aqueous layer was ex- 
tracted three times with equal volumes of 
chloroform. Treatment of the combined ex- 
tracts, analysis by thin layer chromatography 
(TLC), and chromatography of lipids pooled 
from two samples of asthmatic mucus on 
neutral and acid-treated Florisil (Floridin Co.) 
followed techniques previously described (6,7). 
Chromatography of the neutral lipids was moni- 
tored by TLC and showed adequate separations 
except for cholesterol, which tailed slightly into 
the monoglyceride fraction. Free fatty acids 
(FFA) were adsorbed on an ion exchange resin, 
IRA 400 (Rohm & Haas) (8), and determined 
by weight loss of the lipid residue. Phospho- 
lipids were separated for fatty acid analysis and 
phosphorus determinations on 350/a layers of 
Silica Gel H (Merck) in chloroform-methanol- 
water, 68:27:3, v/v/v. Rhodamine 6G was used 
as indicator and the phospholipids were identi- 
fied by comparison with the known phospho- 
l i p id s  from egg yolk. Phosphorus was 

determined in each of the fractions by the 
method of Fiske and Subbarow (9). Following 
saponification fatty acids were methylated with 
BF3-methanol. The FFA on the ion exchange 
resin were methylated by refluxing the resin in 
HCl-methanol. The fatty acid methyl esters and 
hydrocarbon fraction were analyzed by gas 
liquid chromatography as previously described 
(7,10). The hydrocarbon fraction, 0.1 mg, had 
a composition similar to that obtained from a 
blank analysis and is regarded as a contaminant.  

Lipids were found in all of the mucus 
samples and comprised from 0.067%-0.157%, 
w/w. The lipid composition of the asthmatic 
mucus (Table I) appears to be typical of 
bronchial mucus, for the lipids from three 
samples of bronchitic mucus showed the same 
qualitative composition. Fish cutaneous mucus 
contains much more lipid than bronchial mucus 
(approximately 1-2%), but the compositions are 
similar except that squalene and wax esters 
were not detected in bronchial mucus. The 
incomplete data for the lipid analyses from 
other types of mucus agree with the pattern 
established in fish, snail and bronchial mucus in 
that two of the major components, cholesterol 
and phospholipids, are always present. Thus 
mucus lipids seem to be characterized by 
variable amounts of neutral lipids and a more 
constant group of phospholipids in which phos- 
phatidylcholine is the major component. Such a 
spectrum of lipids from a water dispersable 
medium in which there is a considerable 
amount of protein suggests that they occur as a 
lipoprotein complex. If this is true the large 
quantities of carbohydrate in mucus would 
make the term lipoglycoprotein more appropri- 
ate. 

An interesting feature of the lipids from 
asthmatic mucus is the large amount of FFA, 
comprising 18.1% of the total lipids. This 
concentration of FFA is similar to that found 
in fish mucus, 10-23%, and human sebum, 
10-20% (6,11). The fungistatic effectiveness of 
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TABLE II 

Fatty Acid Composition of the Major Lipid Components of Human Bronchial Mucusa, b 

851 

Cholesterol Free 
Fatty Acid esters Triglycerides fatty acids Phosphatidyleholine 

8:0 --  3.1 . . . .  
10:0 --  3.8 . . . . .  
12:0 1.2 46.7 1.2 --- 
14:0 3.0 12.6 2.2 2.8 
15: 0 Trace Trace 1.1 -- 
16:0 17.6 12.7 32.8 45.3 
16:1 8.0 0.6 4.0 1.2 
18:0 5.1 9.6 20.0 19.2 
18:1 26.4 8.0 30.7 22.2 
18:2 37.7 1.1 8.0 9.2 
18:3 0.9 --- Trace Trace 
20:2 --- 1.8 . . . . . .  

aFor lipid composition see Table I. 
bData in weight per cent. 

F F A  in h u m a n  s e b u m  has b e e n  the  subjec t  o f  
con t rove r sy  (12) .  The  occur rence  o f  F F A  in 
m u c u s  f rom exposed ,  we t  surfaces such  as f ish 
epidermis ,  snail  e p i t h e l i u m  and  b ronch i a l  epi- 
t h e l i u m  suggests t h a t  the  ques t i on  should  be  
reappra ised .  

The  F F A  c o n t e n t  of  b ronch i a l  m u c u s  can  
vary widely.  F F A  compr i sed  18.1% of  the  
poo led  a s thma t i c  mucus  l ipids (Table  I), bu t  
add i t iona l  samples  o f  m u c u s  f r o m  this  pa t i en t  
c o n t a i n e d  19.2% and 3.8% FFA.  Similarly t he  
l ipids f rom one  sample  o f  b ronch i t i s  m u c u s  
c o n t a i n e d  19.6% F F A  bu t  a n o t h e r ,  f r o m  a 
d i f fe rent  b ronch i t i s  pa t i en t ,  h ad  71% FFA.  
Analyses  of  these  l ipids by  TLC con f i rmed  the  
resul ts  and  s h o w e d  a rec iproca l  r e l a t ionsh ip  
b e t w e e n  the  F F A  and  t r ig lycer ide  concen t r a -  
t ions .  This  suggests t ha t  the  F F A  or iginate  by  
l ipolysis of t r iglycer ides  similar  to  t h a t  wh ich  
occurs  in h u m a n  s e b u m  (11) .  The  F F A  c o n t e n t  
of  s e b u m  is increased  by  longer  exposu re  to  the  
skin surface.  Possibly the  very  low, 3.8%, and  
high,  71%, F F A  c o n t e n t s  in  b r o n c h i a l  m u c u s  
also ind ica te  f reshly  secre ted  and  old  mucus .  I t  
shou ld  be  n o t e d  t h a t  the  l ipid c o n t a i n i n g  3.8% 
F F A  had  50% sa tu ra t ion  in t he  t r iglycer ides ,  
bu t  in the  l ipid w i t h  18.1% F F A  the  t r iglycer-  
ides were 88 .5% sa tu ra ted ,  and  at  71% F F A  
sa tu ra t i on  reached  90%. This  ind ica tes  a sl ight 
selective l ipolysis  of  t r ig lycer ides  con ta in ing  
u n s a t u r a t e d  f a t t y  acids. 

Many  of  the  t r ig lycer ide f r ac t ions  c o n t a i n e d  
unusua l ly  large a m o u n t s  of  shor t  chain  f a t t y  
acids. In the  t r ig lycer ides  f rom the  l ipid having  
18.1% FFA,  laur ic  acid compr i sed  46 .7% of  the  
to ta l  acids and  t he  C 8 and  ClO acids a m o u n t e d  
to 3.1% and  3.8% (Table  II). In  a d i f fe ren t  

mucus  sample  f r o m  the  same pa t i en t ,  the  
t r ig lycer ide  f r ac t ion  c o n t a i n e d  43 .8% lauric 
acid and  9.5% each  o f  the  C8 and  C10 acids. 
These c o n c e n t r a t i o n s  are unusual ,  for  h u m a n  
depo t  fat  con ta ins  1-2% lauric  acid and  on ly  
t races  of  t he  sho r t e r  acids. 
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LETTERS TO THE EDITOR 

Sphingosine (4-Sphingenine) Nomenclature 

Sir: During 1965 I corresponded with a 
number of chemists who had a primary interest 
in the sphingosines, discussing the pros and 
cons of a new system of naming the sphingo- 
sines. Following a discussion with the subcom- 
mittee on lipid nomenclature of the IUPAC- 
IUB, I agreed not to introduce a new system 
but rather to accept the nomenclature that the 
committee had developed. The Document for 
Discussion (The Nomenclature of Lipids) pre- 
pared by the subcommittee was published in 
1966 and 1967 in a number of journals; thus 
the nomenclature was made available to the 
chemists in the field. 

In the five years since the publication of the 
Document for Discussion, my experiences as an 
editor and as an editor responsible for indexing, 
and my own reflections have led me to the 
following conclusions: 

1. The sphinganine-based semi-systematic 
nomenclature should be abandoned because (a) 
the semi-systematic nomenclature may not con- 
serve space and is sometimes less informative 
than the formal organic chemistry nomen- 
clature. This is illustrated by the table pre- 
sented in the recent review article by Karlsson 
(Lipids 5:878, 1970). (b) The nomenclature in 
actual use is in fact determined by editorial 
boards and at least the editorial board of Lipids 
has not chosen to be firm in requiring the 
sphinganine system. (c) Authors writing in the 
field of sphingosine chemistry in the years 1969 
and 1970 and publishing in Lipids chose six 
times out of seven, and in J. Lipid Research 
four times out of seven, not to use the 
sphinganine system. 

2. Since the fully systematic system of 
naming organic compounds (J. Amer. Chem. 
Soc. 82:5545, 1960) can be used to completely 
describe the various sphingosines, it appears 

that the need is for a useful trivial nomencla- 
ture and short-hand notation. I therefore sug- 
gest that a simple modified procedure of 
Prostenik's be employed for developing easily 
understandable trivial names. In this procedure 
sphingosine, dihydrosphingosine, and phyto- 
sphingosine will retain the classical definitions. 
When necessary the carbon chain length of 
sphingosine, etc., and homologs would be indi- 
cated by simply writing the carbon number 
with a hyphen preceding the name, e.g., 
20-sphingosine. The configuration would be 
presumed to be D-erythro-unless indicated 
otherwise, i.e., D-threo, etc. If it were necessary 
to indicate the position of a double bond 
different from the 4 double bond in sphingo- 
sine, one would employ the short hand repre- 
sentation suggested for fatty acids (Kishimoto 
and Radin, J. Lipid Res. 5:94, 1964), e.g., 18:1 
(8 trans)-dihydrosptfingosine. Other illustra- 
tions of trivial, short hand nomenclature exist 
(Burton, R.M., in "Lipids and Lipidoses," 
Edited by G. Schettler, Springer-Verlag, New 
York, 1967). There are certainly deficiencies in 
Prostenik's system; for example how would one 
identify the acetylenic analog of sphingosine? 
However as a short hand, trivial system Proste- 
nik's is an easy to use, easy to write, easy to 
speak and for the usual sphingosine homologs 
and analogs the meaning is immediately appar- 
ent. One can always use the formal systematic 
organic chemical nomenclature whenever pre- 
cise identification is required. 

ROBERT M. BURTON 
Department of Pharmacology and the 
Beaumont-May Institute of Neurology 
Washington University Medical School 
St. Louis, Missouri 63110 

[ Received July 12, 1971 ] 

Shorthand Notation for Multiple-Branched Fatty Acids 
Sir: Whereas it is now common practice to 

u s e  a shorthand notation compatible with the 
systematic Geneva nomenclature to indicate the 
structure of unsaturated fatty acids and certain 

other substituted acids (Holman, Progr. Chem. 
Fats 9:3, 1968), no similar notation has been 
proposed for acids with one or more branches. 
In describing those acids with several methyl 
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branches, use of the complete systematic name 
is cumbersome and can become extremely 
tedious (Odham, Ark. Kemi 27:263, 1967; 
Edkins and Hansen, Comp. Biochem. Physiol, 
in press, 1971). Even in the case of an acid with 
a single methyl branch, the notation generally 
used (Farquhar et al., Nutr. Rev., Suppl. 17:1, 
1959) does not reflect the Geneva nomen- 
clature, as the first numeral indicates the total 
number of carbons rather than the chain length, 
e.g., 19:0 br represents methyloctadecanoic 
acid. 

If a symbol were used to indicate the length 
of the branch chain (Me = methyl, Et = ethyl, 
etc.), a system of notation very similar to that 
for unsaturated acids could emerge, with nu- 
merals to indicate the branch points on the 
main chain. The following examples will clarify 
the use of this system: Me 18:0 would represent 
methyloctadecanoic acid where the branch 
point is unspecified; 2-Me18:0, 2-methylocta- 
decanoic; 2-Me-9-18:1, 2-methyl-9-octadece- 

noic; 2,4,6-Me38:0, 2,4,6-trimethyloctanoic; 
2,4-Me2-6-Et8:0 , 2,4-dimethyl-6-ethyloctanoic; 
and, where the steric configurations are known, 
2L, 4D, 6D - Me38:0 (Odham, Ark. Kemi. 
27:251, 1967). The structures of these com- 
pounds can be seen immediately, as each 
abbreviation is also "a direct transliteration 
from the Geneva nomenclature" (Holman, loc. 
cit.). The use of subscripts is essential where the 
positions of substituents are unspecified and 
even where they seem redundant their insertion 
makes translation easier. Lower case prefixes, 
such as me instead of Me, would be easily 
confused with prefixes already used to indicate 
functional groups such as epoxy (ep). 

I.A. HANSEN 
Department of Biochemistry 
University of Western Australia 
Nedlands 
Western Australia 6009 

]Received June 17, 1971] 

ERRA TUM 

In the short communication "Pristane and 
Other Hydrocarbons in Some Freshwater and 
Marine Fish Oils" by R.G. Ackman, Lipids 
6:520 (1971), the oil cited as being from the 
livers of Pacific (gray) cod Gadus macroce- 
phalus has been identified as liver oil from the 
Pacific dogfish listed by some authorities as 
Squalus suckleyi (Girard), which was formerly 
sometimes called the "grayfish" as indicated in 
Table I of the communication. This elasmo- 
branch species is now usually considered to be 
identical with the Atlantic species Squalus 
acanthias Linnaeus, for which a virtually identi- 
cal level of 0.0157% pristane in the liver oil has 
been recorded [L.L. Gershbein and E.J. Singh, 
JAOCS 46:554 (1969)]. 
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gest that a simple modified procedure of 
Prostenik's be employed for developing easily 
understandable trivial names. In this procedure 
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sphingosine will retain the classical definitions. 
When necessary the carbon chain length of 
sphingosine, etc., and homologs would be indi- 
cated by simply writing the carbon number 
with a hyphen preceding the name, e.g., 
20-sphingosine. The configuration would be 
presumed to be D-erythro-unless indicated 
otherwise, i.e., D-threo, etc. If it were necessary 
to indicate the position of a double bond 
different from the 4 double bond in sphingo- 
sine, one would employ the short hand repre- 
sentation suggested for fatty acids (Kishimoto 
and Radin, J. Lipid Res. 5:94, 1964), e.g., 18:1 
(8 trans)-dihydrosptfingosine. Other illustra- 
tions of trivial, short hand nomenclature exist 
(Burton, R.M., in "Lipids and Lipidoses," 
Edited by G. Schettler, Springer-Verlag, New 
York, 1967). There are certainly deficiencies in 
Prostenik's system; for example how would one 
identify the acetylenic analog of sphingosine? 
However as a short hand, trivial system Proste- 
nik's is an easy to use, easy to write, easy to 
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and analogs the meaning is immediately appar- 
ent. One can always use the formal systematic 
organic chemical nomenclature whenever pre- 
cise identification is required. 
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branches, use of the complete systematic name 
is cumbersome and can become extremely 
tedious (Odham, Ark. Kemi 27:263, 1967; 
Edkins and Hansen, Comp. Biochem. Physiol, 
in press, 1971). Even in the case of an acid with 
a single methyl branch, the notation generally 
used (Farquhar et al., Nutr. Rev., Suppl. 17:1, 
1959) does not reflect the Geneva nomen- 
clature, as the first numeral indicates the total 
number of carbons rather than the chain length, 
e.g., 19:0 br represents methyloctadecanoic 
acid. 

If a symbol were used to indicate the length 
of the branch chain (Me = methyl, Et = ethyl, 
etc.), a system of notation very similar to that 
for unsaturated acids could emerge, with nu- 
merals to indicate the branch points on the 
main chain. The following examples will clarify 
the use of this system: Me 18:0 would represent 
methyloctadecanoic acid where the branch 
point is unspecified; 2-Me18:0, 2-methylocta- 
decanoic; 2-Me-9-18:1, 2-methyl-9-octadece- 

noic; 2,4,6-Me38:0, 2,4,6-trimethyloctanoic; 
2,4-Me2-6-Et8:0 , 2,4-dimethyl-6-ethyloctanoic; 
and, where the steric configurations are known, 
2L, 4D, 6D - Me38:0 (Odham, Ark. Kemi. 
27:251, 1967). The structures of these com- 
pounds can be seen immediately, as each 
abbreviation is also "a direct transliteration 
from the Geneva nomenclature" (Holman, loc. 
cit.). The use of subscripts is essential where the 
positions of substituents are unspecified and 
even where they seem redundant their insertion 
makes translation easier. Lower case prefixes, 
such as me instead of Me, would be easily 
confused with prefixes already used to indicate 
functional groups such as epoxy (ep). 

I.A. HANSEN 
Department of Biochemistry 
University of Western Australia 
Nedlands 
Western Australia 6009 

]Received June 17, 1971] 

ERRA TUM 

In the short communication "Pristane and 
Other Hydrocarbons in Some Freshwater and 
Marine Fish Oils" by R.G. Ackman, Lipids 
6:520 (1971), the oil cited as being from the 
livers of Pacific (gray) cod Gadus macroce- 
phalus has been identified as liver oil from the 
Pacific dogfish listed by some authorities as 
Squalus suckleyi (Girard), which was formerly 
sometimes called the "grayfish" as indicated in 
Table I of the communication. This elasmo- 
branch species is now usually considered to be 
identical with the Atlantic species Squalus 
acanthias Linnaeus, for which a virtually identi- 
cal level of 0.0157% pristane in the liver oil has 
been recorded [L.L. Gershbein and E.J. Singh, 
JAOCS 46:554 (1969)]. 
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ERRA TUM 

The following figures were omitted from 
"The Infrared Spectra and Polymorphism of 
Long Chain Esters: IV. Some Esters From 
Tetradecanol, Hexadecanol, Octadecanol, Eico- 
sanol, Docosanol and Dodecanoic, Tetradeca- 
noic, Hexadecanoic, Octadecanoic and Eico- 
sanoic Acid," by Aleby et al., which was 
published in June Lipids. 
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FIG. 3. IR spectra of dodecanoic acid esters, a, 
Tetradecyl dodecanoate; b, hexadecyl dodecanoate. 
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FIG. 4. IR spectra of  telxadecanoic acid esters, a, 
Tetradecyl tetradecanoate; b, hexadecyl tettadecano- 
ate; c, octadeeyl tetradeeanoate; d, eicosyl tetra- 
decanoate. 
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FIG. 5. IR spectra of hexadecanoic acid esters, a, 
Tetradecyl hexadecanoate; b, hexadecyl hexadeca- 
noate; c, octadecyl hexadecanoate; d, eicosyl hexa- 
decanoate. 
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FIG. 6. IR spectra of octadecanoic acid esters, a, 
T e t r a d e c y l  octadecanoate; b, hexadecyl octa- 
deeanoate; c, octadecyl octadecanoate; d, eicosyl 
octadecanoate; e, docosyl octadecanoate. 
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FIG. 7. IR spectra of eicosanoic acid esters, a, 
Tetradecyl eicosanoate; b, hexadecyl eicosanoate; c, 
octadecyl eicosanoate; d, eicosyl eicosanoate. 
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FIG. 8. IR spectra of hexadecyl esters, a, Hexa- 
decyl dodecanoate; b, hexadecyl tetradecanoate; c, 
hexadecyl hexadecanoate; d, hexadecyl octadeca- 
noate; e, hexadecyl eicosanoate. 
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On the Phospholipids of Culex pipiens fatigans 
D. SUBRAHMANYAM,  L.B. MOTURU and R. H A N U M A N T H A  RAO, 1 
Department of Biochemistry, Postgraduate Institute of Medical Education 
and Research, Chandigarh, India 

ABSTRACT 

The lipids of different developmental 
stages of Culex pipiens fatigans, vector of 
bancroftian filariasis, have been investi- 
gated. The phospholipid composition of 
the developmental stages and of the 
subcellular fractions of fourth instar lar- 
vae of the insects were analyzed. The 
composition of fatty acids and their 
positional distribution have also been 
examined in the major phospholipids of 
the larvae. The insect eggs contained 
higher amounts of lipids than larvae 
suggesting that they were utilized during 
embryogenesis. Phosphatidyl ethanol- 
amine (PE) and phosphatidyl choline 
(PC) comprised over 75% of the insect 
phospholipids. Of these, PE was present 
in the greatest amounts during all stages 
of growth and in the subcellular fractions 
of larvae. An ethanolamine containing 
sphingolipid was found as a component 
of the phospholipids of the insects. 
About 50% of the lipids of the larvae 
were localized in the cell debris and 
nuclei fraction which also contained most 
of the lysolipids of the insects. As in 
other Diptera 16:0, 16:1 and 18:1 were 
the major fatty acids present in the insect 
lipids of which the fatty acid found in 
greatest amounts was 16 : 1. Similar to the 
phospholipids of animal species, saturated 
fatty acids were predominantly linked to 
the 1 position of the major phospholipids 
of the insects while the unsaturated fatty 
acids were in higher amounts at the 2 
position. 

Ipresent address: Department of Biochemistry, 
University of Western Ontario, London, Ontario, 
Canada. 

INTRODUCTION 

Lipids are known to be of great importance 
in the metabolism of insects (1). They were 
reported to be the main source of energy in 
several insects for embryogenesis (2). Some 
insects derive their source of energy from lipids 
during flight (3,4). Buxton (5) observed con- 
siderable reduction in fat reserves of  hiber- 
nating C. pipiens suggesting their utilization 
during hibernation. As part of  our detailed 
study of the lipid metabolism of mosquitoes in 
relation to public health, the nature of lipids is 
under investigation in C. pipiens fatigans, vector 
of bancroftian filariasis. In view of the presence 
of phospholipases observed earlier (6,7) in 
different developmental stages of the insects, 
composition of the phospholipids at these 
stages and their subcellular distribution in 
fourth instar larvae have been examined and the 
results are here reported. 

MATERIALS AND METHODS 

Egg lecithin, l-acyl glyceryl phosphoryl cho- 
line, 1-acyl glyceryi phosphoryt ethanolamine, 
phosphatidic acid (PA), sphingomyelin and 
sphingosine were purchased from Biochemicals 
Unit, Council of Scientific and Industrial Re- 
search, Delhi. Phosphatidyl ethanolamine (PE) 
was isolated from egg lipids by chromatography 
on columns of silicic acid by stepwise elution 
with increasing concentrations of methanol in 
chloroform (7). A chloroform-methanol (17:3) 
fraction containing PE was collected. Phospha- 
tidyl serine (PS) was isolated from rat brain 
lipids and was purified by thin layer chromatog- 
raphy. Cardiolipin (C) was isolated from Myco- 
bacterium 607 as described in an earlier publi- 
cation (8). All developmental stages of the 
insects were obtained from large numbers of 
egg rafts of Culex and reared in yeast medium 

TABLE I 

Lipids of Developmental Stages of Culex pipiens fatigans 

Developmental stage 

Lipids, mg/g wet wt. 

Total Phospholipid Neutral lipid 

Egg rafts 105 17.7 87.3 
Larvae, fourth instar 34.3 8.6 25.7 
Pupae 58.2 8.0 50.2 
Adults 78.7 7.9 70.8 
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TABLE II 

Phospholipid Composition of Developmental Stages of Culex pipiens fatigans 

Per cent total phospholipids 
Developmental 

stage PA a C PE PC SPL LPE PI LPC PS 

Egg rafts 3 4 3"7 34 -- 7 5 3 6 
Larvae -- 2 59 19 4 5 4 3 5 
Pupae --  3 50 21 4 7 4 4 5 
Adults --  -- 57 20 5 6 2 3 5 

aAbbreviations: PA, phosphatidic acid; C, cardiolipin; PE, phosphatidyl ethanolamine; PC, phos- 
phatidyl choline; SPL, sphingolipid; LPE, lysophosphatidyl ethanolamine; PI, phosphatidyl inositol; 
LPC, lysophosphatidyl choline; PS, phosphatidyl serine. 

at  25-27 C. The  resul t ing  f o u r t h  ins ta r  larvae, 
pupae  and adul ts  of  b o t h  sexes col lected wi th in  
a few hours  a f te r  emergence  were used for  
ex t r ac t i on  of  lipids. Cobra  v e n o m  (Naja na/a) 
was purchased  f rom Haf fk ine  Ins t i tu te ,  Bom-  
bay.  

Egg rafts  l i f ted by a b r u s h  were placed on 
fi l ter  papers,  gent ly  b lo t t ed  to  remove  mois tu re  
and weighed. Larvae and pupae  were washed 
wi th  cold distil led water ,  b l o t t ed  br ief ly  and  
quick ly  weighed. Adul t s  were col lec ted  in a 
cold tes t  tube ,  killed by f reezing and  weighed.  
The insect  mater ia l  was t ransfer red  to a Po t te r -  
Elve jhem glass tube  and  h o m o g e n i z e d  w i th  20 
vo lumes  of  c h l o r o f o r m - m e t h a n o l  (2 :1 ) .  The 
h o m o g e n a t e  was t aken  in a conical  flask wi th  
an add i t iona l  vo lume of  c h l o r o f o r m - m e t h a n o l  
and f i l tered.  The resul t ing  lipid ex t rac t  was 
purif ied by  the  m e t h o d  of  Fo lch  et  al. (9) and  
evapora ted  on  a ro ta ry  evapora to r  u n d e r  vacu- 
um in a wate r  ba th  m a i n t a i n e d  be low 50 C. The 
residue was dissolved in ca. 10 ml ch lo ro fo rm-  
m e t h a n o l  (2 :1 )  con ta in ing  4% water  and 
evapora ted  to dryness.  This p rocedure  was 
r epea ted  to remove any  p ro te in  c o n t a m i n a n t .  
The residue was f inal ly t aken  in sui table  frac- 
t ions  of  c h l o r o f o r m  and  preserved at -20 C in 
n i t rogen  a t m o s p h e r e  un t i l  used.  

Subcel lu lar  f rac t ions  were prepared  by  cen- 

TABLE III 

Lipids of Subcellular Fractions of 
Fourth Instar Larvae, Culex pipiens fiatigans 

Per cent larval lipid 

Neutral 
Subcellular fraction lipid Phospholipid 

Ceil debris and nuclei, 
1000 g, 10 rain 49 53 

Mitochondria, 
13,000 g, 20 min 18 29 
Microsomes, 
105,000 g, 60 min 27 14 
Supernatant 6 3 

tr if iagation of  a t 0% f o u r t h  ins t a r  larval h o m o g -  
enate  in 0.25 M sucrose in VAC-60  prepara t ive  
u l t racen t r i fuge  at  2 C at 1000 g, 13 ,000 g and  
105 ,000  g for  separa t ion  of  nuclei ,  mi to-  
chondr ia ,  mic rosomes  and  s u p e r n a t a n t  respec- 
t ively.  Pur i ty  of  the  f rac t ions  was checked  by  
specific e n z y m e  assays (10 ,11) .  Using the  
marke r  enzymes  L-glu tamate :  NAD oxido-  
reductase  (E.C.1 .4 .1 .2)  for  m i t o c h o n d r i a  and  
D-glucose 6 -phospha te  p h o s p h o h y d r o l a s e  (E.C. 
3 .1 .3 .9)  for  microsomes ,  cross c o n t a m i n a t i o n  
be tween  the  f rac t ions  was f o u n d  to  be ca. 10%. 
Lipids were isola ted f rom nucle i ,  m i t o c h o n d r i a  
and  mic rosomes  by  the  above  p rocedure  for  the  
whole insects.  Lipids of  s u p e r n a t a n t  were ex- 
t rac ted  by the  m e t h o d  of  Bligh and  Dyer  (12) .  

Tota l  l ipids were d e t e r m i n e d  by  gravimetry .  
Phosphol ip ids  were q u a n t i t a t e d  by  mul t ip ly ing  
the  p h o s p h o r u s  value e s t ima ted  by  the  Bar t le t t  
p rocedure  (13)  wi th  25. Neutra l  lipid c o n t e n t  
was calculated by di f ference.  

One and two d imens iona l  t h in  layer ch roma-  
t og raphy  (TLC) on  glass plates coa ted  w i th  
Silica Gel G (E. Merck) was e m p l o y e d  ex ten-  
sively for  iden t i f i ca t ion ,  q u a n t i t a t i o n  and  isola- 
t ion  of  the  lipids. Neut ra l  lipids were separa ted  
on  TLC using p e t r o l e u m  e the r  (40-60  C)-ether-  
acet ic  acid (90 :10 :1  and 3 0 : 7 0 : 1  respect ively)  
as developing solvents.  Neut ra l  l ipids were 
loca ted  on plates by  using au then t i c  markers  
wi th  d ich lorof luoresce in  spray  and  iodine  expo-  
sure. Phosphol ip ids  were separa ted  on  two  
d imens iona l  TLC using c h l o r o f o r m - m e t h a n o l -  
a m m o n i a  (25%) ( 6 5 : 2 5 : 4  and  3 5 : 6 0 : 5 )  as 
developing solvents.  Phosphol ip ids  were ident i -  
fied on  TLC plates by  cover ing the  silica gel 
plate  ( excep t ing  the  marke r  lane)  wi th  glass and  
spraying the exposed  area wi th  1% iodine  in 
ch lo ro fo rm,  n i n h y d r i n  and  m o l y b d e n u m  (14)  
reagents.  Phosphorus  in the  co r r e spond ing  un-  
sprayed  por t ions  was es t imated  by  scraping the  
gel f rom the plates and direct  digest ion wi th  
perchlor ic  acid. The phospho l ip ids  were fu r t he r  
iden t i f i ed  by c o c h r o m a t o g r a p h y  on  TLC plates 
wi th  au then t i c  markers .  Large a m o u n t s  of  

LIPIDS, VOL. 6, NO. 12 



P H O S P H O L I P I D S  O F  CULEX 

T A B L E  IV 

P h o s p h o l i p i d  C o m p o s i t i o n  o f  
S u b c e l l u l a r  f r a c t i o n s  o f  F o u r t h  

In s t a r  Larvae ,  Culex pipiens fatigans 
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P h o s p h o l i p i d s  

Per  cen t  p h o s p h o l i p i d s  

Cell debr i s  
a n d  nuc le i  M i t o c h o n d r i a  M i c r o s o m e s  

Ca rd io l i p in  5 3 --- 
P h o s p h a t i d y l  

e t h a n o l a m i n e  52 56  61 
P h o s p h a t i d y l  

cho l ine  17 24  2 0  
S p h i n g o l i p i d  4 3 3 
L y s o p h o s p h a t i d y l  

e t h a n o l a m i n e  10 4 4 
L y s o p h o s p h a t i d y l  

cho l ine  4 . . . . .  
P h o s p h a t i d y l  inos i to l  4 4 6 
P h o s p h a t i d y l  ser ine 3 6 5 

phospholipids were isolated by preparative TLC 
with chloroform-methanol-ammonia as devel- 
oping solvent. Identification was further con- 
firmed when considered necessary by detailed 
analysis of the isolated lipids. Analytical meth- 
ods for mild alkaline hydrolysis of the lipids 
and estimation of glycerol, fatty acid and 
phosphorus on the lipid samples were as 
described previously (8). Amino nitrogen and 
nitrogen were determined by the methods of 
Lea and Rhodes (15) and Lang (16) respec- 
tively. The presence of phosphonolipids was 
investigated by subjecting the total phospho- 
lipids, PE, PC and sphingolipids to strong 
hydrolysis with 5 N HC1 for 42 hr at 120 C in a 
sealed tube under which conditions the C-P 
bond is stable (17). 

Fatty acids of the principal phospholipid 
classes were isolated and methylated with 0.8 N 
anhydrous methanolic HC1 according to the 
method of Gray (18). For positional distribu- 
tion of fatty acids in the major phospholipids 
of the insects, the experimental procedure for 
incubation of the purified lipids with Culex and 
snake venom enzymes, isolation and methyla- 
tion of fatty acids was as described elsewhere 
(19). The fatty acid methyl esters were sub- 
jected to gas liquid chromatography on a 
Packard gas chromatograph with argon ioniza- 
tion detector using a 6 ft column packed with 
EGSS-X on chromosorb W, 60/80 mesh at 
190 C with a gas flow rate of 60 ml/min. Fatty 
acid methyl esters from Applied Science Labo- 
ratories, State College, Pa. were used as stan- 
dards in addition to the relative retention times 
for identification of the peaks. Unsaturation in 
the fatty acid esters was further confirmed by 
bromination of the methyl esters and subse- 

quent gas chromatography. Area within the 
peak was measured by triangulation. 

Plasmalogens were determined following the 
method of Williams et al. (20). Acid and alkali 
stable lipids were isolated after the hydrolytic 
procedure of Preis et al. (21). Sphingosine was 
liberated from sphingolipids (SPL) by hydroly- 
sis for 18 hr at 70 C in aqueous methanolic HC1 
after the method of Gaver and Sweeley (22) 
and estimated according to the method of 
gauter and Trams (23). 

RESULTS 

The lipid composition of different develop- 
mental stages of the insects is shown in Table I. 
Egg rafts were found to contain greatest 
amounts of lipids. There was a decrease in both 
neutral lipids and phospholipids in fourth instar 
larvae compared with those of eggs. Lipid 
content increased in pupae and adults, mainly 
due to increase in neutral lipid fraction. 

Qualitative examination of the nature of 
neutral lipids of the fourth instar larvae by TLC 
revealed that the major lipid of the insects was 
triglyceride. Diglyceride was present in signifi- 
cant amounts while monoglyceride, cholesterol, 
cholesterol ester and free fatty acids formed 
minor components of the insect lipids. 

The phospholipid composition of different 
developmental stages is given in Table II. The 
major phospholipids of the insects were phos- 
phatidyl ethanolamine (PE) and phosphatidyl 
choline (PC) at all stages as revealed by Dawson 
hydrolysis and other analytical methods de- 
tailed above. In egg rafts these two lipids were 
in about equal proportions while in other stages 
PE was present in highest amounts. No plasma- 
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T A B L E  V 

F a t t y  A c i d  C o m p o s i t i o n  o f  P h o s p h o l i p i d s  o f  F o u r t h  l n s t a r  L a r v a e ,  Culex pipiensfatigans 

F a t t y  T o t a l  
a c i d  p h o s p h o l i p i d  PE a PE  1 PE  2 PC PC 1 PC 2 

1 4 : 0  1 1 l .S  --- 1.5 4 . 4  1 
14:  I 4 . 0  3 . 0  - -  8.1 8 .0  2 .2  8 . 8  
1 6 : 0  18 .4  2 6 . 5  4 8 . 0  5 .4  17 .0  2 8 . 5  6 .0  
1 6 : 1  3 9 . 4  3 4 . 4  3 1 . 5  4 1 . 0  4 4 . 0  4 8 . 0  4 5 . 8  
1 8 : 0  1.0 1.0 1.'7 . . . . . .  1.0 --- 
18 :1  3 1 . 6  3 2 . 0  16 .5  37.1 2 3 . 0  1 5 . 0  3 1 . 6  
1 8 : 2  4.'7 2 .8  1.2 8 .0  6 . 0  1 .0  8 . 0  

a A b b r e v i a t i o n s :  see  T a b l e  1I. 

logens or phosphonolipids could be detected in 
the major lipids. Among the minor lipids were 
phosphatidic acid, cardiolipin, lysophosphatidyl 
ethanolamine, phosphatidyl inositol, lysophos- 
phatidyl choline, phosphatidyl serine and 
sphingolipid (SPL). The SPL moved along with 
the lower portion of the PC spot on TLC with 
chloroform-methanol-water (65:25:4) but sepa- 
rated from PC when chloroform-methanol- 
ammonia (65:25:4) was used as the developing 
solvent. The SPL was mild alkali and acid stable 
(21 ) and was ninhydrin positive. On sealed tube 
hydrolysis of the lipid with 5 N HC1 at 120 C 
for 42 hr and subsequent chromatography of 
the aqueous portion, ethanolamine was found 
as the sole amine-containing compound. Phos- 
phorus was released as inorganic phosphate 
under these conditions suggesting the absence 
of phosphonolipids (17). The lipid was sub- 
jected to hydrolysis with aqueous methanolic 
HC1 (22) and extracted with chloroform. The 
extract, on TLC in chloroform-methanol-water 
(50:21:3), was found to contain sphingosine 
which cochromatographed with authentic 
sphingosine. This was later estimated (23) and 
the sphingosine-P molar ratio in the lipid was 
found to be 0.9. The phospholipid was there- 
fore identified as ethanolamine-containing 
sphingolipid. 

The subcellular distribution of the lipids in 
fourth instar larvae is presented in Table III.  
Highest amounts of lipids were found in cell 
debris and nuclei fraction and the supernatant 
had only minor amounts. The phospholipid 
content of mitochondrial fraction was much 
higher than that of microsomes while the 
neutral lipid was higher in microsomes. 

The phospholipid composition of the sub- 
cellular fractions of larvae is given in Table IV. 
The major lipids of the fractions were again PE 
and PC. Lysolipids, in particular lysophospha- 
tidyl ethanolamine (LPE), were present in 
higher amounts in cell debris and nuclei com- 
pared with other fractions. Cardiolipin was 

present only in cell debris and mitochondria 
and could not be detected in microsomes. 

The fatty acid composition of the phospho- 
lipids and their positional distribution in PE 
and PC are shown in Table V. The major fatty 
acids of the total phospholipids of the insects 
were palmitic (16:0), palmitoleic (16:1) and 
oleic acids ( 18 : 1 ) of which 16:1 was present in 
highest amounts. Among the minor fatty acids 
were myristic (14:0), myristoleic ( 14:1 ), stearic 
(18:0) and linoleic acids (18:2). Similar distri- 
bution of fatty acids was seen in the major 
phospholipids PE and PC with the unsaturated 
fatty acids 16:1 and 18:1 generally in higher 
amounts at the 2 position, although consider- 
able amounts of these were also present in 1 
position. The saturated fatty acid palmitic acid 
(16:0) was predominantly located in the 1 
position of the phospholipids. Among the 
minor fatty acids 14:1 and 18:2 were in higher 
amounts at the 2 position. 

Table V1 presents fatty acids of the major 
phospholipids of subcellular components. In all 
subcellular fractions the major fatty acids were 
again 16:0, 16:1 and 18:1. Cell debris PE 
resembled mitochondrial PE in fatty acid com- 
position but microsomal PE differed to some 
extent from that of the other fractions as well 
as total PE (Table V) by having higher 16:0 and 
lower 16:l and 18:1. The cell debris LPE had 
higher 18:1 and lower 16:0 and 16:1 compared 
with PE. This composition differed from that 
of PE 2 which suggested that cell debris LPE 
did not arise on hydrolysis of PE at 1 position 
by the insect phospholipase A (19). No major 
differences were seen in PC fatty acids of the 
different subcellular fractions. However, less 
16:1 and more 18:1 were found in the PC of 
subcellular fractions compared with that of 
total PC. 

DI SC USSI ON 

The data presented in this investigation 
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T A B L E  VI 
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Fa t t y  
acid 

Cell debris  and nuclei  Mi tochondr ia  Microsomes  

PE a LPE PC PE PC PE PC 

14:0 
14:1 
16:0 
16:1 
18:0 
18:1 
18:2 

1.0 
4 .4  

23.3 
34.2 

1.0 
32.7 

4.0 

< 1  < 1  < 1  < 1  
< 1 2.9 1.2 3.2 

15.1 20.1 26.0 21.2 
25.7 29.0 27.5 33.2 

1.7 3.0 3.0 2.6 
46 .3  32.0 37.2 29 .7  
10.2 11.2 5.6 9.2 

1.7 1 .0  
6.3 1.5 

40 .4  25 .0  
22 .4  29.3 

2.2 2.5 
23 .6  30.7 

3.1 9.7 

aAbbrev ia t ions :  see Table  II. 

(Table I) suggest that in C. pipiens fatigans 
neutral lipids and phospholipids were utilized 
during development of the eggs. The higher 
amounts of neutral lipids in pupae and adults 
could be due to increased synthesis of these 
lipids. Lang (24) has observed loss of lipids 
during pupal stage in C pipiens fatigans and C. 
pipiens molestus. Fast and Brown (25) reported 
a 20% loss of phospholipids when larvae were 
subjected to starvation by exposure to distilled 
water for 24 hr. In the present study the 
phospholipids do not seem to alter significantly 
either in pupae or adults when compared with 
larvae. Study of turnover of phospholipids with 
labeled precursors would throw more light on 
the dynamic aspects of metabolism of lipids in 
the insects. 

Among the phospholipids, PE was present in 
highest amounts in C. pipiens fatigans which is 
generally considered characteristic in Diptera 
(26,27). PE and PC comprise over 75% of the 
total phospholipid of the species. Fast and 
Brown (25) reported the presence of sphingo- 
myelin in Aedes aegypti. No sphingomyelin 
could be detected in C pipiens fatigans, ttow- 
ever, an ethanolamine-containing SPL has been 
identified among the lipids which appears to be 
similar in structure to one recently reported in 
several insects (17,27,28). Another significant 
observation is the presence of higher amounts 
of lysolipids particularly LPE in Culex. These 
lipids were not found in significant amounts 
when the insects were processed at room 
temperature, probably because of high activity 
of phospholipase B (6) which degrades the 
lysolipids. Therefore, care was exercised in 
processing the insect material especially the 
homogenates during preparation of subcellular 
fractions under cold conditions. 

Nearly 50% of the lipids of larvae were 
found to be distributed in cell debris and nuclei 
fraction. This together with observation of 
higher amounts of lysolipids in this fraction 

warrants further study of the function of these 
lipids. Whether lysolipids have any role in lysis 
of  membranes of the old cuticle during larval 
molting (29) deserves investigation. 

Data on phospholipid composition of sub- 
cellular fractions of insects are scanty. The few 
studies suggest that the distribution pattern in 
Diptera (30,31) differs from that of other 
insect species (32,33). Distribution of different 
phospholipids among subcellular fractions in 
larvae of Culex differed from that reported for 
adult housefly. In housefly (30) PE was present 
in lower amounts and LPE in higher levels in 
microsomes compared with the other fractions. 
Crone (34) and Khan and Hodgson (30) re- 
ported that mitochondria of adult housefly 
Musca dornestica has small amounts of cardio- 
lipin. However, recently Chan (31) observed 
that cardiolipin comprises ca. 25% of total 
phospholipids of housefly mitochondria. In 
the present investigation mitochondria prepared 
from fourth instar larvae both by the procedure 
described under "Materials and Methods" and 
that of Chan (31) contained low amounts of 
cardiolipin. 

As reported by Fast and Brown (25) in 
Aedes, 16:1 was the major fatty acid in the 
phospholipids of Culex. This was also the fatty 
acid present in highest amounts in the major 
phospholipids PE and PC. In general fatty acid 
distribution in the major lipids corresponded to 
that in animal species in that saturated fatty 
acids were predominantly attached to the 1 
position and unsaturated ones were in higher 
amounts at the 2 position. 
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Effect of ATP on the Microsomal 
Desaturation of Unsaturated Fatty Acids 

RODOLFO R. BRENNER and ANGEL CATALA, 1 
Catedra de Bioquimica, Facultad de Ciencias Medicas, 
Calle 60 y 120, La Plata, Argentina 

ABSTRACT 

The effect of ATP on the microsomal 
desaturation of linoleic acid to 7-1inolenic 
acid was studied in a system in vitro with 
the following results: (1) preincubation 
of rat liver microsomes with ATP alone in 
N 2 or in the presence of CoA and Mg ++ 
followed by subsequent incubation with 
1-1aC-linoleic acid plus NADH in 0 2 
resulted in enhancement of 1A 4C_linoleic 
acid desaturation when compared with 
control samples in which no preincuba- 
tion was performed; (2) the preincuba- 
tion of the microsomes with ATP, Mg ++ 
and CoA in the presence of 1-14C_linoleic 
acid decreased the desaturation of the 
labeled acid to 3'-linolenic acid upon 
subsequent incubation with NADH, as a 
consequence of incorporation of the acid 
into the microsomal lipids; (3) the in- 
crease of linoleic acid desaturation 
depended on the ATP concentration 
during preincubation and followed a 
sigmoidal curve. It was specific for ATP, 
and neither GTP, CTP, ADP nor AMP 
produced a similar effect. However, GTP 
or CTP could replace ATP as a cofactor in 
the microsomal desaturation of free lino- 
leic acid to 7-1inolenic, suggesting that 
directly or indirectly they may activate 
conversion of the free acid to linoleyl- 
CoA; (4) preincubation of microsomes 
with ATP activated the acylation of CoA. 
However, this activation showed no quan- 
titative correlation with enhancement of 
the desaturation reaction; (5) addition of 
ATP also stimulated conversion of 
linoleyl-CoA to 7-linolenic acid. This 
enhancement was not related to inhibi- 
tion of the linoleyl-CoA hydrolase; (6) 
however, in spite of these results, preincu- 
bation with ATP did not increase the 
initial velocity of linoleic acid or linoleyl- 
CoA desaturation; (7) preincubation of 
microsomes with ATP also increased the 
6-desaturation of oleic acid and a-  

1The authors are members of the Carrera del 
Investigador Cientifico of the Consejo Nacional de 
Investigaciones Cientificas y Tecnicas. 

linolenic acid but did not increase the 
9-desaturation of palmitic and stearic 
acid. 

INTRODUCTION 

The oxidative desaturation of saturated and 
unsaturated fatty acids to synthesize new fatty 
acids has recently been extensively studied. It is 
produced by microsomal enzymes in the pres- 
ence of NADH, NADPH and oxygen, prior 
conversion of the fatty acid into acyl-CoA. In 
other reports (1,2) we outlined a general 
scheme of some regulatory mechanisms that 
may be contributing to the control of this 
reaction. In outlining this scheme it was spe- 
cially stressed that the desaturation activity was 
studied in a microsomal system in which the 
contribution of other collateral reactions to the 
desaturation reaction is very important. Such 
influencing reactions might be: prior activation 
of the substrate to the CoA thioester, the 
competitive desaturation reactions of other 
fatty acids, incorporation of the substrate and 
product into microsomal lipids, the microsomal 
electron transport (3) and all reactions that 
alter the levels of key metabolites and cofactors 
such as NADH or NADPH, CoA and ATP. 
However, it must be remarked that while some 
of these factors may be relevant to a study in 
vitro, they may be of negligible importance 
when considered in the context of the whole 
animal. In this paper we have investigated the 
effect of ATP on the desaturation of linoleic 
acid to 3,-linolenic acid and the possible role 
played by other collateral reactions. 

MATERIALS AND METHODS 

Labeled acids were purchased from Radio- 
chemical Centre, Amersham, England. 1-14C- 
linoleic acid (52.9 mC/mmole) was 98% radio- 
chemically pure and contained 2% eis-trans 
unsaturated acid. 1A4C-oleic acid (36.9 
mC/mmole) was 95% radiochemically pure and 
contained 5.3% elaidic acid. 1-14C-a-linolenic 
acid (41.5 mC/mmole) was 98% radiochemi- 
cally pure and contained 2% cis-trans isomer. 
1-14C-stearic acid (15.0 mC/mmole)  was 99% 
radiochemically pure. 1-t 4 C palmitic acid (29.6 
mC/mmole) was 98% radiochemically pure. 
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FIG. 1. Effect of incubation time on hydroxamate 

formation. Incubation of 3 mg of. microsomal protein 
and 2 ~zmoles of ammonium linoleate at 37 C in N 2. 
ATP, CoA, MgC12, NaF, cysteine and hydroxylamine 
were included at concentrations indicated in the 
methods section. 

ATP (d i sod ium salt, 99% pure)  and  ADP (97% 
pure) were purchased  f rom Sigma Chemicals  
Co., U.S.A.;  whereas  CTP, GTP, AMP, NADH 
and o the r  cofac to rs  were p roduc t s  of  Fluka 
A.G., Buchs,  Switzer land.  1-14C-linoleyl-CoA 
was prepared  by the  p rocedure  of  Kornberg  and  
Pricer (4)  and the  pur i ty  checked  by  paper  
c h r o m a t o g r a p h y  (5). 

T h r o u g h o u t  the  e x p e r i m e n t s  fresh livers 
were used f rom male ra ts  f rom the  Ins t i tu t e  
strain weighing ca. 160 g and  m a i n t a i n e d  on  a 
comple t e  diet.  The livers were i m m ed i a t e l y  
h o m o g e n i z e d  in the  cold wi th  a so lu t ion  of 
0 . 1 5 M  KC1, 1.5 mM g lu ta th ione ,  62 mM 
phospha t e  buf fe r  (pH 7) and  0.25 M sucrose.  

The  mic rosomal  f r ac t ion  ( I 0 , 0 0 0 - 1 0 0 , 0 0 0  
x g p rec ip i ta te )  of  the  livers was separa ted  by 
the  conven t iona l  d i f ferent ia l  cen t r i fuga t ion  
m e t h o d  t ha t  has been  previously  descr ibed (6). 

Preincubation of Microsomes and Measurement 
of Linoleic Acid Desaturation 

The effec t  of  ATP and o the r  nuc l eo t ide s  on  
the  mic rosomal  desa tu ra t ion  of  labeled  linoleic 
acid to "7-1inolenic acid was inves t iga ted  by 
p r e i n c u b a t i o n  of  the  mic rosomes  with the  
fac to r  to  be tes ted.  When n o t  specif ied,  the  
p r e i n c u b a t i o n  was p e r f o r m e d  at 35 C for  15 
min in N 2 wi th  5 mg mic rosoma l  p ro te in  
separa ted  in the  usual  way in the  absence  of  
MgC12. The p r e i n c u b a t i o n  so lu t ion ,  when  no t  
specified,  c o n t a i n e d  2.5 /~moles of  ATP, 4.5 
/ lmoles  of g lu t a th ione ,  125 / lmoles  of  NaF, 1 
/ lmole  of  n i c o t i n a m i d e  and  125 /.~moles of  
p h o s p h a t e  bu f f e r  (pH 7.0) in a to t a l  vo lume of  
3 ml of  a 0.15 M KC 1, 0.25 M sucrose  so lu t ion .  

T A B L E  I 

S t i m u l a t i o n  o f  L ino l ea t e  D e s a t u r a t i o n  
by  Pr ior  I n c u b a t i o n  o f  M i c r o s o m e s  With  A T P  a 

D e s a t u r a t i o n  
A d d i t i o n s  in p r e i n c u b a t i o n  % 

None  3.8 
A T P  (4 # m o l e s )  15 .0  
MgC12 (15 # m o l e s )  4 .0  
C o A  (0.2 # m o l e s )  3.1 
A T P  + MgCI  2 12.3  
ATP + M g C 1 2 +  C o A  15.3  
1-14C-l inole ic  ac id  (5 n m o l e s )  5.5 
1-14C-l inole ic  ac id  + A T P  + MgC12  3.5 
1-14C-l inole ic  ac id  + C o A  5.0 

W i t h o u t  p r e i n c u b a t i o n  9.5 
W i t h o u t  p r e i n c u b a t i o n  b 0 .0  

a M i c r o s o m e s  (5 mg)  were  p r e i n c u b a t e d  in phos-  
p h a t e  b u f f e r  ( p H  7 .0 )  fo r  15 min  a t  35 C in n i t r o g e n  
wi th  the c o r r e s p o n d i n g  c o f a c t o r s  as de sc r i bed .  A f t e r  
p r e i n c u b a t i o n  the  s o l u t i o n  was  chi l led .  N A D H  (2.5 
~zmotes); l - t 4 C - l i n o l e i c  ac id  (5 n m o l e s )  a n d  the  
c o m p l e m e n t a r y  c o f a c t o r s  ATP,  MgC12  a n d  C o A  w e r e  
a d d e d  w h e n  neces sa ry .  The s o l u t i o n  was  i n c u b a t e d  2Q 
min  at  35 C in o x y g e n .  Resul ts  are e x p r e s s e d  as per  
c e n t  c o n v e r s i o n  o f  l inole ic  ac id  t o  "y-linolenic acid .  

b l n c u b a t i o n  in the  a b s e n c e  o f  ATP a n d  M g C I 2 .  

To measure  the  desa tu ra t ion  of  l inoleic acid 
to 7-1inolenic acid or of  the  o t h e r  acids tes ted ,  
the  p r e i n c u b a t i o n  so lu t ion  was chi l led and  a 
s u p p l e m e n t a r y  a m o u n t  of  ATP, in o rder  to  
p roduce  a to ta l  of  2 . 5 / lmo le s ,  was i m m e d i a t e l y  
added when  necessary  a long wi th  1 5 / l m o l e s  of  
MgC12, 0.2 ~moles  of  CoA, 2.5 Ltmoles of  
NADH and 5 nmoles  of 1-14C-linoleic acid or 
of  the  o the r  labeled acids tes ted.  The  so lu t ion  
was gassed wi th  0 2  and  i n c u b a t e d  for  20 rain at  
35 C. The i n c u b a t i o n  was s t opped  by the  
add i t ion  of  2 ml of 10% m e t h a n o l i c  KOH. 
Af te r  a 40  rain sapon i f i ca t ion  at 85 C the  
so lu t ion  was acidif ied and  the  f a t t y  acids were 
ex t r ac t ed  and ester if ied wi th  3 N m e t h a n o l i c  
HC1 for  3 hr  at  68 C. The per  cent  convers ion  
of  l inoleic acid to 7-1inolenic acid was measured  
by gas-liquid r a d i o c h r o m a t o g r a p h y  in a Pye 
appara tus  wi th  a p ropo r t i ona l  c o u n t e r  as de- 
scr ibed previously (6).  

A similar con t ro l  i n c u b a t i o n  was pe r fo rmed  
wi th  the same cofac tors  at 35 C in 0 2  for  20 
min,  however  w i t h o u t  p r e incuba t i on ,  using t he  
same procedure  for  the  o t h e r  acids tes ted.  
When no t  specif ied,  the  desa tu ra t i on  of  1-14- 
l inoleyl-CoA was measured  by  i n c u b a t i o n  u n d e r  
cond i t i ons  similar to  those  used w i th  the  free 
acid, but  in the absence  of  ATP, MgC12 and 
CoA. All data  col lec ted  are the  means  of  at 
least  two expe r imen t s .  
Study of Linoleyl-CoA 
Synthesis by Hydroxamate Formation 

The mic rosomes  used for  the  inves t iga t ion  of  
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FIG. 2. Effect of ATP concentration in the 
preincubation mixture of linoleic acid desaturation to 
3,-linolenic acid. 5 mg of microsomal protein were 
preincubated under conditions described in the 
methods section at 35 C for 15 rain in N 2 with ATP 
included at the concentration indicated. The subse- 
quent incubation was at 35 C for 20 min in 02 after 
the addition of 15 umoles MgC12 0.2 #molcs CoA, 2.5 
gmoles NADH and 5 nmoles 1-14C-linoleic acid. A 
supplement of ATP was added to reach a final 
concentration of either 1.33raM { e - - e )  or 0.83 mM 
(x - -x). The results are the mean of duplicate samples 
and are expressed as per cent activation compared 
with the nonpreincubated control sample. 

l inoleyl-CoA synthes is  were separa ted  in the 
usual  way excep t  for  s ubs t i t u t i on  of  1 M 
Tris-HC1 buf fe r  (pH 7.4) for the  usual phos-  
pha te  buffer .  Linoleyl -CoA synthes is ,  when  no t  
specif ied,  was fo l lowed by t r app ing  t he  l inoleyl-  
CoA wi th  h y d r o x y l a m i n e  (7). 

In the  expe r imen t s  involving p r e i n c u b a t i o n ,  
the  reac t ion  mix tu re  con t a ined  50 p m o l e s  of 
Tris-HC1 buf fe r  (pH 7.4),  5 g m o l e s  of  NaF, 
22.5 / lmoles  of cyste ine ,  1 to  5 mg of  micro-  
somal  p ro te in  and  the  tes ted  co fac to r s  in a to ta l  
vo lume  of  0.7 ml. After  p r e i n c u b a t i o n  for  15 
min  in N 2 at 37 C, 200  / lmoles  of  hyd roxy l -  
amine  and s u p p l e m e n t a r y  a m o u n t s  of  ATP, 
MgC12 and  CoA were added  in order  to  
produce  a to ta l  of  10 / lmoles ,  4 / l m o l e s  and  0.5 
mg respectively.  The reac t ion  was in i t i a t ed  by  
the in jec t ion  of 2 #moles  a m m o n i u m  l inoleate .  
The mix tu re  was i n c u b a t e d  in N 2 in a to t a l  
vo lume of 1 ml f rom 10 to 60 min  as specified.  
In the  con t ro l s  all c o m p o n e n t s  of  t he  m i x t u r e  
were i ncuba t ed  for  the  specif ied t ime per iods  
w i t h o u t  p r e incuba t i on .  The  i n c u b a t i o n  was 
s topped  wi th  0.1 ml of  60% (W/V)  HC104 and  
1 ml of water.  Af te r  cen t r i fuga t ion  the  precipi-  
ta te  was ex t r ac t ed  w i th  2.5 ml of  96% e thanol .  
Af te r  add i t ion  of  0.3 ml of  10% (W/V)  FeC13 
in 0.1 N HC1 the  e x t i n c t i o n  at 540  n m  was 
read using a Zeiss s p e c t r o p h o t o m e t e r .  An ex- 

T A B L E  II  

Effect  of  Gas Phase and Time  
of  Pre incuba t ion  With ATP on the  

Desa tu ra t ion  of  Linoleic Acid a 

Pre incuba t ion  condi t ions  
Convers ion  

Time (min)  Gas Phase % ...... 

0 N 2 25.5 
2 N 2 29.1 
4 N 2 35.8 
6 N 2 37.0 

10 N 2 36.9 
15 N 2 37.2 
20 N 2 37.2 
15 Air 28.0 

a5 mg  mic rosomal  prote in  were  p r e incuba t ed  wi th  
2.5 g m o l e s  ATP, 15 gmoles  MgCI 2 and o t h e r  cofac- 
tots  descr ibed in the m e t h o d s  sect ion w i t h o u t  Co A 
and N A D H  at pH 7.0 and 35 C. The i ncuba t ion  was 
immed ia t e ly  p e r f o r m e d  a f te r  addi t ion  o f  N A D H ,  Co A 
and 5 nMoles of  1-14C-linoleic acid in a to ta l  vo lume  
of 3 ml for  20 .min  at 35 C in air. 

t i nc t ion  of 0.425 co r r e sponded  to 1 ~ m o l e  of  
h y d r o x a m a t e .  The effect  of t ime  of  i n c u b a t i o n  
on the  n u m b e r  of  / lmoles  of  h y d r o x a m a t e  
fo rmed  is s h o w n  in Fig. I. Within the  range of  
1-5 mg of mic rosomal  p ro te in ,  the  acy la t ion  of  
l inoleic acid was p ropo r t i ona l  to  the  quan t i t y  
of  mic rosomes  present .  

Study of LinoleyI-CoA Synthesis 
by Separation of 1 - 1 4 C - L i n o l e y I - C o A ,  

Four  mil l igrams mic rosoma l  p ro te in  were 
i n c u b a t e d  20 min at 30 C wi th  4 / lmoles  of 
ATP or the  o the r  specif ied nuc leo t ides ,  wi th  
the  fo l lowing add i t ions  i n / l m o l e s :  cys te ine ,  12: 
CoA, 0.4;  NaF,  20;  M g C l z ,  6; p h o s p h a t e  buf fe r  
(pH 7.5),  40 ;  and  a m m o n i u m - l - 1 4 C - l i n o l e a t e ,  
0.8 (3 .92 x 10 s cpm).  The  to ta l  v o l u m e  was 1.2 
ml. The reac t ion  was s topped  wi th  0.6 ml of  
0.3 N HC104,  and the  l inoleyl-CoA was separ- 
a ted by  the  m e t h o d  of  Creasey (8).  The 
mix tu re  was cen t r i fuged  and  the  prec ip i ta te  
ex t r ac t ed  th ree  t imes  wi th  0.1 N HC104,  three  
t imes  wi th  80% ag. t h a n o l  and  th ree  t imes  wi th  
e thano l - e the r  (1:1 V/V) .  The l inoleyl-CoA was 
ex t r ac t ed  th ree  t imes w i th  1 ml e thano l -wate r -  
i sop ropano l  (1 :1 :1  V / V / V )  and c o u n t e d  in a 
sc in t i l la t ion  counte r .  

L i n o l e y I - C o A  H y d r o l a s e  

The  mic rosomal  hydrolys is  of l inoleyl-CoA 
was inves t iga ted  by  incuba t ing  5 mg micro-  
somal  p ro te in  and 5 nmoles  l d 4 C - l i n o l e y l - C o A  
at 35 C for  5 min in air. The i n c u b a t i o n  
so lu t ion  con t a ined  the  same cofac tors  used for  
the m e a s u r e m e n t s  of  de sa tu ra t i on  e x c e p t  for  
MgC12, CoA and  NADH.  Increasing concen t ra -  
t ions  of  ATP were tes ted.  The free acid 
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T A B L E  III  

C o m p a r a t i v e  E f f ec t  o f  D i f f e r en t  N u c l e o t i d e s  a n d  
L -c~Glyee ropbospha t e  in the  D e s a t u r a t i o n  o f  

L ino le i c  Ac id  t o  3"-Linolenic A c i d  a 

A d d i t i o n s  in C o n v e r s i o n  

P r e i n c u b a t i o n  (/~moles) I n c u b a t i o n  (/zmoles) % 

N o n e  A T P  2.5 32 .4  

A T P  0 . 0 0 5  A T P  2 . 4 9 5  23 .4  
2 .5  --- 50 .9  

A D P  0 . 0 0 5  A T P  2.5 2 5 . 6  
2.5 2.5 36 .9  

AMP 2.5 A T P  2.5 2 9 . 6  

GTP 1.0 A T P  2.5 2 4 . 4  
2.5 2.5 27 .9  
4 .0  2.5 27 .8  

C T P  2.5  A T P  2.5 27 .2  

L - ~ g l y c e r o p h o s p h a t e  1.0 A T P  2.5 18.3  
2.5 2.5 12 .4  

A T P  2.5 33 .3  
A D P  2.5 32 .8  

W i t h o u t  p r e i n c u b a t i o n  AMP 2.5  9 .9  

G T P  1.0 32 .5  
2.5 36 .9  

CTP 2.5 34 .8  

a5 m g  m i c r o s o m a l  p r o t e i n  w e r e  p r e i n c u b a t e d  f o r  15 ra in  in N 2 a t  35 C wi th  t h e  spec i f i ed  
c o f a c t o r s .  The s u b s e q u e n t  i n c u b a t i o n  was  p e r f o r m e d  a f t e r  a d d i t i o n  o f  15 # m o l e s  M g C 1 2 ;  0 .2  # m o l e s  
C o A ;  2.5 /~moles N A D H ;  5 n m o l e s  1-14C- l ino le ic  ac id  a n d  c o m p l e m e n t a r y  a m o u n t s  o f  A T P  to  r e a c h  a 
t o t a l  a m o u n t  o f  2 .5 /~mole s .  The to t a l  v o l u m e  was  3 ml.  

liberation was corrected by comparison with 
similar samples in which 1 mg albumin was 
substituted for the microsomes. The incubation 
was stopped by the addition of 0.1 ml of  0.5 N 
H2SO 4. The free labeled acid was extracted 
three times with 2 ml of hexane, evaporated 
and counted in a Packard scintillation counter. 
The per cent hydrolysis was calculated. 

RESULTS AND DISCUSSION 

Effect of ATP on 
Linoleic Acid Desaturation 

The oxidative desaturation of linoleic acid to 
3'-linolenic acid occurs in the microsomes and 
requires oxygen, NADH or NADPH, and prior 
activation of the free acid to linoleyl-CoA. This 
synthesis is produced by an acyl-CoA synthe- 
tase that requires ATP and subsequently con- 
verts it to AMP and pyrophosphate (7). Under 
our standard experimental conditions, adjusted 
to measure the desaturation of  free linoteic acid 
to 7-1inolenic acid, the conversion of  linoleic 
acid to linoleyl-CoA is produced in the same 
microsomal system by the addition of  ATP and 
MgC12. The per cent desaturation of free 
linoleic acid in this medium is quantitatively 

similar to that of linoleyl-CoA. 
However when liver microsomes were pre- 

incubated with ATP, CoA and Mg for 15 rain in 
N 2 at 35 C in the absence of NADH or NADPH 
and then the reduced coenzyme and 1-14C- 
linoleic acid were added and incubated in 02 
during 20 min, desaturation of linoleic acid was 
greatly stimulated when compared with the 
nonpreincubated control (Table I). This stimu- 
lation was also found when only ATP was 
added and CoA and Mg were not present during 
the preincubation. Furthermore the preincuba- 
tion of microsomes without ATP decreased the 
desaturation compared with the nonpreincu- 
bated sample, thus showing that ATP not only 
stimulated but also protected the reaction. 
Table I also shows that addition of the labeled 
linoleic acid during preincubation of the micro- 
somes in the presence or absence of ATP 
reduced its conversion to 7-1inolenic acid. This 
effect is apparently due to incorporation of  the 
substrate into microsomal lipids, decreasing the 
amount of 1-t4C-linoleic acid available for a 
subsequent desaturation. 

The stimulation of linoleic acid desaturation 
to 7-1inolenic acid by prior incubation of  the 
microsomes with ATP was reasonable rapid 
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T A B L E  IV T A B L E  V 

C o m p a r a t i v e  E f f ec t  o f  G T P  a n d  A T P  
o n  M i c r o s o m a l  L i n o l e y l - C o A  S y n t h e s i s  a 

A d d i t i o n s  in i n c u b a t i o n  H y d r o x a m a t e  

A T P  0 . 0 1 6 6  + 0 . 0 0 1 0  

GTP 0 . 0 0 3 8  _+ 0 . 0 0 0 2  

a2 .5  m g  o f  m i c r o s o m a l  p r o t e i n  w e r e  i n c u b a t e d  2 0  
m i n  a t  37 C in 1 M Tris-HC1 b u f f e r  (pH 7 .4)  w i t h  the  
c o f a c t o r s  a n d  u n d e r  c o n d i t i o n s  d e s c r i b e d  in the 
m e t h o d s  s ec t ion .  10  # m o l e s  o f  A T P  or  GTP were  
a d d e d  w h e n  spec i f i ed .  The  resul t s  are  t he  m e a n  _+ SE 
o f  s amp le s  in q u a d r u p l i c a t e  a n d  are  e x p r e s s e d  in 
~tmoles o f  h y d r o x a m a t e  f o r m e d  pe r  min  per  m g  o f  
p r o t e i n .  

(Table II). Substitution of air for N 2 decreased 
the enhancing effect of ATP (Table II) prob- 
ably because of the oxidation of some oxygen- 
sensitive component of the desaturation reac- 
tion. 

Since ATP stimulated the desaturation of 
linoleic acid it was of interest to investigate the 
effect of variations in ATP concentration. As 
may be seen in Fig. 2 the prior incubation of 
microsomes with increasing concentrations of 
ATP demonstrated an apparent dependence on 
the nucleotide concentration. In all cases the 
final concentration of ATP during the incuba- 
tion was maintained constant (1.33 mM) where- 
as the concentration of ATP in the preincuba- 
tion mixture was varied from 0.26 to 1.33 mM. 
Under these conditions and in the presence of 
5 mg of microsomal protein the highest level of  
desaturation was attained at 0.8 mM ATP. 

In a second experiment the effect of vary 
low concentrations of ATP on the preincuba- 
tion of 5 mg of microsomal protein was 
studied. Here the final total ATP concentration 
of the incubation mixture was maintained at 
0.83 mM (2.5 /1moles in 3 ml) (Fig. 2). Under 
these experimental conditions, a definite rela- 
tionship between ATP concentration and the 
stimulation of fatty acid desaturation was again 

E f f e c t  o f  ATP,  CTP,  a n d  GTP U p o n  the  
A c y l a t i o n  o f  the  C o A  in Liver M i c r o s o m e s  a 

N u c l e o t i d e  R a d i o a c t i v i t y  in 
a d d e d  l i n o l e y l - C o A  ( c p m )  

N o n e  2 7 3  
A T P  1 O, 160  
CTP 3 , 6 7 0  
GTP 1 , 5 3 0  

a4  m g  m i c r o s o m a l  p r o t e i n  i n c u b a t e d  2 0  ra in  a t  
30  C in p h o s p h a t e  b u f f e r  ( p H  7 .4)  as d e s c r i b e d  in t he  
m e t h o d s  sec t ion .  

demonstrated. Very low concentrations of  ATP 
resulted in erratic data, with lower desaturation 
than those obtained without preincubating the 
microsomes. Concentrations of about 0.02 mM 
apparently protected the microsomal enzymes 
from inactivation during preincubation, where- 
as higher amounts of ATP were necessary to 
elevate the desaturation above normal levels. 

A remarkable stimulation of  linoleic acid 
desaturation to 3'-linolenic acid was also found 
when concentration of ATP was increased from 
0.8 mM to 100 mM during normal incubation 
of the microsomes in desaturating conditions. 
The per cent conversion was increased from 7.0 
to 21.0. 

Effect of Other Nueleotides and 
L-aGlyeerophosphate on Linoleic Acid Desaturation 

The remarkable stimulation of linoleic acid 
desaturation evoked by preincubation of the 
microsomes with ATP may be produced by 
different mechanisms. Therefore, both to get 
more information of the problem and to test 
the specifity of the ATP effect, a comparative 
experiment with ATP, ADP, AMP, GTP, CTP 
and L-aglycerophosphate was performed. The 
results are summarized in Table III and illus- 
trate that neither ADP, AMP, GTP, CTP nor 
L-~glycerophosphate is able to increase the 
desaturation ability of  the microsomes. 

T A B L E  VI 

E f f ec t  o f  A D P ,  CTP a n d  G T P  o n  the  
L i n o l e y l - C o A  S y n t h e s i s  in Liver  M i c r o s o m e s  a 

N u c l e o t i d e s  R a d i o a c t i v i t y  in 
a d d e d  ~tmoles l i n o l e y l - C o A  c p m  

None  4 105 
A T P  4 1 , 3 8 4  
CTP 4 2 9 5  
GTP 4 192  
A D P  4 8 5 2  
ADP + CTP 4 + 4 4 1 3  
A D P  + G T P  4 + 4 4 9 8  

a E x p e r i m e n t a l  c o n d i t i o n s  s imi lar  to  Table  V b u t  in b u f f e r  Tr is -HC1 ( p H  7 .4) .  
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T A B L E  VII  

S t imula t ion  o f  Linoley l -CoA 
Synthesis  by Pre incuba t ion  With ATP a 

Addi t ions  in p re incuba t ion  H y d r o x a m a t e  

ATP 0 . 0 0 4 0  _+ 0.0001 
(P(0,01)  

ATP + C o A  + MgC12 0 .0042  _+ 0 .0002  
(P(O.Ol) 

With p re incuba t ion  0 .0034  _+ 0.0001 

a3 mg  of mic rosoma l  pro te in  were  p r e i n c u b a t e d  
for  15 min at  3 7 C  in N 2 wi th  5 ~moles  o f  NaF,  22.5 
~moles  of  cys te ine ,  50 #moles  o f  Tris-HC1 buf fe r  (pH 
7.4) and 2 g m o l e s  of  ATP or 2 /1moles of  ATP + 0.5 
mg  o f  Co A  + 4 #moles  of  MgC 12, where  specif ied.  The 
samples  were subsequen t ly  i n c u b a t e d  for 20  min at 
37 C in N 2 wi th  200 ~zmoles h y d r o x y l a m i n e ,  2 #moles  
a m m o n i u m  l inoleate ,  and s u p p l e m e n t a r y  a m o u n t s  o f  
ATP,  C o A  and  MgC12 to reach  10 ~moles ,  0.5 mg  and  
4 #moles  respect ive ly  in all the tubes .  The cont ro l  
w i t h o u t  p re incuba t ion  con ta ined  the same a m o u n t  of  
all c o m p o n e n t s .  Results are expressed  as /.tmoles of  
h y d r o x a m a t e  f o r m e d  per  min per  mg  o f  p ro te in  + SE 
of  the mean .  

Hence  it can be conc luded  tha t  the  ATP- 
evoked s t imula t ion  of desa tu ra t ion  is specific 
and can no t  be mere ly  ascr ibed to an unspecif ic  
effect  of  nucleot ides .  However ,  GTP and  CTP 
were able to  replace ATP and  ma in t a in  the  
desa tu ra t ion  of  l inoleic acid at the  n o r m a l  level. 
This resul t  would suggest tha t  CTP and  GTP are 
able to  provide,  d i rect ly  or ind i rec t ly ,  the  
energy for  convers ion  of l inoleic acid to  
l inoleyl-CoA thus  faci l i ta t ing its s u b s e q u e n t  
desa tu ra t ion .  However ,  Pande  and  Mead (9) 
were unab le  to  show the  ex is tence  o f  a GTP- 
d e p e n d e n t  e n z y m e  able to synthes ize  oleyl-CoA 
in the i r  p repa ra t ions  of  rat  liver microsomes .  
There fore  in o rder  to  b e t t e r  u n d e r s t a n d  the  
ef fec t  of  ATP on the  f a t ty  acid d e s a t u r a t i o n  it 
was i m p o r t a n t  to  invest igate  first the  effect  of  
d i f fe ren t  nuc leo t ides  on the  mic rosomaI  synthe-  
sis of  l inoleyl-CoA. 

~ L  

E 

m 
. - J  

,<__..~ PIOT PREINCUB. _ 18:2 ACID 
o ~ o  PREINCUB.-I-ATP _ 18:2 As 
~ _ . _ . . , ~  N0T PREIHCUB. _ t8 :2CoA 
. - . - - t '  PREINCUB+ATP - 1 8 : 2  CoA 

/>. 
. . . .  20 5 l0 15 

TIME (Minutes) 

FIG. 3. Time course of desaturation of linoleic acid 
by rat liver microsomes: o ~ o  preincubated with 
ATP for 15 rain at 35 C in N 2 or x - - x  nonpreincu- 
bated, and linoleyl-CoA by �9 ...... * preineubated or 
a---~ nonpreincubated microsomes. 1 mg microsomal 
protein and 100 nmoles labeled substrate incubated in 
a total volume of 1 ml at 35 C in 02. 

Effect of ATP,  CTP, and 
GTP on the Acylat ion of CoA 

The synthes is  of  l ino leyl -CoA by  rat  liver 
mic rosomes  was s tud ied  by measur ing  the  
h y d r o x a m a t e  fo rmed  by the  m e t h o d  of  Bar- 
Tana and Shapi ro  (10)  and also by  ex t r ac t ing  
and coun t ing  the  1-14C-l inoleyl-CoA fo rmed  by  
the m e t h o d  of  Creasey (8).  

In Table IV it is s h o w n  tha t  hepa t i c  micro-  
somes are able to  employ  GTP direct ly  or  
ind i rec t ly  for l inoleyl-CoA synthesis .  However  
the h y d r o x a m a t e  fo rmed  in this  e x p e r i m e n t  
was only  o n e - f o u r t h  of  t ha t  syn thes ized  in the  
presence of ATP. Besides, t he  i n c u b a t i o n  of  the  
liver mic rosomes  wi th  1-14C-linoleic acid in 
phospha te  buffer  fo l lowed by s u b s e q u e n t  sepa- 
ra t ion  of  the acyl-CoA prec ip i ta te  and  c o u n t i n g  
by the m e t h o d  of  Creasey (8)  also showed  a 
measurable  i n c o r p o r a t i o n  of  the rad ioac t iv i ty  in 

T A B L E  VII I  

Effect  of  ATP  on Linoleyl-CoA Desa tura t ion  a 

Addi t ions  in 

Pre incuba t ion  Incuba t ion  Convers ion  Act iva t ion  b 

A T P  (2.5 #moles )  18:2 CoA 27.4 25.1 
ATP (2.5 #moles )  18:2 acid + Mg ++ + CoA 37.6 58.6 

Wi thout  18:2 C o A +  ATP + Mg ++ + CoA 21.9 --- 
p re induca t ion  18:2 acid + ATP + MG ++ + Co A 23.7 --- 

a5 mg  mic rosoma l  prote in  were  p r e incuba t ed  as descr ibed in the  m e t h o d s  sec t ion  wi th  
ATP,  when  specif ied,  for  15 min  in N 2 at 35 C. The subsequen t  i ncuba t ion  was  p e r f o r m e d  
in 0 2  for  20 min af ter  the addi t ion  o f  1 0 n m o l e s  1 -14C- l ino ley l -CoAor  1-14C-linoleic acid 
with 2.5 /~moles N A D H  and 2.5 # m o l e s  ATP;  ! 5 ~moles  MgC12;  and 0.2 ~moles  CoA,  w h e n  
specif ied.  The results are expressed  as per  cent  convers ion  of  linoleic to 7-1inolenic acid in 
dupl icate  samples .  
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the precipi ta te  e i ther  with ATP, GTP or CTP 
(Table V). However,  again the  eff ic iency of  the  
conversion was much  lower wi th  GTP and CTP 
than with ATP. Considering that  a GTP-specific 
acylating synthetase  that  cleaves the  nuc leo t ide  
to nucleoside d iphospha te  and Pi has been  
described in mi tochondr ia  by Rossi and  Gibson 
(11), the tow synthesis  of  l inoleyl-CoA f o u n d  
with GTP compared  wi th  ATP could be attr ib- 
u ted  to a selective inhibi t ion p roduced  by the  
phospha te  of  the buffer .  For  this reason a 
similar expe r imen t  was pe r fo rmed  in Tris-C1H 
buffer  and this possibil i ty was discarded 
because no fur ther  improvemen t  in acylat ion 
was found.  Therefore  it was very improbab ly  
that  GTP and CTP would activate direct ly  the  
l inoleyl-CoA synthesis .  

The fact that  rep lacement  o f  ADP for  ATP 
in the incuba t ion  of  microsomes  did no t  de- 
crease the conversion of  linoleic acid to  3'- 
l inolenic acid (Table l i d  led us to consider  a 
possible acylat ion of  CoA media ted  th rough  a 
convers ion of  ADP to ATP. GTP and CTP 
would  con t r ibu te  to  this  convers ion.  As may be 
seen in Table VI ne i ther  CTP nor  GTP addi t ion  
to ADP increased the  synthesis  o f  l inoleyl-CoA. 
Therefore  the mechan ism of  GTP and CTP 
con t r ibu t ion  to free linoleic acid desa tura t ion  
to 7-1inolenic acid in liver microsomes  is uncer- 
tain,  as is the  effect  of  ADP, and fu r ther  
invest igat ion is needed .  However,  the  s tudy  of  
possible p roduc t s  o f  nucleoside t r iphospha te  
t r ans fo rmat ion  was h indered  by exis tence  of  a 
very active nucleoside t r iphospha tase  which  
splits ATP, CTP and GTP in the mic rosomes  
(12). 

All these results show that  the  e f fec t  o f  ATP 
is no t  only ra ther  specific in the  microsomal  
synthesis  of  l inoleyl-CoA, but  also in the 
s t imulat ion of  the  microsomes  for  l inoleic acid 
desaturat ion to  "),-linolenic acid. Therefore  it 
was considered probable  that  the  e f fec t  o f  ATP 
on the increase of  l inoleic acid desa tura t ion  

TABLE IX 

Effect of ATP on 
the Linoleyl-CoA Hydrolase a 

Additions, ATP, Per cent 
~tmoles hydrolyzed 

--- 13.1 
0.5 16.3 
1.0 13.3 
2.5 15.5 

aFive mg microsomal protein were incubated for 5 
rain at 37 C in air with 5 nmoles 1-14C-linoleyl-CoA 
under the conditions described in the methods section. 
ATP was added when specified. The total volume was 
3 ml. At the end of incubation the free fatty acids 
were extracted and counted. Results are the mean of 
duplicate samples. 

could be related in some way to acyla t ion  of  
the CoA. One possibil i ty was tha t  preincuba-  
t ion of the mic rosomes  by ATP led to faster 
fo rma t ion  of  l inoleyl-CoA. This mechan i sm 
could be cons is tent  wi th  the scheme  p roposed  
by Bar-Tana and Shapiro (10) for  the  synthesis  
o f  palmityl-CoA,  in which ATP activates the  
fo rmat ion  of  an Enzyme-CoA complex  tha t  
fu r ther  consumes  a mole of  ATP to p roduce  a 
final acyl-CoA, AMP and p y ro p h o s p h a t e .  To 
investigate this ef fect  the  mic rosomes  were 
p re incuba ted  wi th  ATP as descr ibed in the 
me thods  sect ion and the increase o f  linoleyl- 
CoA synthesis  was measured  by the  hydrox-  
amate  format ion .  Table VII shows an act ivat ion 
of  h y d r o x a m a t e  fo rmat ion  when  e i ther  ATP 
alone or toge ther  wi th  MgC12 and CoA were 
pre incubated  wi th  the microsomes.  However,  
the act ivat ion of  l inoleyl-CoA synthesis  pro- 
duced by ATP under  these cond i t ions  (15%) 
was lower  than the s t imulat ion of  l inoleic acid 
desa tura t ion  evoked by ATP (>37%).  Therefore  
it is difficult  to a t t r ibute  all the s t imulat ing 
effect  o f  ATP on linoleic acid desa tura t ion  to  
an increase of  l inoleyl-CoA synthesis .  

TABLE X 

Comparative Effect of ATP on Stearic, Palmitic, Oleic, 
Linoleic and a-Linolenic Acid Desaturation a 

Conversion 

Preincubation Without 
Acid tested With ATP Without ATP preiucubation 

Linoleic 26.5 17.7 20.0 
Oleic 4.0 --- 2.8 
c~-lin ote nic 56.4 35.9 44.4 
Stearic 5.8 3.4 7.3 
Palmitic 7.1 4.5 9.7 

aMicrosomes were preincubated for 15 min in N 2 at 35 C with or without ATP and 
immediately incubated as described in the methods section. 

LIPIDS, VOL. 6, NO. 12 



880 R.R. BRENNER AND A. CATALA 

Comparative Effect of ATP on Linoleic 
Acid and LinoleyI-CoA Desaturation 

Effect of ATP on Stearic, Pa|mitic, 
Oleic and a-Linolenic Acid Desaturation 

To elucidate whether  the effect  o f  ATP was 
dependent  on l inoleyl-CoA synthesis, the 
microsomes were pre incubated wi th  ATP in the 
usual way and the desaturat ion of  1-14C-linleyl- 
CoA was measured. The results are shown in 
Table VIII.  A comparison of  the exper imenta l  
values with those of  the controls ,  in which 
pre incubat ion was not  per formed,  demon-  
strated that  pre incubat ion with ATP no t  only 
enhanced the desaturat ion of  the free acid but  
also that  of  the CoA derivative. These results 
may suggest that  ATP can specifically increase 
the desaturat ion react ion in addi t ion to produc-  
ing its effect  on l inoleyl-CoA synthesis. How- 
ever this effect  could also be p roduced  by 
inhibi t ion of  the microsomal  l inoleyl-CoA 
hydrolase by pre incubat ion  with  ATP, thus 
bringing about  a similar increase in level of  
desaturat ion as a result of  an increased amount  
of  available substrate.  However ,  this hypothesis  
may be discarded after testing the effect  of  
ATP on microsomal  l inoleyl-CoA hydrolysis.  In 
this respect Table IX demonstra tes  that  under  
the exper imenta l  condi t ions  tested,  ATP does 
not  inhibit  l inoleyl-CoA hydrolase activity.  

In all these exper iments  the convers ion of  
l inoleic acid to 7-1inolenic acid was measured 
with low substrate concent ra t ion  and in condi-  
t ions near the equil ibrium. Therefore  it was 
impor tan t  to investigate if  ATP increased the 
amount  of  l inoleic acid conver ted  to 7-1inolenic 
acid per mg of microsomal  prote in  during 
increasing periods of  incubat ion  wi th  high 
concent ra t ions  (0.1 mM) of  substrate and low 
amounts  of microsomes (1 mg). Microsomes 
preincubated and nonpre incuba ted  with  ATP 
were used. The results col lected in Fig. 3 show 
that pre incubat ion  of  the  microsomes wi th  ATP 
does no t  increase significantly the speed of  
desaturat ion of ei ther the free acid or  the  
f inoleyl-CoA in saturating condi t ions  of  the 
enzyme.  Therefore  an increase in desatura t ion 
of  l inoleic acid was only found when  the  
desaturating ability of  the microsomes preincu- 
bated with ATP was measured at low substrate 
concentrat ions .  We know that  at low substrate 
levels o ther  reactions,  or  even the amoun t  o f  
endogenous fat ty  acids, may modi fy  the  desatu- 
ration. Therefore  our  opinion is that  ATP very 
probably provoked  a modi f ica t ion  of  the micro- 
somes. In this respect a chemical  modi f ica t ion  
of  the microsomal  const i tuents  is very probable 
and Marinett i  (13) has shown that  incuba t ion  
of  liver cells with different  concent ra t ions  o f  
ATP may modi fy  the relative synthesis of  
phospholipids and triglycerides. 

The effect of  ATP was also tested on the 
desaturat ion of the fol lowing fa t ty  acids: 
1-14C- stearic to oleic;  1-14C- palmit ic  to 
palmitoleic;  1-14C-tx-linolenic to octadeca-6,9,  
12,15-tetraenoic (Table X). It was found  that  
the pre incubat ion of  the microsomes with  ATP 
increased the conversion o f  all the  acids in 
which the new double bond is inser ted be tween  
the 6 and 7 carbons,  but  decreased the  conver-  
sion of  the saturated acids to monoeno ic  acids 
with the double bond in 9-10 posit ion.  This 
result is quite interest ing when it is considered 
that  two different  desaturat ing enzymes  are 
involved in 9-desaturation and 6-desaturat ion 
(2). Besides, it has also been suggested that  
linoleic, c~-linolenic and oleic acids are very 
probably desaturated by the same olefinase (2). 
Our results provide fur ther  evidence for this 
hypothesis .  

Exten t  of  the physiological  significance of  
the st imulating effect  of  ATP is difficult  to 
ascertain. The sigmoidal response to ATP con- 
centrat ion would insure ex t reme sensitivity of  
the desaturat ion react ion to a selected range o f  
ATP concentra t ion.  However ,  as far as we 
know,  actual concent ra t ion  of  ATP in the cell is 
between 2-8 mM and no convincing p r o o f  exists 
that  the ATP synthesized in the mi tochondr ia  is 
no t  readily available to the ex t ra -mi tochondr ia l  
space of  the cell. Moreover ,  mi tochondr ia  are 
unable to store ATP (14), and f rom the data o f  
Heldt  (15) it may be calculated that  about  80% 
of  the total  adenine nucleot ides  of  liver would  
be in the cytoplasm. Therefore  since the active 
concent ra t ion  of ATP is apparent ly  lower  than 
the concent ra t ion  normal ly  found in the  cell, it 
is very probable that  the same s i tuat ion holds  
for the endoplasmic re t iculum and the  react ion 
would  be fully active at  physiological  concen- 
trations. In any event  this conclus ion needs 
exper imenta l  conf i rmat ion  by s imultaneous 
measurement  of  fa t ty  acid desaturat ing act ivi ty 
a n d  A T P  c o n c e n t r a t i o n  in the  extra- 
mi tochondr ia l  space of the cell. 
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Lipid Composition and Endogenous 
Respiration of Pig Heart Mitochondria 
J. COMTE, 1 D. GAUTHERON,  F. PEYPOUX and G. MICHEL,  
Laboratoire de Chimie Biologique, Universit~ Claude Bernard, 
Lyon I 43, Boulevard du 11 Novembre 191B. 69, Villeurbanne, France 

ABSTRACT 

Lipid composition and endogenous 
respiration of pig heart mitochondria 
were studied in parallel, since the level of 
endogenous respiration affects the oxida- 
tion of added substrates and therefore the 
regulation of oxidative phosphorylation; 
mitochondrial lipids can interfere either 
as substrates or as partner in the energy 
conservation mechanism. 02 uptake ki- 
netics were measured in presence of 
different additives: ATP, ADP, NAD + 
and hexokinase + glucose. The lipid com- 
position of pig heart mitochondria was 
determined by chromatographic and spec- 
trophotometric methods. Total lipids 
were 90% phospholipids; the main phos- 
phatides were cardiolipin, phosphatidyl 
choline and phosphatidyl ethanolamine; 
the two latter were rich in plasmalogens. 
The main nonpolar lipids were triglycer- 
ides and free fatty acids. The fatty acid 
composition of total lipids, phospho- 
lipids, free fatty acids and triglycerides 
was determined by gas liquid chromatog- 
raphy. Mitochondrial lipids were charac- 
terized by a high content of unsaturation. 

I NTRODUCTI  ON 

Endogenous substrates in isolated mito- 
chondria can affect the oxidation of  added 

1part of this work is inc luded in "Th~se de 
Doctorat  de Sp~cialitg en Biochimie" de J. Comte, 
Lyon, June 26, 1970. 

TABLE I 

Endogenous  Substrate Oxidat ion  
in Isolated Pig Heart Mitochondria  

QO2a, 
Addit ions  n a t o m s / m g  prote ins /mn 

None 7.8 
ADP 12.5 
ATP 14.7 

ATP + ADP 32 

aOxypolarographic  measurements  o f  02 consump- 
tion last 3 ran. Values are means  o f  three determina- 
tions.  0.7 x 10 -3 M ATP;2 x 10 -4M ADP;5mgmito- 
chondrial proteins.  

substrates (1) as well as their coupled oxidative 
phosphorylations (2-6) and respiratory control 
ratios (RCR) (7). 

Pig heart mitochondria have a noticeable 
endogenous respiration. Pyruvate, glutamate, 
glutamine and alanine, the only substrates 
present in significant amounts, are mainly 
eliminated by washing (8). This treatment 
favors the participation of lipids in endogenous 
respiration as suggested by several authors 
(1,6,9-12). Besides, the mechanism of oxidative 
phosphorylation and its regulation are linked to 
the structure of the mitochondrial inner mem- 
brane, characterized by a specific lipid composi- 
tion. We started therefore to study the lipid 
composition of pig heart mitochondria and its 
variations associated with endogenous respira- 
tion, with the further purpose to support our 
present studies on the mechanism of oxidative 
phosphorylation. 

The lipid composition of pig heart mito- 
chondria had been only partially studied previ- 
ously. Phospholipid concentrations have been 
determined by Marinetti et al. (13) but Red- 
fearn (14) gave simply a brief pattern of 
nonpolar lipids in nonphosphorylating mito- 
chondria. Thus we were led to make a complete 
determination of all lipids in the phosphoryl- 
ating pig heart mitochondria where endogenous 
respiration was studied. Differences were ob- 
served and are compared with previously 
reported results (13,14). 

METHODS 

Preparation and Controls of Mitochondria 

Pig heart mitochondria were prepared essen- 
tially according to Crane et al.  (15). Proteins 
were determined by the quick biuret method 
(16). RCR was estimated according to Chance 
and Williams (17). Oxidative phosphorylation 
was measured in the presence of hexokinase + 
glucose; the oxygen consumption was measured 
manometrically and esterified phosphate by the 
Fiske and Subbarow method (18). 

The standard reaction medium contained 
0.016 M Tris-HC1, 0.112 M KC1, 0.006 M 
MgC12, 0.005 M phosphate. Other additions are 
given in the legends of the figures. 

Extraction of Lipids 

Lipids were extracted from the mitochon- 
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drial suspension in 0.25 M sucrose with chloro- 
form-methanol  2:1 under nitrogen. For 
800-1,000 mg mitochondrial proteins, 600 ml 
of solvent were used for the first extraction and 
300 ml for each of two subsequent extractions. 
Each extraction was carried out for 24 hr. After 
filtration of mitochondrial fragments on a 
Millipore glass-fiber filter, solvents were evapo- 
rated and the lipid extract so obtained was 
freed of nonlipid impurities by the procedure 
of Folch et al. (19). The lipid part was dried in 
vacuum over KOH and P2Os and determined 
by weighing. 

Chromatographic Separations 

The total lipids, 300 mg, in ethyl ether 
solution were applied to a column of Mal- 
linckrodt silicic acid, 15 g, activated overnight 
at 110 C before use, and Celite, 7.5 g. Nonpolar 
lipids were eluted with 300 ml of hexane-ethyl 
ether (80:20) and phospholipids with 200 ml of 
chloroform-methanol (1 : 1) followed by 100 ml 
of methanol. 

The nonpolar lipids were analyzed by thin 
layer chromatography (TLC) on Silica Gel G 
plates. For qualitative studies four solvent 
systems were used: I, hexane-ethyl ether-acetic 
acid (70:30:1) (20); II, hexane-ethyl ether- 
acetic acid (76:24:1); III, hexane-ethyl ether 
(80:20); IV, hexane-ethyl ether (50:50). The 
spots were visualized by spraying with rhoda- 
mine B and 2',7' dichlorofluorescein and 
viewing under ultraviolet light (21). Cholesterol 
and cholesteryl esters were revealed on the 
chromatogram by a ferric chloride spray rea- 
gent (22). For a further characterization small 
amounts of each compound were isolated by 
preparative TLC. Spots were detected with only 
rhodamine B and lipids were eluted from the 
adsorbent with ethyl ether. The quantitative 
TLC of nonpolar lipids was accomplished by 
charring and transmission densitometry ac- 
cording to Blank et al. (23) and Downing (24) 
with some modifications. The chromatogram, 
developed in solvent II, was sprayed with a 
solution of 20 g of ammonium sulphate in 4% 
tt2SO 4 and heated for 25 rain at 225 C (25). It 
was scanned at 620 nm with a Chromoscan 
Joyce Loebl fitted with a thin layer chromatog- 
raphy search unit and a peak integrator. The 
proportion of each constituent was calculated 
from the corrected integrator units (24). 

The phospholipids were separated on 20 x 
20 cm Silica Gel H plates by two-dimensional 
TLC as described by Rouser et al. (26) with 
some modifications. After development of the 
chromatogram in solvent V, chloroform- 
methanol-water (65:25:4), a 5 mM HgC12 
solution in 0.1 M acetic acid was sprayed on the 

n a toms  0 2 ~  
, mg pr 'oteins 

B 
C 

200- 

150' 

100- 

50- ~ A  
I 210 I ' o 1o ao  4'o m n 

FIG. 1. Endogenous respiration kinetics. A: con- 
trol (5 essays); B: with ATP 0.7 x 10~i (5 essays);C: 
with NAD + 2 x t0 .3 M (1 essay); D: with ATP + 
hexokinase + glucose (4 essays). The first reading (zero 
time) was effected after 10 min preincubation of 
mitochondrial proteins (10 rag); ATP or NAD were 
preincubated with mitochondria; hexokinase (100-150 
Berger units) (34) were added at zero time in the 
Warburg cell, containing ATP. 

lipid track according to Broekhuyse (27). After 
drying the plate in vacuum the HgC12-treated 
lipids were separated in the second direction 
with solvent VI, butanol-acetic acid-water 
(60:20:20). Each standard was chromato- 
graphed alone or in mixture with mitochondrial 
lipids. Individual phospholipids were detected 
by exposure to iodine vapors. Ammonium 
molybdate/perchloric acid (28), ninhydrin (28) 
and Wagner et al. (21) spray reagents were used 
for specific detection of substances containing 
phosphorus, primary and tertiary amino groups 
respectively; a-glycol groups were shown up by 
the periodate-Schiff reagent (29). For analysis 
phospholipids were isolated by preparative TLC 
and locating with iodine vapors. Scraped spots 
were applied to a silica gel column and eluted 
by chloroform-methanol (1:1) followed by 
methanol. Quantitative analysis of phospho- 
[ipids was effected by phosphorus determina- 
tion after two-dimensional TLC. Spots detected 
with iodine vapors were directly aspirated in a 
matrass, according to the procedure of Rouser 
et al. (26) and digested by adding 1 ml of a 
mixture of H2SO4, perchloric acid and 2.5% 
ammonium molybdate (3:6:1). Phosphorus was 
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T A B L E  II 

Ox ida t i ve  P h o s p h o r y l a t i o n  o f  E n d o g e n o u s  S u b s t r a t e s  a 

D e t e r m i n a t i o n s  M e a s u r e d  values  

A es te r i f i ed  P ( ,umoles) 0 .72  + 0 .06  
- A O (~t a t o m s ) b  0 .74  + 0 .10  
P /O r a t i o  b 0 .97  

aVa lues  are averages  o f  seven  d e t e r m i n a t i o n s  fol- 
l o w e d  b y  + s t a n d a r d  d e v i a t i o n ;  c o n d i t i o n s  are  de sc r ibed  
in M e t h o d s :  10 m g  m i t o c h o n d r i a l  p r o t e i n s ;  0 .7  x 10 -3 
M ATP;  h e x o k i n a s e  1 0 0 - 1 5 0  Berger  u n i t s  (34) .  

b M a n o m e t r i c  t e c h n i q u e .  

then determined by the Chain and Berenblum 
method (30) which permits elimination of silica 
gel in the lower aqueous solution without prior 
elution. Optical densities were measured with a 
Coleman Junior spectrophotometer at 700 nm. 
The values were corrected for gel blanks treated 
similarly. Usually spots from two chromato- 
grams were pooled for minor components. 

Analytical Methods 

Acid hydrolysis was performed either on the 
total phospholipid fraction or on each purified 
phospholipid with 3 N HC1 in sealed tube at 
110 C for 16 hr. Fatty acids were extracted by 
ethyl ether and studied by gas liquid chroma- 
tography (GLC). The aqueous phase was 
examined by descending paper chromatography 
for the presence of ethanolamine, serine, inosi- 
tol, glycerol and a-glycerol phosphate, in the 
solvent systems: butanol-acetic acid-water 
(65:10:25) and pyridine-ethyl acetate-water 
(2:5:5). The o~-glycol groups were detected by 
periodate-benzidine reagent (31), amino groups 
by ninhydrin (28). 

Triglycerides in benzene solution were 
saponified by addition of 5% methanolic KOH. 
After acidification fatty acids were extracted 
by ethyl ether and aqueous phase was examined 

by descending paper chromatography for glyc- 
erol presence. 

The Liebermann-Burchard reaction (32) was 
performed on the cholesterol fraction, which 
was purified by TLC. 

Analysis for coenzyme Q identification was 
performed by spectrophotometry. First the 
component was separated from nonpolar lipids 
by preparative TLC in solvent II. The spots 
were scraped and applied to a silica gel column, 
then eluted by heptane. After heptane evapora- 
tion the compound was dissolved in ethanol 
and spectrum was recorded from 200 to 360 
r i m .  

For GLC study, fatty acids methyl esters 
were prepared with diazomethane. The analyses 
were carried out on a polar column of 25% 
diethylene glycol succinate at 170 C and on a 
nonpolar column of 20% Apiezon L at 210 C 
using a Chromagas CG2 with flame ionization 
detector. Unsaturated fatty acids were hydro- 
genized by catalysis on platinum oxide (33). 
Fatty acid methyl esters were identified by 
comparison with standards, by a plot of log 
retention time against carbon numbers, by 
comparison with published values. Fatty acid 
amounts were estimated by peak area measure- 
ments. 

Preliminary controls indicated that the peak 
areas were proportional to the amounts of fatty 
acid methyl esters. 

Statistics 

All standard errors of the means have been 
calculated. 

RESULTS 

Endogenous Respiration of Pig Heart Mitochondria 

Only mitochondria capable of oxidative 
phosphorylation with theoretical P/O ratios 
were used (respiratory control ratios were about 

T A B L E  III 

Lip id  C o n c e n t r a t i o n  o f  Pig Hea r t  M i t o c h o n d r i a  

Per  cen t  o f  
R f  value  a L ip id  m g  l ip id /g  p r o t e i n  to ta l  l ipid 

To ta l  l ip id  b 3 0 0  + 90  1 0 0 . 0  
P h o s p h o l i p i d  b 266  --_ 30  88 .7  + 0 .9  
N o n p o l a r l i p i d  b 34 + 3 11.5 + 0 . 9  

0 .97  C h o l e s t e r y l  es ters  c < 0 .9  ~ 0.5 
0 . 7 0  Tr ig lyce r ides  c 16,8  5.6 
0 . 5 9  C o e n z y m e  QC 6,9  2 .3  
0 .43  Free  f a t t y  acids  c 4 ,8  1.6 
0 .28  Cho les t e ro l  c 4 ,2  1.4 

aVa lues  in so lven t  II.  

bAverages  fo r  five d e t e r m i n a t i o n s  f o l l o w e d  b y  _+ s t a n d a r d  dev ia t ion .  
CAverages for  t w o  d e t e r m i n a t i o n s .  
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4 and ADP/O about  1.8 in succinate and about  
2.7 in glutamate) .  

Table I gives the endogenous oxygen uptakes  
of  washed mi tochondr ia  measured by polarog- 
raphy. This uptake is more markedly  s t imulated 
by AI 'P,  87%, than by ADP, 59%, but simul- 
taneous addi t ion of ATP and ADP increases the 
respiration by 300%. 

Figure 1 shows the kinetics o f  the 02  uptake  
as measured by the manomet r ic  technique 
during 30-40 min. In the controls the 02  
uptake reached a constant  value after 25 min 
(Fig. la).  ATP and HAD + addit ions not  only 
st imulated the respiration but maintained a 
constant  rate for at least 30 min (Fig. lb ,  c). 
The oxygen consumpt ion  was also increased by 
hexokinase + glucose but it approached a 
constant  value after 25 min (Fig. ld) .  Calcu- 
lated P/O ratios are given in Table II. 

Af ter  30 min incubat ion the respiratory level 
of  control  mi tochondr ia  can still be s t imulated 
by ATP addi t ion but is no longer affected by 
ADP. 

Lipid Composition of Pig Heart Mitochondria 

The total  lipid and percentages of  nonpolar  
lipids and phospholipids of  pig heart mito-  
chondria are shown in Table III. Phospholipids 
are the main consti tuents.  

Nonpolar Lipids 

The TLC of nonpolar  lipids in the solvent 
systems I-1V shows by comparison with stan- 
dards, the presence of triglycerides, free fa t ty  
acids, cholesterol,  cholesteryl  esters and an- 
o ther  componen t  X. Then a small amount  of  
each compound  was isolated by preparative 
TLC in solvent II and analyzed specifically. 
Triglyceride presence was conf i rmed by glyc- 
erol released after  saponif icat ion;  free fa t ty  
acids were ident i f ied by their  t ransformat ion 

h g f 

~'g d 

2c  a 

FIG. 2. Two-dimensional TLC of pig heart mito- 
chondria lipids. After development in the first direc- 
tion with solvent V: chloroform-methanol-water 
(65:25:4), the lipid track was sprayed with an acid 
HgC12 solution and developed in the second direction 
with solvent VI: butanol-acetic acid-water (60:20:20). 
Spots identity: o, origin; a, 1-acyl-3-phosphatidylcho- 
line; b, sphingomyelin; c, 3-phosphatidylcholine; 2c, 
2-acyl-3-phosphatidylcholine, d, 1-acyl-3-phospha- 
tidylethanolamine; e, 3-phosphatidyiinositol; f, 3- 
phosphatidyl-l'-glycerol; g, 3-phosphatidylethanol- 
amine; 2g, 2-acyl-3-phosphatidylethanolamine; h, 
unknown;i, cardiolipin, NL, neutral lipids. 

into methy l  esters. The Liebermann-Burchard  
reaction (32) gave a deep green color,  specific 
of  unsaturated sterols, with the free cholesterol  
fraction.  Lowry reagent spray (22) stained with 
marked blue cholesteryl  esters and cholesterol  
on c.hromatogram. Componen t  X had a Rf  
value of  0.59 in solvent II; it was purple colored 
by Rhodamine  B and showed a characteristic 
UV absorpt ion at 275 nm in e thanol ;  these tests 

TABLE IV 

Phospholipid Composition of Pig Heart Mitochondria 

Per cent of 
Phospholipids a total phospholipid 

3-Phosphatidylcholine 
1-Alkenyl-2-acyl-3-phosphatidylcholine 
1-Acyl-3-phosphatidylcholine 
3-Phosphatidylethanolamine 
1-Alkenyl-2-aeyl-3-phosphatidylethanolamine 
1-Acyl-3-phosphatidylethanolamine 
Cardiolipin 
3-Phosphatidylin ositol 
Sphingomyelin 
3-Phosphatidyl- 1 "-glycerol 
Origin 
Unknown h 

26.7 + 1 
15.7 +0.9 

0.5 + 0 . 2  
17.2 _+0.7 
13.3 +0.7 
<0 .3  
18.1 ___0.5 
4.5 _+0.2 
1.7 _+0.3 
0.9 _+ 0.3 
0.7 _ 0.3 
1.4 + 0.6 

aAverages for ten determinations followed by + standard deviation. 
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indicate component X may be a coenzyme Q 
( 14,35-37). Triglycerides are the main constitu- 
ents of nonpolar lipids (Table III); amounts of 
free fatty acids, coenzyme Q and cholesterol 
were lower than the triglycerides. Cholesteryl 
esters, present in traces, could not be deter- 
mined. 

Phospholipids 

For qualitative and quantitative analysis of 
phospholipids, a two dimensional thin layer 
system with a high resolution capacity was 
necessary. We succeeded in combining Rouser 
(26) and Broekhuyse (27) systems: migration in 
a first direction in solvent V, then HgC12 
treatment which transforms acetal phospho- 
lipids in 2-acyl phospholipids by releasing 1-al- 
kenyl ether group, and then chromatography in 
the second direction with solvent VI. Figure 2 
shows the lipid pattern obtained after staining 
with iodine and Table IV gives the percentages 
of the different phospholipids. 

Phosphatides were identified by their Rf 
values and by specific sprays. Acid hydrolysis, 
performed on the purified isolated compounds, 
yielded glycerol (except with compound b), 
a-glycerophosphate, choline (compounds a, b, 
c, 2c) ethanolamine (compounds d, g, 2g) and 
inositol (compound e). 

Plasmalogens were shown to be present in 
the phosphatidyl choline and phosphatidyl 
ethanolamine fractions which with cardiolipin 
are the most predominant phospholipids. Phos- 
phatidyl inositol was present in smaller amount 
than phosphatidyl ethanolamine and phospha- 
tidyl choline. Phosphatidyl glycerol which was 
identified by the periodate-Schiff reagent (29), 
and sphingomyelin were minor components. 
Lysophosphatidyl choline and lysophosphatidyl 
ethanolamine were detected as traces. An addi- 
tional unknown compound h was seen on the 
two dimensional chromatogram. No phospha- 
tidyl serine was detected. 

Fatty Acids Composition 

The fatty acid composition of total lipid, 
free fatty acids, triglycerides and total phospho- 
lipids of pig heart mitochondria was deter- 
mined. The percentages of the different fatty 
acids are given in Table V and representative 
GLC tracings are shown in FS=,ure 3. 

Total lipid fatty acids were oleic, linoleic, 
palmitoleic, arachidonic and saturated acids 
with 12, 14, 15, 16, 17 and 18 carbon atoms. 
No other peak ever followed arachidonic 
methyl ester on the chromatograms. The distri- 
bution of fatty acids in the studied fractions 
shows some differences. 

Total lipid had a high content of polyun- 
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FIG. 3. GLC tracings of the total lipid fatty acid 
methyl esters. A and B on a 25% DEGS column at 
170 C; B, methyl esters were hydrogenated; C, on an 
Apiezon L column at 210 C; s, solvent peak. 

saturated fatty acids. The main constituent was 
linoleic acid which represented 34% of total 
fatty acids. Unsaturated fatty acids predomi- 
nated in phospholipids which contained all the 
arachidonic acid and most of the linoleic acid. 
Palmitic acid was evenly distributed in free 
fatty acids, triglycerides and phospholipids, and 
oleic acid was chiefly located in triglycerides. 

Palmitic and stearic acids were the main 
saturated fatty acids, present in the three lipid 
classes; however they predominated in free 
fatty acids and triglycerides. The remainder, 5% 
of total lipid fatty acids, consisted of 12, 14 
and odd-numbered acids and was particularly 
located in free fatty acids and triglycerides as 
were the other saturated acids. 

Lipid Variation During Endogenous Respiration 

We tried to determine whether endogenous 
oxygen uptake was supported by lipid degrada- 
tion. Mitochondria were incubated for 30 rain 
with or without 0.7 x 10 -3 M ATP in the 
absence of added substrate. A systematic study 
of the lipids was conducted after the incubation 
on three different preparations. 

The total lipids were hardly affected as well 
as most phospholipids. Yet choline phospho- 
lipids including plasmalogens decrease slightly 
in both conditions. Similarly the levels of 
lysophosphatidyl choline and free fatty acids 
increased. Other nonpolar lipids did not vary. 

These methods did not allow determination 
of variations in the saturation of carbon chains. 
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TABLE V 

Fat ty  A c i d  Composition of Pig Heart  Mi tochondr ia  

887 

Fatty acid a 
carbon n u m b e r  Tota l  l ipids b Phosphol ip ids  c Triglycerides  c Free fa t ty  acids c 

12 0 .5  ----- 0 .05  --- 1 7 .3  
14 3 .3  __. 0 .3  1 1.6 6 .9  
15 1.5 +--0.4 --- 2.1 5 
16 14 .7  __. 1 .2 14 .8  3 2 . 9  33 .4  
16:1  4 . 2  ----.0.9 3 .6  5.3 1 
17 3 .4  ----.0.5 --- 1 .7 5.5 
18 14 --+0.5 16 .6  17 .6  25 .8  
18:1  16 .7  -+0.8  16 .3  33 .1  13 
1 8 : 2  3 3 . 7  -+ 1.2 38 .3  3 .7  2 
18 :3  traces  traces  traces . . . .  
2 0 : 4  10 .8  -+ 0 .8  9 .4  . . . . . .  

unsaturated  6 5 . 4  6 7 . 6  4 2 . 1  16 
saturated  3 7 . 4  3 2 . 4  56 .9  8 3 . 9  

aIn each  s tud ied  fract ion  values  are e xp r e s se d  in relative percentages  

bAverages  for  s ix de terminat ions  followed by -- standard deviat ion.  

CAverages for  three  de terminat ions .  

of the  sum of fatty acids. 

DISCUSSION 

Endogenous Respiration 

In the absence of exogenous ATP, if fatty 
acids are the main substrates of endogenous 
respiration they could be easily activated by the 
intramitochondrial ATP (38). However after 30 
min incubation the level values obtained should 
be due to the fact that ATP and ADP became 
limiting. This conclusion is supported by the 
observation that, in the presence of exogenous 
ATP the respiratory level remains constant. On 
the contrary, if hexokinase and glucose are 
added after a preincubation period with ATP, 
the oxygen uptake is as quick as in latter case 
for the first 20 min, but then it tends to reach a 
level value as the ATP becomes limiting for 
fatty acid activation. Sufficient ATP and ADP 
concentrations are necessary for efficient fatty 
acid oxidation. 

The variations in lipid composition, although 
weak, are more than sufficient to account for 
the observed oxygen uptakes, especially if 
saturation and desaturation steps are important. 
The NAD stimulation of the respiratory level is 
in favor of the fatty acid oxidation (12) as well 
as the observed P/O ratios of 1. One should 
remember that the oxidation of exogenous 
short chain fatty acid by rat liver mitochondria 
gives a P/O ratio = 1 (39). In the same way, 
Chefurka (40) has shown that free fatty acids 
resulting from phospholipid hydrolysis were 
released during aging of rat liver mitochondria. 

Lipid Composition 

The main phospholipids of pig heart mito- 
chondria are phosphatidyl choline, phospha- 
tidyl ethanolamine, the corresponding plasma- 

logens and cardiolipin. Our results present some 
discrepancy with those of Marinetti et al. (13), 
who mentioned the presence of phosphatidyl 
serine and found a greater amount of phos- 
phatidyl inositol. We did not observe phospha- 
tidyl serine in pig heart mitochondria; only a 
trace, 0.1% or less, of this phospholipid was 
detected in bovine heart mitochondria (35,36). 
The high amount of phosphatidyl inositol 
reported by Marinetti for pig heart mitochon- 
dria can be explained by the chromatographic 
techniques. Indeed Fleischer and Rouser (41), 
comparing the paper chromatography tech- 
nique of Marinetti et al. with the two dimen- 
sional TLC, found in the beef heart mito- 
chondria greater amounts of phosphatidyl 
inositol with the Marinetti system. They 
explained this discrepancy by the decomposi- 
tion of "altered" form of phosphatidyl 
ethanolamine (41) and cardiolipin in the paper 
chromatography. 

The fact that Marinetti (13) found no 
phosphatidyl glycerol as we did, should be 
related to the insufficient resolution of his 
solvent system. 

Plasmalogens had never been studied in pig 
heart mitochondria. The distribution we found 
is similar to those of beef heart (36) and sheep 
heart (42) mitochondria. Their presence has 
been interpreted as unnecessary for the electron 
transfer in beef heart mitochondria (43). 

Neutral fats mentioned by Redfearn (14) 
were identified here to triglycerides and cho- 
lesteryl esters only. The amounts of free fatty 
acids observed in pig heart mitochondria are 
slightly less than those quoted by Wheeldon et 
al. in beef heart mitochondria (35). 

Up to now nobody had determined pig heart 
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mitochondria composition of total lipids and 
distribution of free fatty acids, of phospho- 
lipids and triglycerides fatty acids. As compared 
to beef heart mitochondria (44), we found in 
total lipids more palmitic acid, threefold more 
oleic acid and less linoleic acid, and we found 
heptadecanoic acid. In the triglycerides we 
found 5% fatty acids < C16 not identified by 
Wheeldon (35) in beef heart mitochondria; 
besides, these latter mitochondria contain less 
C16 , more C18 (saturated and unsaturated) 
acids. The free fatty acids in pig heart mito- 
chondria are essentially saturated which agrees 
with values observed in sheep heart (45) but 
differs from beef heart mitochondria where 
high levels of polyunsaturated acids were found 
by Wheeldon et al. (35); but the last authors 
think that phospholipids are hydrolyzed during 
fractionation procedures which account for the 
high level of free polyunsaturated acids. The dis- 
tribution of phospholipids fatty acids is similar 
in pig, beef (35,41) or sheep heart mitochondria 
(45) except for the level of linoleic acid higher 
in pig heart particles. 
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The Synthesis of 1-14C-Arachidonate and 
3 -1 4C-Docosa-7,10,13,16-Tetraenoate 1 
HOWARD SPRECHER, Department of Physiological Chemistry, 
Ohio State University, 370 West Ninth Avenue, Columbus, Ohio 43210 

ABSTRACT 

Methyl 1-14C-arachidonate was pre- 
pared by coupling 1-bromotetradeca- 
2,5,8-triyne with 4-pentyn-l-ol  to yield 
nonadeca-4 ,7 ,10 ,13- te t rayn- l -o l .  This 
compound was reduced with Lindlars 
catalyst. The resulting alcohol was con- 
verted to the mesylate and then to the 
nitrile which in turn was converted to 
methyl 1-14C_arachidonate by hydrolysis 
with anhydrous HC1 in methanol. The 
methyl lA4C-arachidonate was reduced 
to the alcohol with LiA1H 4 and con- 
verted to the mesylate which in turn was 
treated with diethyl malonate. Following 
s a p o n i f i c a t i o n  and decarboxylation 
3-14C-docosa-7,10,13,16-tetraenoic acid 
was obtained. 

I NTRODUCTION 

In studying the metabolism of polyun- 
saturated fatty acids it is frequently necessary 
to have available the acid in a radioactive form. 
In the study reported here the total synthesis of 
m e t h y l  1-1 4C_arachidonate and methyl 
3 - 1 4 C - d o c o s a - 7 , 1 0 ,  1 3 , 1 6 - t e t r a e n o a t e  is 
described. 

EXPERIMENTAL PROCEDURES 

Synthesis 

The methyl lA4C-arachidonate and the 
m e t h y l  3A 4C-docosa-7,10,13,16-tetraenoate 
were prepared according to Scheme 1. 

1-Bromotetradeca-2,5,8,-triyne (I): The 
preparation of this compound has been de- 
scribed previously (1). 

4-Pentyn-l-ol (II): This compound was pre- 
pared by converting tetrahydrofurfuryl alcohol 
to tetrahydrofurfuryl chloride (2). Tetrahydro- 
furfuryl chloride was then converted to 4- 
pentyn-l-o 1 by treatment with sodium in liquid 
ammonia (3). 

Nonadeca-4, 7,1 O, 13-tetrayn-1-o l (III) : Com- 
pounds I and II were coupled in the usual way 
(4). The product (28% yield; mp, 46-48C) was 
recovered by extraction with petroleum ether 
(1). 

1presented at the AOCS-ISF Meeting, Chicago, 
September 1970. 

Nonadeca-4,7,10,13-tetraen-l-ol (IV): The 
reduction of 7.9 g of III was carried out with 
3 g of Lindlars catalyst (5) in 250 ml of  
absolute ethanol containing 4 ml of a 5% 
solution of synthetic quinoline in absolute 
ethanol at atmospheric pressure. Thin layer 
chromatography (TLC) of the product on Silica 
Gel G plates in the solvent system petroleum 
ether-ether-acetic acid 80:20:2(v/v) showed a 
major component which had an identical Rf 
with authentic linoleyl alcohol. Several other 
minor components were also present. The 
desired product was recovered by eluting a 
column of silicic acid with petroleum ether- 
ether 80:20 (v/v). The effluent was monitored 
by TLC. 

Mesylate of nonadeca-4, 7,1 O, 13-tetraen-1-o 1 
(V): The mesylate was prepared essentially by 
the procedure of Baumann and Mangold (6). To 
4 ml of pyridine, cooled in an icebath, was 
added 1.22 g (4.44 mmoles) of IV followed by 
6.66 mmoles of freshly distilled methane sul- 
fonyl chloride. After the reaction mixture had 
stirred for 5 hr in an ice bath the mesylate was 
isolated (6) and used without further purifica- 
tion. 

1-14 Cyano-4, 7,10,13-nonadecatetraene 
(VIi: To 4 m l  of dry dimethyl sulfoxide 
(DMSO) containing (V) was added 2.0 mC of 
Na14CN Amersham Searle; specific activity 
52.8 mC/mmole) and 143 mg (2.96 mmoles) of 
carrier NaCN in 10 ml of DMSO. The reaction 
mixture was heated for 3 hr at 85-90 C (7). The 
nitrile was extracted with five 50 ml portions of 
ether. The pooled ether extracts were washed 
several times with H20  and the ether layer was 
dried over Na2SO 4. The ether was removed 
under reduced pressure. 

Methyl 1-14C-arachidonate (VII): The nitrile 
was dissolved in 50 ml of 25% anhydrous HC1 
in MeOH to which was added 3 mmoles of 
H20.  The mixture was stirred for 1 hr under 
N 2 in an ice bath and then allowed to stand 
overnight at room temperature. Then the reac- 
tion mixture was poured into 100 ml of  H20 
and the product was recovered by extraction 
with petroleum ether. TLC on Silica Gel G 
plates revealed several components in addition 
to the major component which had an identical 
Rf with methyl arachidonate. The entire prod- 
uct (0.762 g) was then streaked on 12 Silica 
Gel G plates (0.5 ram) which were developed in 
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CH3-(CH2)4-(C=C-CH2)3Br + HC-~-C-CH2-CH2-CH2OH EtMgBr 

I II 

CH3-(CH2)4-(C--C-CH2)4-CH 2-CH2 OH LINDLAR ID 

REDUCTION 
III 

CH3-(CH2)4-(CH=CH-CH2)4-CH2-CH2OH CH3-O-SO2CI in 
Pyridine 

IV 

R-CH2-OSO2CH 3 Nal4CN R-CH2-14CN 
in DMSO 

V VI 

R = CH3-(CH2)4-(CH=CH=CH2)4-CH 2- 

Anhydrous  HC1 R-CH2-14COOCH3 LiAIH 4 

in CH3OH 
VII 

R-CH2-14CH2OH CH3-O-SO2CI in 
Im 

VIII Pyridine 

R-CH2-14CH2_SOS2CH 3 

IX 

(1) Na in 1-Butanol 
Im 

(2) Diethyl Malonate 
/COOEt 

R-C H2-14CH2-CH~.cOOEt 

X 

(1) Saponify 

(2) Decarboxylate 
R_CH 2_ 14CH2.CH2_COOH 

Xl 

Scheme 1 

pet ro leum ether-ether-acetic acid 80:20:1  (v/v). 
A column of Unisil (Clarkson Chemical  Co., 
Williamsport,  Pa.) was prepared using petro- 
leum ether-ether  70:30(v/v) .  The TLC plates 
were sprayed with a 0.2% ethanol ic  solut ion of  
2 ' ,7 ' -dichlorof luorscein and the c o m p o n e n t  cor- 
responding to authent ic  methyl  arachidonate  
was scraped f rom the plates, poured on the 
co lumn and the product  (0.604 g; 67% yield 
based on NaCN) was recovered by elut ion with 
petroleum ether-ether  70:30(v/v) .  

Al though compound  VII migrated as a single 
componen t  when examined by TLC, the  trans 
isomers as well as over reduced products  would 
not  be e l iminated by this me thod  of  purifica- 
tion. Accordingly,  AgNO 3 plates (8) were used 
to e l iminate  the trans isomers as well  as the 
small amounts  of  monoeno ic ,  dienoic and 

tr ienoic methy l  esters which were fo rmed  fol- 
lowing Lindlar reduct ion  of  III. The plates were 
developed in ch loroform-e thanol  97:3(v/v)  and 
the componen t  migrating with  authent ic  
methyl  arachidonate  was scraped f rom the plate 
and poured into a chromatographic  co lumn 
containing Unisil. Of the 450 mg of VII applied 
to the AgNO 3 TLC plates 300 mg was recover~ 
ed by eluting the co lumn with  petroleurr~ 
ether-ether  k:l  (v/v). 

1-14 C-eicosa-5,8,11,14-tetraene-l-o1 (Vl1I]: 
To 70 ml of  anhydrous e ther  was added 1.0 g 
of  LiA1H 4 fol lowed by 248 mg of  me thy l  
1-14C-arachidonate in 30 ml of  ether.  The 
mixture  was stirred for 2 hr at r o o m  temper-  
ature and then heated at ref lux for  an addi- 
t ional 2 hr. The alcohol  was isolated and 
purified by Silica Gel G TLC with pe t ro leum 

LIPIDS, VOL. 6, NO. 12 



RADIOACTIVE ACIDS 891 

I -  

Z8o  

_z 
s o  

Z 
o 

~z 40 -  
ne 
tu  

0 

2 0 -  
r ~  

r 

2 0  4'0 
T I M E  I N  M I N U T E S  

go 

FIG. 1. Gas liquid chromatogram of methyl 1-14C-arachidonate. 
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ether-ether-acetic acid 80:20: l(v/v). The prod- 
uct (184 rag; 81% yield) was recovered by 
scraping the alcohol band from the plate, 
transferring it to a column of Unisil and eluting 
with ether. 

Mesylate of 1-14C-eicosa-5,8,11,14-tetraen- 
1-ol (IX): The mesylate was prepared as 
described for V. 

Diethyl 1-14C-eicosa-5,8,11,14--tetraenyl 
rnalonate {X): To 5 ml of 1-butanol was added 
75 mg (3.21 mmoles) of sodium. When the 
sodium had dissolved, 4.5 mmoles of diethyl 
malonate were added in 5 ml of 1-butanol. The 
mixture was heated to reflux and the mesylate 
(IX) was added in 6 ml of 1-butanol. The 
reaction mixture was heated at reflux for 3 hr. 

Methyl 3-14C-docosa-7,10,13,16-tetraenoic 
acid (XI): The 1-buanol was removed from the 
above reaction mixture and 50 ml of a 4% 
solution of KOH in EtOH-H~O 9: l (v/v)  was 
added. The compound (X) was saponified by 
stirring overnight under N 2. Then the reaction 
mixture was acidified and extracted with ether. 
The ether was removed under reduced pressure 
and 10 ml of synthetic quinoline was added. 
The compound was decarboxylated by heating 
it at 130-140 C for 3 hr in an oil bath under 
N z. The reaction mixture was acidified with 
3 N HC1 and extracted with ether. The acid 
was purified by preparative TLC and recovered 
by eluting the fatty acid from the silica gel with 
petroleum ether-ether 80:20(v/v). The acid was 
converted to the methyl ester by stirring 
overnight with a 5% solution of anhydrous HC1 
in MeOH. The methyl ester was purified by 
AgNO 3 TLC as described for VII. The final 
yield was 97 mg (44% based on the alcohol 
[VIII] used). 

T h i n  L a y e r  C h r o m a t o g r a p h y  

The radioactive and chemical purity of the 
methyl esters was determined by TLC using the 
solvent system petroleum etherether-acetic 
acid 90:10:1 (v/v). The plates were stained in an 
iodine chamber and 1 cm bands of silica gel 
were scraped f r o m  the plates into scintillation 
vials and counted in a liquid scintillation 
spectrometer using 10 ml of the water-dioxane 
medium described by Synder (9). Counts per 
minute (cpm) were converted to disintegrations 
per minute (DPM) by use of an applied external 
standard, 

The solvent system chloroform ethanol 
97:3(v/v) was used for AgNO 3 TLC. After 
development the plates were sprayed with 
2',7'-dichlorofluorscein and bands of the silica 
gel were transferred to small columns contain- 
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FIG. 2. Gas liquid chromatogram of methyl 
1-t4C-arachidate mixed with authentic methyl arachi- 
date. 
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FIG. 3. Gas liquid chromatogram of methyl 3-14C_docosa_7 10,13,16 tetraenoate. 
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ing Unisil. The columns were eluted with 
petroleum ether-ether 70:30(v/v) and the efflu- 
ent was taken to dryness and radioactivity was 
measured as described above. 

Gas Liquid Chromatography 

Gas liquid chromatography (GLC) was car- 
fled out on an F and M Model 810 gas 
chromatograph equipped with a thermal con- 
ductivity detector. The stainless steel columns, 
10 ft long by 1/4 in. diameter, were packed 
with 15% ethylene glycol succinate on 80-100 
mesh Gas-Chrom P.. The oven temperature was 
maintained at 195 C while both the injector 
and detector were 280 C. The flow rate of 
helium was 60 ml/min. Fractions were collected 
from the thermal conductivity detector in glass 
caJtridges (Packard) containing two cellulose 
filters (Packard) using a Packard fraction collec- 
tor. The cartridges were transferred to scintilla- 
tion vials and 10 ml of scintillation fluid was 
added. The scintillation fluid contained 5.0 g of 
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FIG. 4. Gas liquid chromatogram of methyl 
3-14C-docosanoate mixed with authentic methyl 
docosanoate. 

2,5-diphenyloxazole and 0.3 g of 1,4-bis 
[ 2-( 4-methyl-5-phenyloxazoyl)] -benzene per 
liter of toluene. 

Infrared Spectra 

Infrared spectra were run as smears on NaC1 
infrared cells using a Perkin Elmer Model 
infrared 337 spectrophotometer. 

RESULTS 

Methyl 1-14C-arachidonate and methyl 
3_14C_docosa_7,10,13,16-tetraenoate migrated 
as single components together with methyl 
arachidonate on TLC. It was found that 99.6% 
of the recovered dpm in methyl 1-14C-arach - 
i.donate were associated with the component  
migrating with authentic methyl arachidonate. 
With methyl 3-14C-docosa-7,10,13,16-tetra- 
enoate 99.5% of the dpm were associated with 
the component migrating with authentic 
methyl arachidonate. With AgNO3 TLC of 
methyl 1-14C-arachidonate 97.8% of the re- 
covered dpm were associated with a component 
that migrated together with methyl arachidon- 
ate. For 3-14C-docosa-7,10,13,16-tetraenoate 
99.3% of the recovered dpm were associated 
with a component that migrated together with 
methyl arachidonate. In the above four analyses 
the recovery of radioactivity was between 
88-95% of that which was applied to the TLC 
plates. 

Figure 1 shows a gas chromatogram of 
methyl 1-14C-arachidonate. The radioactivity 
included by the arrows in Figure 1 represents a 
purity of 96%. The small radioactive contamin 
ant appearing before methyl arachidonate is 
probably a methyl ester of eicosatrienoic acid 
which was not completely eliminated by 
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FIG. 5. Infrared spectra of methyl 1-14C-arachidonate (top) and methyl 3-14C-docosa-7,10,13,16-tetraenoate 
(bottom). 

AgNO3TLC. 
When a portion of methyl 1-14C-arachidon- 

ate was reduced with platinum oxide and mixed 
with authentic methyl arachidate and analyzed 
by GLC a single component was obtained 
which contained 98% of the recovered radio- 
activity (Fig. 2). 

Figure 3 shows a gas chromatogram of 
methyl 3 -14 C-docosa-7,10,13,16-tetraenoate. 
The radioactivity included by the arrows repre- 
sents a purity of 96%. Again the small radio- 
active component appearing before methyl 
docosa-7,10,13,16-tetraenoate is probably a 
methyl ester of docosatrienoic acid which was 
not removed by AgNO 3 TLC. 

When a portion of methyl 3-14C-docosa-7, 
10,13,16-tetraenoate was reduced and mixed 
with authentic methyl docosanoate a single 
component was found (Fig. 4). Of the recover- 
ed radioactivity 98% was associated with this 
component. 

In the above four analyses, the recovery of 
radioactivity from the gas chromatograph 
varied from 90-99% of that which was injected. 

Figure 5 depicts the infrared spectra of 
m e t h y l  1-14C-arachidonate  and methyl 
3 - 14 C- d o c o s a - 7,10,13,16-tetraenoate. Both 
methyl esters were essentially free of  t r a n s  

double bonds as measured by the absorption at 

965 cm -1 . 
The methyl 1-14C-arachidonate and the 

methyl 3-14 C-docosa-7,10-13,16-tetraenoat e had 
specific activities of 0.40 mC/mmole. 

DISCUSSION 

It has been a consistent observation (10,11) 
that commercially available Na14CN contains 
substantial amounts of radioactivity in some 
other form (possibly 14CO3=). For this reason 
the specific activity of the products is not 
identical with that of the precursor although 
their purity is not affected. 

Stoffel (12) has prepared 1-14C.arachidonic 
acid by coupling 1-bromo-tetradeca-2,5 8-tr iyne 
with 1-chloro-4-pentyne to yield 1-chloronon- 
adeca-4,7,10,13-tetrayne. This compound has a 
melting point of 18-20C and polymerizes 
rapidly in the presence of light and air. Our 
procedure differs in that the nonadeca-4,7,10, 
13-tetrayn-l-ol has a melting point of  46-48 C 
and is quite stable under atmospheric condi- 
tions. The compound can be stored under 
nitrogen at -20 C for prolonged periods of time 
without any apparent decomposition. 

Klenk and Mohrhauer (13) have described a 
procedure for the chain extension of acids in 
which the methyl ester is reduced with LiA1H 4 
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to the alcohol.  The alcohol  is then  conver ted  to 
the tosyla te  and then  to  the iodo-derivative.  
The iodo-derivative is then  t rea ted  wi th  d ie thyl  
malonate  which after saponif ica t ion and decar- 
boxy la t ion  yields the desired acid. Recent ly  
Marcel and Holman (11) have shown  that  a 
mesylate  can be t rea ted  wi th  the sod ium salt o f  
diethyl  malonate .  Fol lowing saponif ica t ion  and 
decarboxyla t ion  the desired acid was obta ined .  
This lat ter  approach  has the  advantage in that  a 
min imum num ber  of  s teps is required in prepar-  
ing 3-14C-acids. In the  s tudy  repor ted  here it 
has been establ ished that  this general p rocedure  
is sat isfactory for the p repara t ion  of  3-14C - 
acids containing four  double  bonds .  
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Lipid Metabolism of Acetate-1-14c by Leukocytes 
From Dogs Fed an Arteriosclerosis-inducing Diet 
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ABSTRACT 

Dogs were maintained on a control 
ration or on a semisynthetic diet, con- 
taining 5% cholesterol and 16% hydro- 
genated coconut oil, known to induce 
hyperlipemia and arteriosclerosis. Circu- 
lating leukocytes isolated from dogs fed 
the coconut oil containing diet were 
shown to incorporate 50% more radio- 
activity into lipids than control leuko- 
cytes when incubated with acetate-1A 4C. 
This increase, expressed as dpm/mg of 
leukocyte DNA, was not specific for any 
particular lipid since the distribution of 
radioactivity between neutral lipids and 
phospholipids, as well as among their 
subfractions, was the same regardless of 
the diet fed. The labeling patterns ob- 
served suggest that leukocyte fatty acid 
synthesis from acetate occurs predomi- 
nantly, and perhaps exclusively, by the 
chain elongation pathway. 

INTRODUCTION 

Although several investigators have been 
concerned with the question of whether lipid- 
laden leukocytes or lipophages are involved in 
atherogenesis, and some have shown an effect 
of diet on lipemia and on the lipid content of 
circulating leukocytes (1-4), little attention has 
been devoted to the relationship between diet, 
plasma lipemia and leukocyte lipid synthesis. 
The purpose of this study was to determine 
whether lipid metabolism in blood leukocytes 
would be influenced by feeding a diet known to 
induce hyperlipemia and arteriosclerosis in 
dogs. Furthermore, if changes were observed, 
subsequent studies could be planned to ascer- 
tain whether they are characteristic or indica- 
tive of the type of abnormal lipid metabolism 
contributing to foam cell formation and lipid 
accumulation in the arterial wall. 

METHODS 

Adult male mongrel dogs weighing 12-20 kg 
were maintained on control ration (5) or a 
semisynthetic diet lacking essential fatty acids 
(Diet I), which has been shown to induce 

arteriosclerosis when fed for 1 year 05 longer 
(5-7). The composition and fatty acid distribu- 
tion of Diet I, which contained 5% cholesterol 
and 16% hydrogenated coconut oil as the only 
source of lipid, was described previously (5). 
Blood leukocytes were isolated from dogs kept 
on these diets for 2-16 months. 

Venous blood obtained from animals fasted 
for at least 16 hr was mixed with commercially 
prepared Acid Citrate Dextrose solution (ACD) 
(U.S.P. formula B, Abbott  Laboratories, North 
Chicago, Ill.) containing 1.47 g glucose, 1.32 g 
sodium citrate and 0.44 g anhydrous citric acid 
per 100 ml solution, in a ratio of 4 volumes 
blood to 1 volume ACD. This mixture served as 
the source of leukocytes (WBC) which were 
isolated as described earlier (8) by a method 
involving sedimentation of erythrocytes with an 
equal volume of 3% high molecular weight 
dextran in 0.9% NaC1, centrifuging the remain- 
ing plasma-WBC suspension at 110 x g and 
washing the collected leukocytes twice with 15 
volumes of 0.9% NaC1 containing 1 mg glu- 
cose/m/. Sedimented erythrocytes were also 
washed and resuspended in 0.9% NaC1 (8). 
Leukocytes isolated from 80-100 ml of citrated 
blood were resuspended to 10 ml with the 
isotonic saline plus glucose solution. Auto- 
logous plasma was then added to give a total 
volume of 21 ml from which 3 ml of the WBC 
suspension were removed for determination of 
DNA, cell volume and cell counts. 

Labeled sodium acetate-1-14C, obtained 
from Amersham/Searle, Chicago, Ill., with a 
specific activity of 44.4 mc/mmole, was 
dissolved in 0.9% NaC1 to give a concentration 
of 50 pc/ml. The acetate which had a stated 
purity of 98% was found by strip scanning to 
give only one radioactive spot after chromato- 
raphy on Whatman No. 1 paper in ethanol- 
a m m o n i u m  h y d r o x i d e - w a t e r  8 0 : 4 :  16. 
Incubation of the leukocyte suspension was 
begun after adding 2 ml of labeled acetate to 
give a final volume of 20 ml. The 20 ml mixture 
thus contained 100 pc and 2.26 /.tmoles of 
acetate-lA4C, 9.43 ml of plasma and 8.57 ml 
of WBC suspended in saline-glucose. Incuba- 
tions were carried out in capped 125 ml 
Erlenmeyer flasks fitted with rubber serum 
stoppers, through which 3 ml Hyamine hydrox- 
ide were injected into a glass vial inside the 
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TABLE I 

Leukocyte Neutral Lipids 

(dpm/mg leukocyte DNA) 

Control Diet I 
Neutral lipid (N=8) (N= 10) p( 

Free cholesterol a 17,420 4- 2,142 b 18,679 4- 840 n.s. 
Free fatty acid 103,742 4-7,939 165,829 4- 11,977 0.001 
Triglyceride 79,979 4- 7,097 116,186 4- 12,403 0.05 
Cholesteryl ester 12,118 4- 980 19,926 4- 2,158 0.01 

Total 213,259,_+ 12,004 320,620 4- 18,866 0.001 

aFree cholesterol fraction may also contain diglycerides. 
bDisintegrations per minute (dpm) 4- standard error. 

flask after 2 hr of gentle shaking at 37 C. After 
an additional 0.5 hr incubation the flasks were 
removed, placed in an ice bath and 20 ml 
methanol were added. The entire leukocyte 
plus plasma suspension was then extracted with 
chloroform-methanol 2:1 (9). Zero time studies 
in which methanol was added to the incubation 
mixture preceding the addition of labeled ace- 
tate showed that 99.9% of the radioactivity was 
found in the aqueous phase. The subsequent 
wash of the organic phase with 0.2 volume of 
0.02% CaC12, which was done in all extractions, 
removed virtually all of the remaining labeled 
material from the organic phase. 

Neutral lipids and phospholipids were sepa- 
rated on silicic acid columns by eluting with 
chloroform and methanol, respectively, and 
further fractionated by thin layer chromatog- 
raphy (TLC) on Silica Gel G. Neutral lipids 
were divided into bands containing free choles- 
t e r n  probably contaminated with diglyceride, 
free fatty acid, triglyceride and cholesteryl ester 
by developing with petroleum ether-diethyl 
ether-acetic acid 90: 10: 1. Plates streaked with 
the phospholipid fraction were developed with 

the  chloroform-methanol-acetic acid-water 
25: 15: 4:2 system of Skipski et al. (10) yielding 
lysophosphatidyl choline, sphingomyelin, phos- 
phatidyl choline, phosphatidyl serine plus phos- 
phatidyl inositol, phosphatidyl ethanolamine 
and near the solvent front, phosphatidic acid 
plus cardiolipin. Bands were visualized by ex- 
posing the plates to iodine vapor. Radioactivity 
in each fraction was measured by scraping the 
silica gel from the TLC plate and transferring it 
directly to scintillation vials containing naph- 
thalene, PPO, dimethyl POPOP, dioxane and 
water as described by Snyder (11). Disintegra- 
tions per minute (dpm) were calculated by 
external standardization. Recovery of radioac- 
tivity in terms of per cent of the total dpm 
applied to the TLC plates was always greater 
than 93%. Amounts of radioactivity detected in 
various lipid fractions were expressed as 
dpm/mg of lipid or mg of DNA, since accurate 
leukocyte counts were difficult to obtain from 
the WBC suspensions. DNA was measured by 
the Webb and Levy method (12). 

Fatty acid methyl esters were prepared from 
lipid fractions isolated by column chromatog- 

TABLE II 

Leukocyte Phospholipids 

Phosph~ipid 

(dpm/mg leukocyte DNA) 

Control, 
(N=7) 

Diet I 
(N=9) p( 

Origin 
Lysophosphatidyl choline 
Sphingomyelin 
Phosphatidyl choline 
Phosphatidyl serine 

+ phosphatidyl inositol 
Phosphatidyl ethanolamine 
Phosphatidic acid 

+ cardiolipin 

Total 

511 4- 170 
1,222 4- 201 

19,992 --. 1,783 
84,123 __. 8,255 

16,505 4- 1,987 
26,358_+ 2,448 

53,114 4- 5,105 

201,114 4- 14,854 

1,558 4- 291 
3,604 + 742 

28 ,110+ 2,451 
117,292 + 9,400 

26,457 _+ 682 
30,278+ 1,211 

86,765 4- 8,872 

294,064 + 19,850 

0.01 
0.025 
0.025 
0.025 

0.001 
n.s. 

0.01 

0.005 
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TABLE III 

Distribution of Radioactivity 

897 

Lipid fraction Control, % Diet I, % 

Free cholesterol 4.20 
Free fatty acid 24.99 
Triglyceride 19.2'7 
Cholesteryl ester 2.92 

Total neutral lipid 51.38 

Origin 0.12 
Lysophosphatidyl choline 0.29 
Sphingo myelin 4.81 
Phosphatidyl choline 20.27 
Phosphatidyl serine 

+ phosphatidyl inositol 3.98 
Phosphatidyl ethanolamine 6.35 
Phosphatidic acid 

+ cardiolipin 12.80 

Total phospholipid 48.62 

Total lipid 

3.04 
26.98 
18.90 

3.24 

213,259 dpm a 52.16 

201,825 dpm 

415,084 dpm 

0.25 
0.59 
4.57 

19.08 

4.30 
4.93 

14.12 

47.84 

320,620 dpm 

294,064 dpm 

614,684 dpm 

aDisintegrations per min/mg leukocyte DNA. 

r aphy  or TLC using b o r o n  t r i f luor ide  in me th -  
anol  (13).  Whenever  fa t ty  acid analysis was 
d e t e r m i n e d  on f rac t ions  separa ted  by  TLC, the  
l ipids were de tec ted  by f luorescence  in UV light  
a f te r  spraying  the  pla te  wi th  0.04% dichloro-  
f luorescein in 50% e thanol .  

Separa t ion  was achieved by  ut i l iz ing a 5 0 0 0  
S e r i e s  Barber -Colman gas c h r o m a t o g r a p h  
equ ipped  wi th  a 6 f t  x 3.5 m m  ID coiled glass 
c o l u m n  and f lame ion iza t ion  de tec tor .  Co lumn  
pack ing  was 6% stabi l ized e thy lene  glycol adi- 
pa te  on high pe r fo rmance  8 0 / 1 0 0  mesh  Chro-  
mosorb  G. Carr ier  gas was he l ium or  n i t rogen  at 
40  m l / m i n  and the c o l u m n  was opera ted  
i so thermal ly  at  200  C. D i s t r ibu t ion  of the  label  
among  fa t ty  acids of  l ipid f rac t ions  was esti- 
m a t e d  wi th  the  Model  5190  Radioac t iv i ty  
Moni to r ing  Sys tem a t t a c h m e n t .  By means  of  a 
s t ream spl i t ter ,  90% of  the c o l u m n  e f f luen t  was 
diver ted to a 650  C c o m b u s t i o n  tube  con ta in ing  
CuO which  conve r t ed  the  m e t h y l  esters to  
labeled ca rbon  dioxide  which  was t hen  c o u n t e d  
and recorded  separa te ly  b u t  s imul t enaous ly  
wi th  the  mass. Di s t r ibu t ion  of b o t h  fa t ty  acid 
mass and  radioact iv i ty  were calculated by  the  
peak he igh t  t imes r e t en t i on  t ime m e t h o d  wh ich  
was found  n o t  to  differ  s ignif icant ly  f rom the 
area percen tage  m e t h o d  ob ta ined  wi th  the  disc 
i n t eg ra to r  (14) .  Recorded  responses  of  the  
p r o p o r t i o n a l  c o u n t e r  to  in jec t ions  of  equal  
a m o u n t s  of  rad ioac t iv i ty  were ident ica l  regard- 
less of  w h e t h e r  labeled pa lmi ta te ,  s teara te  or  
oleate m e t h y l  esters were used. Calcula t ion  of  
the  specific act ivi ty of each labeled fa t ty  acid 
would  have been  possible w i th  the  sys tem b u t  

was no t  done  in these  expe r imen t s ,  because  
such results  would  have l i t t le  value since the  
ext rac ts  used con t a ined  n o t  on ly  WBC fa t ty  
acids b u t  cons iderab ly  greater  and vary ing  
am oun t s  of  fa t ty  acids c o n t r i b u t e d  by  the  
au to logous  p lasma p resen t  in the  original  incu-  
b a t i o n  mix ture .  

Blood smears were prepared  for  d i f fe rent ia l  
c o u n t i n g  and to assess the  e x t e n t  of  l ipid 
accumula t ion  and  vacuole  fo rmat ion .  Smears 
were fixed in 4 par ts  Earle 's  ba lanced  sal t  
so lu t ion  and 1 pa r t  40% f o r m a l d e h y d e  for  10 
min ,  r insed three  t imes  in dist i l led water ,  
d e h y d r a t e d  in p ropy l ene  glycol,  s ta ined wi th  
Sudan  IV or Oil Red O so lu t ions  for  5 rain, 
r insed twice in 70% e thano l ,  coun te r - s ta ined  
w i th  50% May-Gr~nwald  so lu t ion  for  1 min ,  
r insed twice wi th  dist i l led wa te r  and dried in 
air. 

RESULTS 

Changes in the  me tabo l i sm of  ace t a t e - l -14C 
by l eukocy tes  i sola ted f rom dogs on  a thero-  
genic Diet  I seemed to arise relat ively rapidly  
and  p r o b a b l y  co inc ided  w i th  the  rapidly  chang-  
ing plasma lipid p a t t e r n  descr ibed elsewhere 
(5). I n c u b a t i o n s  carr ied ou t  af ter  animals  had  
been  on the  diet  2-16 m o n t h s  gave similar  
results  and  did n o t  appear  to  be re la ted to 
length  of  t ime on e i the r  diet.  Resul ts  f rom all 
dogs on a par t i cu la r  diet  were the re fore  aver- 
aged and t rea ted  as a single group.  Differences  
in ca lcula ted means  were s ta t is t ical ly  evaluated  
by  apply ing  S t u d e n t ' s  t Zest. The  i n c o r p o r a t i o n  
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T A B L E  IV 

D i s t r i b u t i o n  o f  R a d i o a c t i v i t y  A m o n g  F a t t y  A c i d s  

Neu t r a l  l ipid,  % P h o s p h o l i p i d ,  % 

F a t t y  ac id  C o n t r o l  Die t  I C o n t r o l  Diet  I 

16 :0  13 .6  12 .3  5 .7  5.1 
16:1  2.1 1.9 0 .8  1.0 
1 8 : 0  30 .0  23 .9  15.9  13.8  
18:1 5.1 7 .9  6 .8  7 .9  
20 :1  a 19.1 15.5 14 .4  18.6  
2 0 : 2  a 15 .2  15 .4  9 .9  15 .0  

) 2 0 : 2  15 .0  23 .1  b 4 6 . 6  38 .8  

a T e n t a t i v e  i d e n t i f i c a t i o n  w a s  a ided  b y  p r i o r  separa-  
t i on  o f  t he  m e t h y l  es ters  o f  t h i n  l a y e r  c h r o m a t o g r a p h y  
p la tes  i m p r e g n a t e d  w i t h  silver ion  (26) .  

b D i f f e r e n c e s  b e t w e e n  t h e  C o n t r o l  g r o u p  (N=3)  a n d  
Diet  I g r o u p  (N=6)  we re  n o t  s ign i f i can t  e x c e p t  f o r  t he  
r a d i o a c t i v i t y  a s soc i a t ed  w i t h  f a t t y  ac ids  l eav ing  the  
c o l u m n  a f t e r  C 2 0 : 2  in t he  n e u t r a l  l ip id  f r a c t i o n  
(p < 0 .05) .  

of label into neutral lipids is expressed in Table 
I as dpm/mg of leukocyte DNA. Table II 
depicts the pattern found in.the phospholipids. 
Radioactivity in the total lipid was approxi- 
mately equally distributed between neutral 
lipid and phospholipid regardless of which diet 
the dogs were fed as seen in Table III. Also 
shown in the same table is the percentage of the 
total dpm each neutral lipid and phospholipid 
subfraction contained. Similarities in distribu- 
tion percentages strongly suggest that the bio- 
synthesis of lipids in leukocytes, as judged by 
incorporation of labeled acetate into various 
lipid fractions, proceeds by the same pathways 

in WBC from dogs on Diet I as from controls. 
These similarities between groups do not ex- 
tend, however, to the total amount of radioac- 
tivity incorporated which in nearly every lipid 
subfraction was significantly higher in the Diet 
I group expressed as dpm/mg leukocyte DNA 
(Tables I, II and III). 

Not included in the tables are data obtained 
from leukocytes isolated from dogs fed Diet I 
but without the cholesterol supplement for 3 
months. Only three animals were studied but 
incubation with labeled acetate gave results 
indistinguishable from those given for the group 
fed Diet I. 

Most of the radioactivity in lipids was found 
in the long chain fatty acid moieties. Distribu- 
tion of the label among the lipid classes was not 
significantly influenced by the diet fed (Table 
III), although there were striking differences 
between neutral lipid and phospholipid fatty 
acid labeling as shown in Table IV. Fatty acid 
patterns in isolated and washed leukocytes 
which were not mixed with plasma or isotope 
are given in Table V. In spite of the altered 
plasma fatty acid composition (5) and the lipid 
vacuolization observed in some WBC as de- 
scribed below, no differences were noted in the 
neutral lipid fatty acids. Only in phospholipids 
were there significant decreases in linoleic and 
arachidonic acids and an increase in the eico- 
satrienoic acids characteristic of essential fatty 
acid deficiency. 

Examination of blood smears revealed that 
all dogs on Diet I had lipid-laden circulating 
cells (polymorphonuclear leukocytes, mono- 

T A B L E  V 

L e u k o c y t e  F a t t y  A c i d  D i s t r i b u t i o n  a 

Neu t r a l  l ip id ,  % P h o s p h o l i p i d ,  % 

F a t t y  ac id  C o n t r o l  Diet I C o n t r o l  Diet  I 

12 :0  2 .0  2 .7  
12:1  0.1 0 
1 4 : 0  8 .8  8.9 
14:1 2 .6  1.7 
14:1  - 1 6 : 0  6 .8  3 .9  
16 :0  25.1  2 7 . 7  
16:1  15 .7  15 .0  
16:1  - 18 :0  2 .9  2 .6  
18 :0  10 .0  12.9  
18:1  22 .2  21 .2  
18 :2  3 .8  2 .8  

) 1 8 : 2  0 0 .3  
1 8 : 2  - 2 0 : 3  
2 0 : 3  w 9  
2 0 : 3  w 6  
2 0 : 4  

) 2 0 : 4  

0 .7  1.8 
0 0.1 
2 .5  4 .9  (p ( 0 . 0 5 )  
0.1 0 .1  
0 .9  1 .0  

2 0 . 6  2 2 . 8  
3 .6  4 .9  
0 .8  0 .5  

17.3  16.1 
11 .4  15 .6  

6.0 4.5 (p < 0 .025)  

4.7  4.1 
0 .4  3 .9  (p ( 0 . 0 5 )  
0 .6  1 .4  ( p ( 0 . 0 5 )  

17.2  8 .3  ( p ( 0 . 0 1 )  
13.6  9 .7  

aL ip ids  we re  e x t r a c t e d  f r o m  l e u k o c y t e s  n o t  s u b j e c t e d  t o  i n c u b a t i o n  o r  a d d i t i o n  o f  ace- 
t a t e .  C o n t r o l  g r o u p  (N=2) .  Diet  I g r o u p  (N=4) .  
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cytes and lymphocytes) 10 days to 2 weeks 
after initiation of the diet. At this time, 
electron microscopy demonstrated membrane- 
bound osmiophilic intracellular vacuoles as well 
as lipid accumulation on the surface of the cell 
membrane. Periodic sampling of fasting periph- 
eral blood showed that extracellular lipid coats 
appeared during the first 6 days following 
initiation of the diet and intracellular lipid 
vacuoles 4-8 days thereafter. Differential counts 
of peripheral blood smears and buffy coats 
failed to demonstrate any correlation between 
distribution of leukocyte populations and sever- 
ity of established hyperlipemia. Quantitative 
data on the total lipid content of leukocytes 
unfortunately were not obtained, since WBC 
were not isolated from the incubation mixture 
prior to lipid extraction and subtraction of that 
portion owing to plasma lipid did not give 
reliable values for the WBC contribution to the 
total. Extraction of washed red cells from dogs 
on Diet I showed no increase in total lipid 
weight per cell or per gram of hemoglobin even 
after several months on the diet. 

While the present study is focused on the 
lipid metabolism of acetate, it should be noted 
that only between 1% and 2.5% of the labeled 
acetate was incorporated into extracted lipid at 
the end of the 2.5 hr incubation whereas 
30-60% of the 14C was found trapped as 
14C02 with the remainder in the aqueous 
phases, probably largely as unreacted carboxyl 
labeled acetate. Variability in the recovery of 
labeled carbon dioxide prevented any meaning- 
ful comparison between groups in their capac- 
ity to oxidize labeled acetate. 

DISCUSSION 

Leukocytes isolated from dogs fed a diet 
known to induce arteriosclerosis incorporated 
apprgximately 50% more radioactivity from 
acetate-l-14C into both neutral lipids and 
phospholipids. The increase was not  specific for 
any lipid fraction since the distribution of 
radioactivity was the same in control WBC 
lipids as in those from the Diet I group. Dietary 
cholesterol does not seem to be a determining 
factor in acetate utilization since leukocytes 
from three dogs fed a diet identical to Diet I 
but without the cholesterol supplement for 
three months gave the same results as those 
obtained from the group fed Diet I. Although 
incubations were done on mixed leukocyte 
populations, the increase cannot be attributed 
to differences in types of WBC isolated since 
the differential counts in both whole blood and 
in the incubation suspensions were the same as 
for control preparations. That it was related to 

intracellular lipid content cannot be established 
since leukocyte total lipid weight was not 
obtained and, though there were indications by 
cytochemical staining that some WBC con- 
tained lipid vacuoles, fatty acid distribution of 
leukocyte neutral lipids did not show any 
deviation from control values and phospho- 
lipids were not substantially altered in spite of 
quite marked changes in plasma lipid fatty acid 
patterns. 

Incubations were carried out in the presence 
of autologous plasma in order to approximate 
more closely the in vivo condition than if 
buffer or saline alone were used. Labeled free 
fatty acids are known to be transported out of 
leukocytes into plasma at a rapid rate in vitro 
when rabbit blood is incubated with acetate-2- 
14 C (15). Lipids newly synthesized by human 
WBC and platelets are also transferred out of 
cells into plasma (16). Transport of free fatty 
acids across platelet membranes was shown to 
require the presence of plasma since no labeled 
lipid was released into the medium when 
platelets were incubated with acetate in buffer 
alone (17,18). Whether increased acetate con- 
version to lipid in WBC from Diet I dogs is an 
acquired property of the leukocytes themselves 
or is mediated by plasma lipid composition or 
other plasma factors will be investigated. Condi- 
tions reported to have an effect on acetate 
metabolism by circulating leukocytes include 
4-7 hr postalimentary lipemia (19), phago- 
cytosis (20) and leukemia (21). Sen and Roy 
(22) showed an increase in incorporation of 
radioactivity into WBC lipids when whole blood 
from hypertensive patients was incubated with 
acetate-l-14C. Another aspect to consider in 
evaluating the incorporation of label into the 
cholesteryl ester fraction when incubations are 
carried out in plasma is that labeled free 
cholesterol or lecithin could serve as the pre- 
cursor in plasma for cholesteryl ester synthesis 
by the action of lecithin-cholesterol acyltrans- 
ferase. 

Distribution of radioactivity among fatty 
acids of both neutral and phospholipids demon- 
strated that all of the labeled acetate appeared 
in long chain fatty acids, the shortest of which 
was palmitic (C 16:0). Fatty acids may be 
synthesized by more than one pathway. The de 
novo pathway commonly found in the cell sap 
of many tissues involves a carboxylation reac- 
tion whereby acetyl coenzyme A reacts with 
CO 2 and ATP to yield malonyl-CoA and is 
catalyzed by acetyl-CoA carboxylase. Palmitic 
acid is the end product of the reaction that 
utilizes 1 acetyl-CoA, 7 malonyl-CoA and 14 
NADPH, and is catalyzed by the multienzyme 
complex called fatty acid synthetase. Many 
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investigators have used the appearance of ace- 
tate label in C 16:0 as evidence for the 
existence of the de novo pathway, and the 
finding of radioactivity in stearate (C 18:0) or 
longer chain acids as proof of the "mitochon- 
drial" chain elongation mechanism in which 
successive acetyl units are added on to pre- 
existing long chain fatty acids without going 
through malonyl-CoA formation. Miras et al. 
(23), however, found that in human leukocytes 
incubated with acetate-l-I 4C the small amount 
of radioactivity detected in C 16:0 was formed 
mainly through the elongation pathway since 
most of the label was located in the carboxyl 
group. Majerus and Lastra (24) have shown 
furthermore that neither human leukocytes nor 
mature erythrocytes are capable of de novo 
fatty acid synthesis because they lack acetyl- 
CoA carboxylase activity. However platelets do 
contain the complete de novo system including 
carboxylase (25). 

It thus appears that while the data presented 
concerning fatty acid synthesis do not prove 
that the de novo pathway is not involved to 
some extent, the results strongly indicate that 
the chain elongation pathway is the predomi- 
nant  system, and perhaps the only one, opera- 
tive in circulating leukocytes. 
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The Structures of the Branched Fatty 
Acids in the Wax Esters of Vernix Caseosa 
N. NICOLAIDES, Department of Medicine (Dermatology), 
University of Southern California School of Medicine, 
Los Angeles, California 90033 

A B S T R A C T  

By c o m b i n e d  gas l iquid ch romatog-  
raphy-mass  s p e c t r o m e t r y  a series of  
m o n o m e t h y l  b r a n c h e d  fa t ty  acids was 
found  in the  fa t ty  acid m o i e t y  of  the  wax 
esters of  vernix  caseosa. The m e t h y l  
b r a n c h  occur red  on  the  even C-atoms o f  
chains  ranging f rom C 11 to  C 17 (some 43 
c o m p o u n d s  in all). Excep t  for  the iso 
acids and possibly  some of  the  ante iso  
acids, these could  be fo rmed  by replace- 
m e n t  of ma lony l  CoA wi th  a molecule  of  
m e t h y l  ma lony l  CoA at the  p o i n t  of  the  
b ranch .  Smal ler  a m o u n t s  of  fa t ty  acids 
also were found  w i th  two  m e t h y l  
b r anches  occur r ing  on the  even C-atoms 

of  chains  ranging f rom C 9 to  C 1 5- 

I N T R O D U C T I O N  

We have previously  r epo r t ed  the  presence  of  
five series of b r a n c h e d  fa t ty  acids in vernix  
caseosa and in h u m a n  skin surface lipids, largely 
on the  basis of  gas l iquid c h r o m a t o g r a p h y  
(GLC)  (1). By means  o f  c o m b i n e d  GLC-mass 
s pec t rome t ry  we have n o w  found  these to be  
pos i t iona l  i somers  of  m o n o m e t h y l  and di- 
m e t h y l  b r a n c h e d  acids. 

E X P E R I M E N T A L  PROCEDURE 

Vernix  caseosa, the  greasy mater ia l  on  the  
skin of  the  n e w b o r n ,  was used as sample  of  skin 

C13.6j 
Cl4 I\Cl4ZO Cl5"6~ 

CI ~ S - 4 4  

f CI6.72 

Cr8 

= ~ ~" '~ ~ ;, ~'-%= ~ ~. ~ ~76~ 
oS -=- ~ ~. : ,,= o ~ ;  

FIG. 1. Gas chromatographic tracing o f  the saturated fatty acid methyl esters of the wax esters of vernix 
caseosa showing the points at which a 5-second mass spectrometric scan was made (notches on peaks). The 
center of these scans are the equivalent chain length values listed in Tables I and III. Gas liquid chromatography 
was performed on an Aerograph Model 1400 instrument with a 9 ft x 1/8 in. stainless steel column packed with 
3% OV-101 on 100-120 mesh Gas Chrom Q (Applied Sciences, Inc., State College, Pa.). It was programmed from 
150-270 C at 2 C/min with He at 40 ml/min flowing. Although esters to C28 emerged, only the peaks to C18 are 
shown. One-half the effluent went to a flame ionization detector, the other half, interfacing by means of a jet, to 
a duPont Model 21-491 mass spectrometer operating at 70 eV ionizing potential. 
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TABLE I 

Monomethyl  Branched Saturated Fa t ty  Acid Methyl Esters of  Wax Esters of  Vernix Caseosa 

Structures  Scan Base Molecular 
identified ECL a No. peak ion Main identifying m/e  (% of  base peak) 

4-Me C l l  11.49 4 87 214 87,115(7),M-57(10),99(6),127(3),M-73(9) 
6-Me C l l  M-76(3) 
8-Me CI1 171 (0.4),139(0.8),  121(0.8) 
10-Me C 11 iso M-65(1.1) 
10-Me C I I  iso 11.64 5 74 214 M-65(2.0) 

4-Me C12 12.46 9 87 228 87 ,115(16) ,M-57(11) ,M-73(n)  
6-Me C12 M-76(18) 
a-Me C12 171(=M-57)(11),139(1.S),,121(0.5) 
4-Me C12 12.52 10 87 228 87,115(6),M-57(6) 
6-Me C12 M-76(1) 
8-Me C12 171(6) ,139(2) ,121(0.5)  
lO-Me C12 anteiso 12.69 11 74 228 M-29)M-31,M-29(6),M-29-32(2),M-29-32-18(3) 

4-Me C13 13.41 18 74 242 87(57),115(11),M-57(9),M-49(23),M-73(2.1) 
6-Me C13 M-76(19) 
8-Me C13 171 (0.7) ,139(2) ,121(2.1)  
10-Me C13 199(0.9) ,167(4.7) ,149(0.7)  
4-Me C13 13.47 19 74 242 87(92),  115(9),M-S7(9),M-49(1.7),M-73(8.6) 
6-Me C 13 M-76(9.0) 
8-Me C13 171 (1.0) ,139(2.4) ,121(1.8)  
4-Me C13 13.50 20 74 242 87(82),115(6.3),M-57(9.S),M-73(8.8) 
6-Me C13 M-76(2.0) 
8-Me C13 171 (1.4) ,139(1.6) ,121(0.8)  
12-Me C13 iso 13.59 21 74 242 M-65(0.8) 

4-Me C14 14.47 28 87 256 87,115 (10),M-57(6.7),M-49(0.7),M-73(0.6) 
6-Me C14 M-76(6.3) 
8-Me C14 171(1.1) ,139(2.7) ,121(1.2)  
lO-Me C14 199(6.7) ,167(0.6) ,149(0.6)  
a-Me C14 14.51 29 87 256 87,115(5.0),M-57(6.8),M-49(0.4),M-73(5.2) 
6-Me C14 M-76(1.0) 
8-Me C14 171 (0.9) ,139(0.7) ,121(0.5)  
10-Me C14 199(6.8), 167(0.8) ,149(0.7)  
13-Me C14 iso 14.59 30 74 256 M-65(0.39) 
13-Me C14 iso 14.'65 31 74 256 M-65(0.59) 
12-Me C14 anteiso 14.73 32 74 256 M-29>M-32 

4-Me C15 15.41 39 74 270 87(54),115(2.5),M-57(6.7),M-73(4.8) 
6-Me C15 +284 M-76(5.7) 
8-Me C15 171 (0.9) ,139(3.5) ,121(1.7)  
10-Me C15 199(0.17) ,167(1.3) ,149(0.7)  
12-Me C15 227(1.3) ,195(1.1) ,177(0.24)  
4-Me C15 15.45 40 87 270 87,115 (4.7),M-57(9.1),M-73(7.3) 
6-Me C15 M-76(0.9) 
8-Me C15 171(1.8) ,139(0.9) ,121(1.5)  
10-Me C15 199(2.0), 167(0.3) ,149(0.9)  
14-Me C15 iso 15.58 42 74 270 M-65(0.69) 

4-Me C16 16.43 47 74 284 87(77),  115(%7),M-57(9.7),M-49(0.52),M-73(5.2) 
6-Me C16 M-76(0.8) 
8-Me C16 171 (1.3) ,139(1.3) ,121(2.5)  
10-Me C 16 199(8.0) ,167(1.0) ,149(1.8)  
12-Me C 16 227(9.7) ,195(1.3) ,177(1.4)  
15-Me C16 iso M-65(0.58) 
4-Me C16 16.50 48 74 284 87(92), 115(6.0),M-57(5.0),M-49(0.13),M-73(2.5) 
6-Me C16 M-76(0.8) 
a-Me C16 171(1.3) ,139(1.3) ,121(2.5)  
10-Me C16 199(8.0) ,167(1.0) ,149(1.8)  
12-Me C16 227(5.0)=M-57,195 (3.0), 177(2.0) 
14-Me C16 anteiso 16.70 49 74 284 M-29)M-31,M-29(6.5),M-29-32(2.5),M-29-32-18(3.5) 
15-Me C16 iso M-65(0.85) 

4-Me C17 17.45 53 74 298 87(84),115(8),M-57(7),M-73(5.8) 
8-Me C17 171(2.3) ,139(1.7) ,121 (0.8) 
10-Me C17 199(3.3) ,167(1.7) ,  149(2.3) 
12-Me C17 227(3.3),  195(2.3), 177( l .7 )  
16-Me C17 iso 17.63 54 74 298 M-65(0.06) 

aECL, eqmvalent  chain lengtla. If one considers the increase in retention t ime in going f rom one normal 
methyl  ester to the next  higher homolog as 1.00, then tha t  fract ion of  this increase in going f rom the lower 
normal  methyl  ester to the center o f  the 5-second scan is the fractional por t ion  o f  the ECL values listed. The 
integer por t ion  of the ECL value represents the number  of  C-atoms in the fa t ty  acid moiety of  the lower normal  
methyl  ester (6). 
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lipids to avoid contamination problems encoun- 
tered with human skin surface lipid, especially 
from bacteria that are known to produce 
branched acids. We examined the wax esters 
b e c a u s e  t h e y  a r e  produced by sebaceous glands 
only and they are not  affected by esterase 
activity as are other esters (2). 

A sample of vernix caseosa (11.82 g) from a 
Caucasian male yielded 1.370 g of lipid by 
chloroform-methanol extraction (1). The lipid 
was chromatographed on the silicic acid column 
described in (3). After saturated hydrocarbons 
(trace) were eluted with 505 ml hexane, and 
squalene with 350 ml 8% benzene in hexane, 
the sterol ester + wax ester fraction (560 mg) 
was eluted with 2310 ml 8% benzene in hexane 
+ 450 ml 15% benzene in hexane + 150 ml 20% 
benzene in hexane. Aliquots of this mixture 
were separated into wax ester and sterol ester 
fractions on columns of MgO as described in 
(4). For 50.8 mg and 56.4 mg aliquots, we 
recovered respectively 15.8 mg and 19.4 mg 
wax ester, 1.25 mg and 0.75 mg of an inter- 
mediate fraction, 26.6 mg and 29.9 mg sterol 
ester, and 5.3 mg and 5.0 mg post sterol ester 
material. A 31.5 mg aliquot of the combined 
wax esters was then saponified with 10% KOH 
in 90% ethanol under an atmosphere of nitro- 
gen for 2 hr then the saponified mixture wa,~ 
acidified with 6N H2SOa and the saponified 
products were extracted with hexane. The 
unsaponifiables were separated quantitatively 
from the fatty acids on a column (10 x 1.6 cm) 
of 11.5 g Florisil, eluting with 110 ml CHC13 to 
recover the unsaponifiables (19.45 mg), and 
with 100 ml CHC13-methanol-formic acid 
90:5:5 to recover the fatty acids (12.05 mg). 
Thin layer chromatography of these substances 
on silica gel-MgSiO 3 9:1 developed with hex- 
ane-ether 60:40 showed only one spot each for 
the unsaponifiables and for the fatty acids. The 
latter were then esterified with BF 3 in meth- 
anol and the methyl esters (10.5 mg)separated 
into saturates (2.66 mg), monoenes (6.85 mg), 
dienes (0.7 mg) and polar material (0.2 mg) on 
a AgNO3/SiO 2 column as described in (5). The 
saturated fatty acid methyl esters were then gas 
chromatographer on 3% OV-101 with half the 
effluent going to the hydrogen flame and the 
other half into a duPont 21-491 mass spectrom- 
eter (see Fig. 1 for details). 

RESULTS A N D  DISCUSSION 

Figure 1 shows the GLC tracing of the 
saturated fatty acids of the wax esters of vemix 
caseosa and the points on the GLC peaks where 
the 5-second mass spectrometric scans were 
taken, i.e., S-l, S-2, and so on. It also gives the 

TABLE II 

Equivalent Chain Length Values of Various Mono 
Methyl  Branched Methyl  Oetadecanoates  on  OV-101 a 

Posi t ion  o f  methyl  
branch on  C 18 ehainb ECL c 

2 18 .33  
3 18.39 
4 18.51 
6 18.42 
8 18 .40  
9 18.41 

12 18 .44  
14 18.52 
15 18.58 
16 (anteiso) 18.73 
17 (iso) 18.63 

aGas liquid chromatography condit ions:  Beckman 
GC-4 instrument, 6 ft x 1/4 in. stainless steel co lumn 
packed wi th  3% OV-101 on Gas Chrom Q 100-120 
mesh with He flowing at 40 ml/min, isothermal at 
200 C. Standards injected before and after the test 
substances showed the same retent ion to + 0 .02  rain. 

bThe 2 through 15 methy l  isomers (synthet ic)  
were gifts o f  J. Cason; the 16 methy l  isomer was 
purchased from Analabs, Inc., New Haven, Conn. The 
value for the 17 methyl  isomer was obtained from a 
plot o f  synthet ic  iso acids (C14, C16, C18, C20) 
purchased from Anaiabs, Inc. 

CSee (6) and fn.  a, Table I. In this case the 
fractional increase in retent ion t ime to the  tops of  the  
peaks was used as is normal ly  done.  

equivalent chain lengths (ECL) (6) of the tops 
of the peaks, many of which are obvious 
mixtures. Interpretation of spectra was based 
largely on the work of Ryhage and Stenhagen 
(7) and of Odham who analyzed the preen 
gland lipids (sebaceous-type glands) from many 
birds [see Karlsson and Odham (8) and the ref- 
erences listed there].  Table I lists the structures 
of the monomethyl  branched fatty acids (as 
methyl esters), the main identifying ions on 
which these structures are based and the ECL 
of the center of the scan. Although the 
amounts of each isomer in the mixtures could 
not readily be determined from the mass 
spectra, the very large peaks at an m/e on 87 
clearly show that, apart from the iso and 
anteiso derivatives, methyl at position 4 pre- 
dominates. GLC retention data (Table II) also 
shed some light in this direction. Note that the 
4 methyl isomer has a higher ECL (18.51) than 
any of the other isomers where the position of 
the methyl branch is closer to the carboxyl 
group than the 14 methyl isomer. (The same 
observation was made by Gordon L. Long in his 
Ph.D. thesis [with James Cason] who measured 
the retention times for the 2,3,4,5,7,9,11,13,15 
and 17 methyl isomers on high vacuum silicone 
grease at column temperatures of 237 and 
241 C [private communicat ion-James Cason] .) 
Figure 1 shows more material at ECL's of 0.50 
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TABLE IlI 

Dimethyl Branched Saturated Fatty Acid Methyl Esters of Wax Esters of Vernix Caseosa 

Scan Base Molecular 
Me position ECL a no. peak ion Main identifying m/e (% of base peak) 

4 10.5 1 87 200 87,115(13),M-57(15),M-49(6),M-73(11) 
6 M-76(5) 
8 M-6S(2) 

4 11.2 3 87 214 87,115(0.7),M-57(20),M-73(14) 
8 M-29)M-31,M-29(2.6),M-29-32 (6.2),M-29-32-18(2.6) 

4 12.2 8 87 228 87,115(6.5),M-57(10.4),M-73(7.0) 
6 M-76(0.5) 
8 171 (=M-57)(10),139(1.3),121(0.6) 

10 M-65(2) 

4 13.11 15 87 242 87,115(13),M-57(18),M-73(6.9) 
6 M-76(12) 
4 13.16 16 87 242 87,115(9.6),M-57(14),M-73(8.3) 
6 M-76(1.9) 
8 171(0.6),139(2.2), 121(1.3) 

10 M-29)M-32,M-29(2.9),M-29-32(2.4),M-29-32-18(1.9) 
4 13.25 17 87 242 87,115(4.2),M-57(11),M-73(8.3),M-49(2.5) 
8 171(2.5),139(2.5),121 absent 

4 14.09 25 74 242 87(45),115(6.2),M-57= 199(5),M-73(2),M-49(1.2) 
6 +256 M-76(16) 
8 171 (0.8),139(1.3),121 (0.8) 

10 t 99(5.0),167(1.0),149(0.03) 
12 M-65(0.18) 
4 14.14 26 74 256 87(91),115(8.8),M-57(9.4),M-73(6.5) 
6 M-76(2.4) 

12 M-65(0.65) 

4 14.35 27 74 256 87(25),115(7.6),M-57(1.8),M-73(1.5),M-49(1.4) 
6 M-76(16.4) 

8 171 (1.2),139(3.2),121 (0.94) 
10 199(1.8),167(0.2),149(0.4) 

4 15.10 35 74 256 87(25),115(7),M-57(1.8),M-73(1.3),M-49(0.65) 
6 +270 M-76(10) 
8 171 (0.4),139(3.1),121 (0.9) 

12 227(0.65), 195(2.2), 171 (0.3) 
4 15.14 36 74 270 87(63),115 (10),M-57(9),M-73(5) 
6 M-76(11) 
8 171 (1.9),139(1.4),121(1.1) 

10 199(2.3), 167(0.6), 149(0.9) 
12 227(0.7), 195(2.3), 177(0.6) 
4 15.19 37 74 270 87(88), 115(5.2),M-57(15),M-73(10),M-49(0.4) 
6 M-76(1.8) 
8 171 (0.5),139(0.7),121 (0.2) 

10 199(0.7), 167(0.6), 149(0.6) 

4 16.15 45 74 270 87(80), 115(7),M-S7(5),M-43(.5),M-73(1.2) 
6 +284 M-76 
8 171(3),139(.8),121(3) 

10 199(5),167(0.3),149(3) 
14 M-65 

asee fn. a, Table I. 

t h an  at  0.40. 
Table III gives the  pos i t ion  o f  the  m e t h y l  

groups  in m ix tu r e s  of  the  d i m e t h y l  i somers .  
These  su b s t an ces  sh o w the same  types  of  
spec t ra  as the  m o n o m e t h y l  derivat ives b u t  their  
GLC r e t en t i o n  data  suggest  two m e t h y l  
b ranches  (see [8] for  s imilar  examples) .  Al- 
t h o u g h  any two of the  m e t h y l  g roups  listed 
could  be p resen t  in any  molecu le ,  the  large 

a m o u n t  of  m e t h y l  at pos i t ion  4 suggests  that 
this is one of  the  two pos i t ions  for  most 
molecules .  If we assume tha t  mater ia l  in the  
0 .40-0 .50  region of ECL values are the  m o n o -  
m e t h y l  b ranched  i somers  and mater ia l  in the  
0 .10-0 .20  region of ECL values are the  di- 
m e t h y l  b r a n c h e d  i somers ,  t he n  the m o n o -  
m e t h y l  i somers  make  up 7.6% of  the  sa tu ra t e s  
or 1.9% of  the  to ta l  acids and the d i m e t h y l  
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isomers make up 0.54% of  the saturates or  
0.14% of the total  fa t ty  acids of  vernix caseosa 
wax esters. The branched material  listed as 
d imethyl  isomers at an ECL of 14.35 (Table 
III) appears to be an except ion to this classifi- 
cat ion of  mono  and dimethyl  derivatives. 

Human sebum, which makes up a major  part  
of vemix  caseosa, differs markedly in lipid 
composi t ion  from the preen gland of  most  birds 
(9), However  similar mechanisms f o r  the 
synthesis of the branched chain acids may be 
involved because the methy l  branches of  the 
fatty acids found in this s tudy are, as in preen 
gland lipids, mainly on the even-numbered 
carbon atoms. In preen glands the methy l  
branch is primarily at the 2 posi t ion (8), 
whereas in vemix  caseosa it is mainly at the 4 
posit ion,  indicating an impor t an t  difference in 
synthesis. Methyl  group appearing at the 2 
posi t ion in vernix caseosa fat ty chains is very 
low in amount  i f  present  at all. 

The biosynthesis of methy l  branched acids 
may  occur by replacement  of  malonyl  CoA 
with  methyl  malonyl  CoA at the point  of the 
branch (10,1 1). Propionyl  CoA could in turn be 
a precursor of methy l  malonyl  CoA. It  could 
also serve as the initial pr imer  for biosynthesis  
of the odd straight chain acids (12), another  
type of acid found in appreciable amount  in 
sebum. Biosynthesis of the anteiso acids could 
also occur,  at least in part, by condensat ion of  
acetyl CoA with methyl  malonyl  CoA,  be- 
cause this would also pu t  a methyl  branch 
on an even C-atom. The presence of  iso fat ty 
acids with an odd number  of  C-atoms as in 
methyl  13-methyl te t radecanoate  is an excep- 
t ion to this scheme. It  suggests that  e i ther  
CH3-CH(CH3)-CH2-CH2-CoA serves as a pre- 
cursor, or that  decraboxyla t ion  of  an even- 
numbered  iso acid occurs (methyl  14-methyl- 
pentadecanoate  in this case). 

Hi ther to  it has been assumed solely on the 
basis of  GLC retent ion data  that  acids of  the iso 
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and anteiso type occur  in human sebaceous 
material.  The presence of  these acids in these 
materials is now established by mass spectral 
data. 

Traces of material  with the same ECL values 
appear in the hydrogenated  monoenes  of  the 
wax esters and in the saturated fat ty  acids up to 
C26 of the sterol esters of  vernix caseosa ( to be 
reported).  They also occur  in the glycerides of  
vernix caseosa and in all the main esters o f  
adult human  skin surface lipid. Their  occur- 
rence in vernix caseosa establishes them as bona 
fide human  products .  
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Field Ionization Mass Spectrometry 
of Long Chain Fatty Methyl Esters] 
WILLIAM K. ROHWEDDER, Northern Regional Research Laboratory, 2 
Peoria, Illinois 61604 

ABSTRACT 

Mass spectrometry is particularly use- 
ful for identifying lipid materials. One 
primary factor in the interpretation of 
mass spectra is the recording of the 
molecular ion peak giving the molecular 
weight of the compound. Regrettably 
many compounds, including hydroxy 
compounds, do not give significant mo- 
lecular ion peaks; consequently their 
identification is difficult. A mass spec- 
trometer equipped with a field ionization 
source produces a greatly different mass 
spectrum consisting almost entirely of the 
molecular ion peak. This new source was 
used to measure the mass spectra of 
methyl esters of saturated, unsaturated 
and hydroxy fatty acids. Saturated esters 
gave the molecular ion peak almost exclu- 
sively; unsaturated esters yielded molec- 
ular plus metastable ion peaks; whereas 
the hydroxy esters had molecular, M - 18, 
metastable and fragment ion peaks. 

INTRODUCTION 

Mass spectrometry has emerged as an impor- 
tant instrument in the identification of lipid 
materials. Methyl esters of most fatty acids give 
excellent spectra including satisfactory molec- 
ular ion peaks and many characteristic fragment 
ion peaks. The mass spectrum of a compound 
usually gives the molecular weight of the 
compound from the molecular ion peak and 
frequently the positions where chains branch 
and the locations of functional groups. All 
these features provide a good picture of the 
structure of the molecule being studied. Regret- 
tably some compounds, such as hydroxy com- 
pounds, do not give molecular ion peaks. This 
limitation decreases the certainty with which a 
mass spectroscopist can determine the structure 
of an unknown because he cannot be sure of 
the over-all size of the molecule. Alternatively, 
long chain hydroxy acids can be determined by 
electron impact spectra of the trimethylsilyl 
derivatives (1) if sufficient sample is available. 

i Presented at the A O C S  Meeting, Chicago, October 
1967. 

2No. Mktg. and Nutr. Res. Div., ARS, USDA. 

At present the electron impact source is used 
for almost all organic mass spectrometry. This 
source produces ions by passing the sample 
vapor through an electron beam with electron 
energies normally of 70 ev. When an electron 
hits a sample molecule, it "knocks"  an electron 
out of the molecule and leaves a positive ion 
with some portion of the 70 ev energy as 
vibrational energy in the molecule. Since bond 
energies are only a few electron volts, the 
collision energy causes considerable fragmenta- 
tion of the molecule and seldom are the 
molecular ions among the largest peaks in the 
spectrum. 

The field ion source developed by Beckey et 
al. (2), Robertson and Viney (3) and others 
consists of a fine wire or sharp-edged electrode 
within 0.010 in. of a slit. With about 10,000 v 
between the edge and the slit, electric fields of 
the order of 100 million v/cm are generated. 
This electric field is sufficient to remove elec- 
trons from sample molecules adjacent to the 
edge by a quantum mechanical tunneling mech- 
anism, which adds little vibrational energy to 
the molecule. Because of the low vibrational 
energy, positive ions formed by the field ion 
source do not fragment extensively, and the 
molecular ion peak is usually the largest peak in 
the spectrum with fragment ions limited in 
number and intensity. 

Beckey and coworkers have published a 
series of papers (4-7) giving field ion mass 
spectra of relatively low molecular weight 
materials and one paper on natural products 
(8). Wanless and Glock (9) studied hydrocarbon 
spectra fairly completely. Schulze et al. (10) 
have published a field ion spectrum of a 
mixture of free fatty acids ranging from C 25 to 
C32. The purpose of the present work was to 
determine the nature of field ion spectra of 
high boiling materials of interest to the lipid 
chemist. 

EXPERIMENTAL PROCEDURE 

A field ion source, designed and built by 
Nuclide Corp., was used in a Nuclide 12-90 G 
mass spectrometer. The source was similar in 
construction to that used by Robertson and 
Viney (3). A standard double-edged stainless 
steel razor blade was mounted 0.008 in. from a 
0.025-in.-wide slit. A glass tube carried the 
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sample from the inlet and directed it toward 
the edge of the blade. The inlet and gold foil 
leak with two 40/1 holes were those used with 
the electron impact source. A spectrum could 
be obtained with 4-12 kv between the blade 
and the slit. Field ionization voltages from 6-8 
kv produced the best sensitivity with only 
about 5% variation in intensity over several 
minutes. A voltage as low as 4 kv gave a 
spectrum, but sensitivity was low and resolu- 
tion was poor. In the 9-11 kv region, intensity 
varied over 40% in short periods and the M - 1 
peak was higher than at lower voltages. Con- 
siderable arcing took place at 12 kv. The mass 
spectrum showed a 5% valley at mass 300, with 
the resolution limited by the source character- 
istics rather than by the slit widths used. 

Mass marking is very difficult and counting 
is impossible because there are so few peaks. 
Mass marking was done by carefully comparing 
the spectrum of a pure compound with the 
spectrum of a mixture of methyl esters con- 
taining molecular ion and isotope peaks at 
every 14 mass numbers. On the original charts 
one can see double charged and some triply 
charged ions, which can be identified because 
two or three peaks fall equally spaced within 
one mass unit. In some spectra where singly 
charged peaks were adjacent to the multiply 
charged peaks, the latter could be identified to 
within one-third of a mass unit, but where they 
are isolated they can usually only be identified 
within one mass number. 

Except for hydroxy, keto and dibasic esters, 
compounds were purchased commercially and 
their purity was checked by gas chromatog- 
raphy. 

RESULTS AND DISCUSSION 

In the 13 spectra shown in Figures 1 and 2, 
the molecular ion peak is always the largest one 
seen in the spectrum except in that for methyl 
octadecane-l,18-dioate. Often the molecular 
ion peak is 25 times the next highest peak. This 
very high relative intensity of the molecular ion 
is the basis for the technique's usefulness in 
determining molecular weights of unknowns. 
With the exception of methyl 10-ketostearate, 
none of the compounds in Figure 2 has a usable 
molecular ion peak in the electron impact 
spectrum. Thus methyl 16-hydroxystearate and 
methyl 18-hydroxystearate give electron impact 
spectra similar to that of the unsaturated 
methyl ester without any evidence of either the 
alcohol group or the true molecular weight. 
Although electron impact spectra for hydroxy 
stearates with the hydroxyl in the middle of the 
chain indicate position of the OH group by 

cleavage of the carbon chain adjacent to the OH 
group, the spectra do not indicate chain length 
because there is no molecular ion peak. 

While the molecular ions of field ion spectra 
are very intense, the presence of M - 1 and M + 
I peaks causes some complications and makes 
field ion spectra useless for accurate deuterium 
isotope studies. On the one hand the M - 1 peak 
is usually small enough not to be troublesome 
in qualitative work, but on the other hand the 
M + 1 peak can be as large as or larger than the 
molecular ion peak. This situation is seen in the 
spectrum of methyl octadecane-l,18-dioate 
where the M + 1 peak is larger than the M peak. 
Intensity of this M + 1 peak can be varied over 
a wide range by varying the edge-to-slit voltage. 
Higher voltages tend to increase the M + 1 peak. 

Since background was not detectable with 
this field ion source, peaks at 18 and 28 come 
from the samples. Field ion spectra show 
several metastable ions for each c o m p o u n d -  
i.e., ions that fragment after leaving the source 
but before entering the magnetic field. Almost 
all of the metastable ions correspond to logical 
fragmentations if the parent ion of the fragmen- 
tation is assumed to be the molecular ion. 

The molecular ion peak of methyl stearate 
(Fig. 1) is 25 times as intense as the next 
highest peak in the spectrum. Respective inten- 
sities of the field ion peaks M - 1, 5.6%, and M 
+ 1, 24.5%, compare with 0.75% and 21.18% in 
the electron impact spectra. The methyl stea- 
rate spectrum has simple fragment peaks at 
masses 18, 28, 42 and 57. Metastable peaks 
occur at 269, caused by loss of CH3; 219, loss 
of 42 mass units; and 168, loss of 74 mass 
units. 

Methyl oleate has a molecular ion region 
comparable to the methyl stearate peaks, but it 
also has a large metastable peak at 236 due to a 
loss of 32 mass units, probably CH3OH. Peaks 
at 147, 147.5 and 148, half a mass unit apart, 
indicate doubly charged mass fragments of  294, 
295 and 296 respectively. Although mass mark- 
ing of these peaks is difficult, wherever the 
mass marking is most reliable the highest mass 
of the three doubly charged peaks is one-half of 
the molecular ion peak. Triply charged peaks 
are also seen in some spectra. All five of the 
hydroxy compounds (Fig. 2) have double 
charged peaks equivalent to (M-  18)]2 or the 
molecular ion minus water double charged. 

The electron impact spectra of the hydroxy 
compounds all have intense peaks due to 
cleavage of the carbon chain adjacent to the 
hydroxyl branch. Peaks corresponding to these 
simple cleavages can also be seen in the field 
ionization spectra. 

Peak 170, the largest peak in the spectrum 
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of methyl  oc tadecane- l ,18-d ioa te ,  is a par t  o f  a 
set of  three doubly  charged peaks wi th  the least 
intense peak being 171, which is one-half  o f  the 
molecular  ion 342. 

In summary ,  then,  one great weakness of  
mass spec t romet ry  is that  some c o m p o u n d s  do  
no t  give a molecular  ion peak in the  e lec t ron 
impact  source;  this lack causes considerable  
t rouble in the in te rpre ta t ion  o f  all spectra  
because one can never be absolutely sure tha t  
the highest  mass number  in the spec t rum of  a 
pure u n k n o w n  is the molecular  ion peak. The 
field ion source wi th  its very intense  molecular  
ion peak relieves this problem and allows the 
molecular  weight  of  a c o m p o u n d  to be deter-  
mined wi th  great conf idence .  
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Metabolism of Labeled Isomeric Octadecenoates 
by the Laying Hen 1 
T.L. MOUNTS, E.A. EMKEN, W.K. ROHWEDDER and H.J. DUTTON, 
Northern Regional Research Laboratory, 2 Peoria, Illinois 61604 

ABSTRACT 

Discrimination between octadecenoic 
acid isomers by the laying hen has been 
studied using tritium (3H), carbon-14 
(14C) and deuterium (d) labeled oleate 
and elaidate esters. Hydrogen isotopes 
were positioned at the double bond, 
w h e r e a s  14C was located in the 1-, 
carboxyl carbon. The egg acted as a 
biological trap, providing an automatic 
daily biopsy with which to study the 
metabolism of the fed isomers. Monitor- 
ing the incorporation of isomers was 
facilitated by dual label feeding experi- 
ments, and 3H/14C, d2/d o and d2/d 1 
ratios were determined on the isomeric 
mixtures fed, on the total egg lipids 
extracted and on the isolated neutral lipid 
and phospholipid fractions. Comparison 
of isotopic ratios of the fed mixture and 
of the lipid fractions provided an evalu- 
ation of discrimination by the hen during 
the transport of isomeric octadecenoates 
into the egg lipids. Radioactive and stable 
isotope ratios determined for the neutral 
lipid indicated a preferential incorpora- 
tion of the cis  isomer. Stable isotope 
ratios determined for the phospholipid 
showed that the t r a n s  isomer is preferen- 
tially incorporated. The 3H/14C ratios 
for the phospholipid recovered in each 
experiment increased greatly whichever 
isomer was labeled with 3H, indicating an 
elimination of the 1-t4C-label. Gas liquid 
radiochromatographic separation of the 
methyl esters from the neutral lipids and 
phospholipids showed that the isotopic 
labels were present almost exclusively in 
the octadecenoic acid constituent. 

INTRODUCTION 

Geometric as well as positional isomers of 
unsaturated fatty acids are formed during the 
catalytic hydrogenation of vegetable oils to 
produce commercial oils and shortenings (1). 
Investigations of the metabolism of t r a n s  mono- 

1presented at the AOCS Meeting, Houston, May 
1971. 

2No. Mktg. and Nutr. Res. Div., ARS, USDA. 

enoic acids, principally elaidic acid, have given 
conflicting results. Transfer of t r a n s  fatty acids 
across placental membranes, amniotic and allan- 
toic, has been reported by McConnel and 
Sinclair (2) with rats, Ono and Fredrickson (3) 
with rats and dogs, Kaufmann and Mankel (4) 
with hens, Billek (5) with rats and dogs and Le 
Breton and Le Marchal (6) with rats and hens. 
Johnston, Johnson and Kummerow (7) with 
rats and Sgoutas and Kummerow (8) with 
humans have reported the nontransfer of t r a n s  

fatty acids. 
In all the cited investigations that report 

transfer across the membranes, the rate of 
incorporation of elaidic acid was of the same 
order of magnitude as for oleic acid. Although 
most of the investigators cited above did not 
compare the incorporation of t r a n s  fatty acids 
into the triglyceride and phosphatide fractions 
of the lipid, Kaufmann and Mankel (4) reported 
that the t r a n s  unsaturated fatty acid content of 
the triglyceride was always greater than that in 
the corresponding phosphatides. 

In investigations considering metabolic uses of 
t r a n s  fatty acids other than transfer across 
placental membranes, Coots (9) reported that 
elaidic acid showed a slightly greater incorpora- 
tion into the lymph phospholipid fraction than 
did oleic acid. Sinclair (10,11) reported a 
similar tendency for elaidic acid to be incorpo- 
rated into the phospholipid fraction of blood 
and other tissues. 

In the present investigation, mixtures of 
isotopically labeled oleic and elaidic acid esters 
were fed to a laying hen. Each geometric isomer 
was labeled with tritium (3H), radiocarbon 
(14C) or deuterium (d). The labeled isomers 
were fed in pairs or groups, with each individual 
labeled differently, to permit measurements of 
ratios of 3H/14C and ratios of d2/do or d2/dl ,  
or both. The egg served as a "biological trap" 
yielding an automatic daily biopsy with which 
to study the metabolism of the isomer in the 
hen. Relative rates of transfer of isomers across 
membranes and their incorporation into lipids 
were indicated by the isotopic ratios deter- 
mined for the fed mixture, the total egg lipid, 
the neutral lipid and the phospholipids. The 
dual label design improves the precision and the 
accuracy of experiments because exogenous 
fatty acid metabolism is not confused with the 
endogenous. 
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E X P E R I M E N T A L  P R O C E D U R E S  

Materials 

Oleic acid- l-14C was purchased from 
Amersham-Searle Co., Des Plaines, Ill. Specific 
activity was 57.8 mc/mM,  <1.0% trans. Oleic 
acid was esterified using diazomethane.  A single 
peak was indicated by a radiochromatographic  
scan of  thin layer chromatographic  (TLC) plate. 

Tritiated water (HTO) was purchased from 
Amersham-Searle Co. Specific activity was 3.6 
C/mM. 

Oleic acid: The urea-half soap crystal l ization 
procedure (12) was used to prepare l l 0 g  of  
oleic acid from 780 g of  olive oil. The purified 
oleic acid contained less than 0.5% palmitic 
acid and less than 0.5% linoleic acid impurities.  

Stearotie acid: Oleic a c i d  (20 G) was bro- 
minated and dehydrohalogenated at 2 0 0 C  
using KOH in e thylene glycol. The react ion 
mixture  was diluted with H 2 0 ,  acidified and 
extracted twice with pe t ro leum ether  (PE). 
Crystallization of  the PE extract  from ethanol-  
water  at 4 C yielded 10.5 g of  pure stearolic 
acid. 

Methyl oleate 9,10-3H: Stearolic acid was 
esterified with diazomethane.  One hundred  
milligrams of  copper  chromite  catalyst  (Hat- 
shaw Chemical Co.) was stirred with 16 /~1 of  
HTO and H 2 gas at atmospheric pressure for 
1 hr  at 195 C. Approximate ly  1.0 g of  methy l  
stearolate was injected into  the react ion vessel 
through a rubber septum. Stirring was con- 
tinued for 2 hr  while H 2 was maintained at 
atmospheric pressure. The product  was filtered 
through a medium sintered disk funnel .  Gas 
liquid radiochromatography (GLRC) (13) gave 
mass and radioactivi ty tracings which coincided 
and which were the same as a me thy l  oleate 
standard. Ozonolysis-pyrolysis (14) of  the pro- 
duct  yielded radioactive fragments ident i f ied by 
GLRC as 9-aldehyde and 9-aldehyde ester. IR 
analysis indicated that the product  contained 
less than 1% trans isomer. Such stereospecific 
hydrogenat ion  of  stearolate with copper  cata- 
lysts was reported by Koritala (15). Approxi-  
mately 95% of the tri t ium was located at the 
double bond posi t ion as determined by bromin-  
ation, dehydrohalogenat ion  and assay of  the 
hydrogenat ion  product .  

Radioact ivi ty of  the product  was assayed by 
dissolving weighed samples in 10 ml of  to luene 
scintillation solvent [4 g of  2,5-diphenyl oxa- 
zole (PPO) per liter] using a Beckman LS-250 
scintillation counter .  The specific activity was 
determined to be 5.27 mc/mM. 

Ethyl oleate-9(lO)-dl: Ethyl  oleate-d 1 was 
prepared from methyl  stearolate according to 
the fol lowing procedure  (16). A 250 ml, three- 
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FIG. 1. Incorporation of 3H- and 14C-labeled fatty 
esters into egg lipid. 

necked, round-bo t tomed  flask was equipped 
with the rmometer ,  dropping funnel and drying 
tube. The glassware was thoroughly flame-dried 
b e f o r e  being used. Sodium borohydr ide  
(2.05 g) was mixed with 40 ml o f  diglyme 
freshly distilled from LiA1H4 and cooled to 
ca. 3 C. Next  15.2 ml of  2-methyl-2-butene was 
mixed with 25 ml of  dry diglyme and added to 
the sodium borohydr ide .  After  .cooling to ca. 
0 C, 9.2 ml of boron tr if luoride-etherate (72 
mmole)  in 20 ml of  dry diglyme was added over 
a period of 20 min while holding the reaction 
temperature  at ca. 10 C. The mixture  was then 
stirred at 3 C for 3 hr. Methyl stearolate 
(15.2 g) dissolved in 20 ml of  diglyme was 
added during a 10 min period, stirred at 0 C for 
i hr  and stirred at room temperature  for 3 hr. 
Next  the solut ion was cooled to 3 C and 15 ml 
of deuteroacet ic  acid was added at a rate of  
1 ml per min.  The solut ion was stirred at 3 C 
for 3 hr and the mixture  diluted with 600 ml of  
ice water  and extracted three times with petro- 
leum ether  (PE). The PE extract  was washed 
with NaHCO 3, then H20 and dried over 
Na2SO 4 and the solvent evaporated.  After  
standing several days at -25 C, the methyl  
oleate-9(10)-d 1 became cloudy and a small 
amount  of  white precipi tate was filtered out. 
The sample was transesterified using freshly 
prepared sodium e thoxide  and distilled at 
138 C under  0.1 mm pressure of  Hg. Ethyl  
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TABLE I 

Labeled Ester Mixtures Fed to Hen 

Feeding 
Total #c 

Labeled esters 3H 14C 

Isotopic ratios 

d2/dl 
o r  

3H/14C do/d 2 

aoleate-9,10-3H + oleate-l-14C 
aElaidate-9,10-3H + oleate-l-14C 
aElaidate-9,10-3H + oleate-l-14C 

b+ Elaidate.9,10_d2 + 
Oleate-9,(10)-d 1 

aOleate-9,10-3H + elaidate-l-14C 
b+ Elaidate.do + oleate.9,10_d2 

924.3 482.0 1.93 
830.0 113.0 7.31 
375.0 500.0 0.75 1.00 

521.2 176.8 2.95 1.00 

aMethyl esters. 
bEthyl esters. 

oleate-9(10)-dl  was 99+% pure as analyzed by 
GLC and TLC. 

Ethy l  oleate-9,10,d2: Stearolic acid ( 4 g )  
was esterified using absolute e thanol  with 
H2SO 4 catalyst.  The ethyl  stearolate was re- 
duced to e thyl  oleate-9,10-d 2 using d e u t e r i u m -  
Lindlar catalyst (17,18). The procedure  con- 
sisted of  mixing 0.4 g of  Lindlar catalyst,  55 ml 
of PE and 1.0 ml of quinoline.  The catalyst  was 
subsequently reduced with deuter ium gas for 
30 min or  unti l  deuter ium uptake s topped and 
the solution was filtered through celite. Qu in t -  
line was washed off  wi th  dilute HCI ,  and the 
ethyl  oleate-9,10-d 2 remained in solution.  GLC 
and TLC analysis showed the p roduc t  con- 
rained less than 0.3% stearate and stearolate.  
Ninety per cent  of the ethyl  oleate-9,10-d 2 
conta ined two dueteriums per  molecule-9,10"d 2 
conta ined two deuter iums per molecule  as 
analyzed by mass spectroscopy (MS). 

The hydrogenat ion  procedure  was repeated 
using hydrogen gas and me thy l  stearolate.  IR 
analysis o f  the reduct ion  p roduc t  (methyl  
oleate-d o) detected  no trans isomers. 

Elaidic acid esters: Oleic acid (14.3 g) or 
e thyl  oleate-9,10-d 2 (7 g) was elaidinized using 

nitrous oxide (19). The elaidinized oleic acid 
was then fractionally crystall ized f rom 100 ml 
of  acetone at -27 C (20). Crystal l izat ion yielded 
6.2 g o f  99% elaidic acid which was esterified 
using absolute e thanol  with sulfuric acid cata- 
lyst. Two-gram por t ions  of  the elaidinized ethyl  
oleate-d 2 were separated into  ethyl  elaidate-d2 
and ethyl  oleate-d 2 fractions by silver-ion ex- 
change resin chromatography  (21). Analysis by 
mass spec t rometry  conf i rmed that  no  hydro-  
gen-deuterium exchange occurred during the 
ni trous oxide isomerizat ion.  

Methyl  o lea te - l -14C or me thy l  oleate- 
9,10-3H was eladinized by a mic romodi f i ca t ion  
of  the nitrous oxide technique (19). To a micro  
flask fi t ted with a rubber septum and magnetic 
stirring bar was added 1 0 - 5 0  mg of labeled 
methy l  oleate. The tempera ture  was raised to 
65 C, and 1 - 5  /ll of  2M NaNO 2 was injected 
into the falsk fol lowed by 1 - 4 / l l  of  6M HNO 3 ; 
the mix ture  was stirred vigorously for  1 0 rain. 
The products  were dissolved in PE and washed 
with water.  The solut ion was-passed through a 
short silicic acid co lumn to remove  ni t rogenous  
byproducts  and to recover  the isomerized fat ty  
ester. The labeled trans monoene  was separated 

TABLE II 

Radiochemical Analysis, Egg Neutral Lipids 

Experiment 

Specific activity 
#c/mg X 10 -3 

Fed esters a 3H 14C 

Isotopic ratios 
(3H/14C)" 

Recovered 
neutral 

Fed lipid 

Oleate-9,10-3H + oleate-l-14C 8.80 
Elaidate-9,10-3H + oleate-l-14C 5.93 
Elaidate-9,10-3H + oleate-l-14C 2.40 
01eate-9,10-3H + elaidate-l-14C 3.24 

4.64 1.93 1.96 
0.95 7.31 6.22 
5.07 0.75 0 .62  
0.61 2.95 5.36 

aMethyl esters. 
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TABLE llI 

Radiochemical Analysis, Egg Phospholipids 

915 

Experiment Fed esters a 

Specific activity 
#c/rag X 10 .3 
3 H 14 C 

Isotopic ratios 
(3H/14C) 

Recovered 
phospho- 

Fed lipid 

Oleate-9,10-3H + oleate-l-14C 38.01 
Elaidate-9,10-3H + oleate-l-14C 17.88 
Elaidate-9,10-3H + oleate-l-14C 4.87 
Oleate-9,10-3H + elaidate-l-14C 5.29 

1.38 1.93 27.59 
1.08 7.31 16.55 
4.99 0.75 0.88 
0.32 2.95 16.59 

aMethyl esters. 

from the residual cis monoene  by silver-ion 
exchange resin chromatography  (21 ). The efflu- 
ent  was moni to red  by a f low-through cell 
accessory to the Beckman LS 250. The cell was 
packed with europium-act ivated calcium fluo- 
ride as the scintillator. Recovery  of trans 
monoene  was approximate ly  60%. 

Animal Experiment 

In the absence of  elaborate metabol i sm 
chambers,  an adequate  area for maintenance of  
a whi te  leghorn hen was devised. A wire cage 
fi t ted with a feeding trough and watering device 
was moun ted  above a stainless steel tray in a 
laboratory  hood  with cont inuous  airflow. The 
tray was equipped with a drainage tube for  easy 
recovery of  radioactive feces or their  disposal 
after moni to r ing  by water  flushing. The hen 
was mainta ined on a diet  of  "Cr i t i c"  laying 
mash (Citric Mills, Inc., Beardstown,  Ill.) 
th roughout  the exper iments .  

Mixtures of isomers were prepared f rom the 
14C and 3H radioactive esters alone and f rom 
the deuter ium as well as 14C and 3H labeled 
esters as shown in Table I. Approx imate ly  50 
mg of  the radioactive esters were administered 
in a 150/~1 gelatin capsule placed in the gullet 
of the hen. Approx imate ly  6 g o f  the mixed  
isotopes were force-fed using a 5 ml  syring 
f i t ted with a 1.5 i n  No. 18 hypodermic  needle 

tightly inserted into a 5-in. segment of  Tef lon 
tubing. The syring ptus fatty esters was tared, 
and the esters were administered by inserting 
the tubing approximate ly  4 in. down the hen's  
gullet in order to bypass the trachea. 

Eggs laid subsequent  to the feeding of  the 
labeled isomers were collected.  With each egg 
the yo lk  was separated from the white ,  and the 
egg lipid was extracted by stirring the yolk  with 
a 50:50  mixture  of  ch lo ro fo rm:me thano l  for 
1 hr. Coagulated prote in  was allowed to settle, 
and the lipid solut ion was decanted.  The 
residue was washed with the solvent  and fil- 
tered. This fil trate was added to the previously 
decanted lipid solut ion,  the solvent was evapo- 
rated, and the weight  of  total  lipids was 
determined.  Egg lipids were f ract ionated by 
silicic acid chromatography ( 2 2 ) u s i n g  chloro- 
fo rm:benzene  (70:30)  fol lowed by 100% meth-  
anol as eluting solvents. Fract ions  col lected 
were analyzed by TLC on Silica Gel G with 
ch lo ro fo rm:benzene  (70:30)  solvent.  Neutral  
lipid and phosphol ipid  were isolated free of  
o ther  consti tuents.  These lipid fractions were 
used to determine  the rat io of  incorpora t ion  of  
isomers. 

Radiochemical  analysis. Dual isotope assay 
was pe r fo rmed  using the three-channel  l iquid 
scinti l lation counter .  This ins t rument  is de- 
signed to give a count ing  efficiency of  80% for  

TABLE IV 

Stable Isotope Analysis, Egg Lipids 

Isomeric ratios (E 1/01 ) 

Recovered Recovered 
neutral phospho- 

Experiment Fed esters a Fed lipid lipid 

3 Elaidate-9,10-d 2 + oleate-9,(10)-d 1 1.00 0.82 1.1'/ 
4 Elaidate-d o + oleate-9,10-d 2 1.00 0 .56  1.09 

aEthyl esters. 
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14C and 40% for 3H with less than 8% overlap 
of the 14 C-channel into the 3 H-channel. 

The lipids were transesterified by the sodium 
methoxide procedure (23) and the methyl 
esters analyzed by the gas liquid chroma- 
t o g r a p h y - l i q u i d  s c i n t i l l a t i o n  c o u n t i n g  
(GLC-LSC) procedure described by Thomas 
and Dutton (24). 

Stable isotope analysis. An Aereograph 
Autoprep (Model No. A-700) was used to 
isolate ca. 10-15 mg of monoene from each 
fraction for IR and MS analysis. Baseline 
separation of components was achieved using a 
sample size of 12 to 15 /al on a 10 ft X 3/8 in. 
aluminum column packed with 10% EGSS-X on 
Chromosorb P, with a column temperature of 
180 C, and a helium flow rate of 80 ml/min was 
used. 

IR analysis for elaidate-do was accomplished 
using a Perkin-Elmer 621 grating IR spectrom- 
eter. The procedure used was essentially the 
same as described by Allen (25) except  for two 
differences: a 50/a 1, 0.5 cm micro cell was used 
rather than the normal IR cell, and the ratio of 
absorbance at 10.4 vs. 9.2 ~t was plotted against 
the per cent trans instead of the absorbance 
ratio 10.5 vs. 8.6 /a. A standard curve was 
prepared for 1-20% trans using known mixtures 
of oleate and elaidate. Values from three 
analyses were averaged, but inherent errors by 
this procedure were -+ 0.4% at low trans values. 

Monoenes separated by preparative GLC 
were reduced to methyl stearate using anhy- 
drous hydrazine (26) and the per cent mono- 
deutero stearate or dideutero stearate, or both, 
in these samples was determined by MS. Hydra- 
zine was used to insure that there was no 
hydrogen-deuterium exchange during reduc- 
tion. Isolation and reduction of the monoene 
improves the sensitivity of the mass spectrom- 
etric analysis by (1) increasing the per cent 
deuterium in the sample analyzed by about 
three times, (2) eliminating interference of 
traces of stearate-d o in the determination of 
oleate-d 2 by analyzing for stearate-d 2 and (3) 
being more sensitive and reproducible for 
stearate than for oleate. The deuterated samples 
were analyzed six times and the average values 
at masses 299 (MeSt-dl) and 300 (MeSt-d2) 
were calculated. These values were corrected 
for the contribution of methyl stearate d o to 
the mass 299 and 300 peaks due to the natural 
1 3C abundance. Highly purified methyl 
stearate-d o was run before and after analysis of 
the deuterated methyl stearate to obtain values 
for the mass 299 and 300 peaks. 

RESULTS AND DISCUSSION 

Liquid scintillation assay of the total lipids 

extracted from the eggs showed that the radio- 
active content increased rapidly until the fifth 
day and then decreased to background by the 
thirteenth day after force feeding (Fig. 1). MS 
analysis of egg lipids recovered during stable 
isotope experiments confirmed this incorpor- 
ation pattern. As described by Card and 
Nesheim (27), the hen develops several yolks 
simultaneously varying in size from ca. 6-40 
mm in diameter. During any one 24 hr period 
the yolk increases about 4 mm in diameter. 
Thus the labeled isomers are incorporated into 
lipid of several yolks at the same time. The 
amount of incorporation is a function of the 
over-all size of  the yolk at the time the labeled 
material is fed; that is, the larger the yolk the 
greater is the incorporation of labeled isomers. 
An average of 3.0 g of egg lipid was recovered 
from each egg. consisting of about 90% neutral 
lipid and 10% phospholipid. Approximately 6% 
of the total radioactivity administered orally 
was recovered in the egg lipids. The 3H/14C 
ratio of the total lipid was about the same as 
that for the mixture fed, indicating that the cis 
and trans isomers are transferred across mem- 
branes at the same rate. 

Only low levels of radioactivity were de- 
tected in the feces; the remainder of the 
radioactive material is assumed to be respired or 
deposited in the depot fat. Coots (9) has 
reported the respiration of almost 70% of 
radioactivity within 51 hr of its administration 
to rats. Approximately 6% of the deuterium fed 
to the hen was also recovered in the egg lipid. 

The radiochemical analysis of the neutral 
lipid fractions in each experiment is presented 
in Table II, and the corresponding analysis for 
the phospholipid fraction is presented in Table 
IIl. 

In all radioactively labeled acids the tritium 
was located at the double bond, whereas the 
carboxyl group carbon was labeled with 14C. 
Oleate- l - laC and oleate-9,10-3H were fed in 
Experiment 1 to determine if the position of 
the label has any effect on the 3H/14C ratio of 
the incorporated fatty ester. The ratio deter- 
mined for the neutral lipid was the same as that 
of the sample fed; indicating that during incor- 
poration of oleate into this lipid fraction there 
is no isotopic discrimination or loss. However 
the 3H/14C ratio determined for the phospho- 
lipid is about 14 times as great as that fed, 
showing that 14C has been lost. The data 
indicate that incorporation of the fed methyl 
oleate into phospholipid involves a metabolic 
reaction that is not  involved in the incorpor- 
ation into the neutral lipid. Therefore previous 
conclusions drawn from metabolic data, which 
were based on a comparison of rates of  incorpo- 
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FIG. 2. Gas liquid chromatography-liquid scintillation counting of methyl esters of fatty acids from the (a) 
neutral lipids and (b) phospholipid fractions. The column was 11% EGSS-X (10 ft X 1/4 in. aluminum) operated 
at 175 C with a helium flow rate of 30 ml/min. Major peaks are (1) palmitate, (2) palmitoleate, (3) stearate, (4) 
oleate, (5)linoleate and (6) arachidonate. 

ration of 1-14C labeled fatty acids into neutral 
lipids and phosphotipids, should be reevaluated. 

When the t rans  isomer labeled with aH was 
fed in mixture with 14C-cis  isomer (Experi- 
ments 2 and 3, Table II), the 3H/14C ratio of 
the neutral lipid decreased, signifiying a partial 
preferential incorporation of the cis isomer. 
With the labeling reversed-that  is 3H-cis  and 
14C_tran s (Experiment 4, Table I I ) - t h e  neutral 
lipid 3H/14C ratio was found to increase, again 
a preferential incorporation of the cis isomer. 
This preference was also shown by the results 
of the dual-labeled, stable isotope experiments 
(Table IV). 

Owing to the apparent elimination of 14C 
during decarboxylation reactions leading to the 
incorporation of the fed esters into the phos- 
pholipid, radiochemical analysis was misleading 
in determining the ratio of isomers incorpo- 
rated. Therefore this isomeric ratio was deter- 
mined by use of  a stable isotope. Deuterium 
located at the 9,10 positions in the carbon 
chain is not  subject to loss due to decarboxyla- 
tion-recarboxylation. These results, shown in 
Table IV, indicated that there was a partial, 
preferential incorporation of the t rans  isomer in 
the phospholipid. 

The tritium specific activity (Table II and 
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Ili) of the phospholipid was consistently higher 
than that of the neutral lipid. This result would 
be expected since dilution of the incorporated 
radioactivity with inactive material is much less 
in the phospholipid which comprises only 10% 
of the total lipid of the egg. 

Curves for the GLC-LSC analysis of the 
methyl esters prepared from the neutral lipid 
(curve A) and the phospholipid (curve B) are 
presented in Figure 2. The plot of the ra~'io - 
chemical data superimposed on the then al 
conductivity curve shows that the 3H- and 
14C-labels are almost exclusively associated 
with the octadecenoic acid constituent in each 
lipid fraction. MS analysis of isolated fatty 
esters from each lipid fraction showed that the 
deuterium label was also associated entirely 
with the octadecenoic acid constituent. 

Although incorporation of the fed esters 
into the neutral lipid appears to involve hydrol- 
ysis and direct acylation, the reactions leading 
to incorporation into the phospholipid appear 
to be more complex. Double dual-labeled ex- 
periments reveal that although the fatty acid 
molecule is partially degraded (as indicated by 
the loss of 14C-carboxyl carbon) the degraded 
molecule can be elongated to C18 and incorpo- 
rated into the phospholipid (as indicated by the 
appearance of tritium and deuterium in the 
octadecenoic acid constituent only). This 
observation is not inconsistent with Lynen's 
(28) description of the fatty acid cycle an 
elongation of the partially degraded molecule 
by condensation with malonyl thioester and 
subsequent incorporation into the phospho- 
lipid. 

The present experiments have shown the 
applicability of the dual-labeled isotope tech- 
nique for elucidation of metabolic reactions. 
The hen has been shown to transfer cis and 
trans isomers across membranes at about the 
same rate and to preferentially incorporate the 
cis isomer in the neutral lipid and the trans 
isomer in the phospholipid. Incorporation into 
the phospholipid involves a reaction that results 
in the loss of the carboxyl carbon. Deuterium 
isotope techniques developed for these experi- 
ments should find application to human nutri- 

tion studies in which radiochemicals cannot be 
used. 
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Alcoholysis, Saponification and the 
Preparation of Fatty Acid Methyl Esters 1 

R.L. GLASS, Department of Biochemistry, College of 
Biological Sciences, University of Minnesota, 
St. Paul, Minnesota 55101 

ABSTRACT 

Evidence is offered to support the 
contention that methanolysis precedes 
the saponification of esters in methanolic 
solutions of sodium hydroxide. This re- 
suits from the hydroxide-alkoxide equi- 
librium which greatly favors methoxide 
formation even in the presence of rather 
considerable amounts of water. Saponifi- 
cation-reesterification methods of methyl 
ester formation are shown to be actually 
extensions of methanolysis procedures. A 
simplified method is proposed for the 
preparation of fatty acid methyl esters. 

IN'r RODUCTI ON 

Saponification and Alcoholysis 

The saponification of esters in solution in 
alcoholic base proceeds slowly in comparison to 
their alcoholysis. This well-documented feature 
of ester chemistry is frequently overlooked, 
although it has important implications with 
respect to the preparation of fatty acid methyl 
esters. As early as 1920, Pardee and Reid (1) 
demonstrated that low saponification numbers 
can result from a loss, through inefficient 
condensers, of ethyl esters formed rapidly when 
glycerides and other esters are dissolved in 
aqueous 95% ethanolic potassium hydroxide. In 
1954, Formo (2) summarized as follows: "Dur- 
ing the course of the saponification value 
determination, using alcoholic alkali, alcohol- 
ysis proceeds far more rapidly than saponifica- 
tion with the result that the alkali reacts 
primarily with ethyl esters rather than triglyc- 
erides." Markley (3, p. 864) cites the work and 
conclusions of Pardee and Reid. However (Ibid. 
p. 870), he states "I t  was found [by Kurz (4), 
Rowe (5) and Toyama and coworkers (6)1 that 
alcoholysis catalyzed by potassium hydroxide 
consisted of two reactions, namely, saponifi- 
cation followed by reesterification." As will be 
shown, this view of alcoholysis is incorrect. 

The Hydroxide-Alkoxide Equilibrium 

Pardee and Reid deduced from their own 

lScientific Journal Series 7706, Agricultural 
Experiment Station, University of Minnesota, St. Paul, 
Minnesota 55101. 

titration data as well as those of Anderson and 
Pierce (7) that alcoholysis proceeds faster than 
saponification. They concluded that the relative 
difference in rates is of the order of 1500-fold 
but made no comment concerning the probable 
reason. It would of course results at least in 
part from the well-known equilibrium shown in 
Reaction 1 (below). Even in the presence of 
very appreciable amounts of water, Reaction 1 

React ion  1 : N a O H  + ROH ~ R O N a  + HOH 

proceeds to the right, as written, so that 
alkoxide predominates. Bender and Glassom (8) 
found that in alcoholic solutions of sodium 
hydroxide containing 30% w/w of water, the 
amount of base present as hydroxide is 52% in 
ethanol and only 8% in methanol. Caldin and 
Long (9) had observed that a 0.1 M solution of 
sodium hydroxide prepared in ethanol con- 
taining initially 1% of water consisted of 4.1% 
hydroxide and 95.9% ethoxide. As the initial 
water content was decreased to zero the hy- 
droxide content decreased to 0.8% of the total 
base present. It may be inferred from these 
studies that essentially all of the dissolved 
hydroxide is converted to methoxide in meth- 
anol solutions containing several per cent of 
water. 

Since alkoxides cause the alcoholysis of 
esters, Reaction 2, and hydroxide their saponi- 
fication, Reaction 3, it is not surprising, on the 
basis of relative concentrations alone, that 
alcoholysis should be the predominant reaction 
when an ester is dissolved in a solution of 
sodium or potassium hydroxide in methanol. 
Further, the work of Bender and Glassom (8) 

o 
tl 

Reaction 2: R'COR" + Na + OR- ~- 
o 

' OR Na + ~ R'COR + Na + OR"-  

L \o J 
o 
II 

Reaction 3: R'COR"+ Na + OH-~- 

IR 0 ] -  0 / tl 
"C}---OH Na + ~ R'CO + Na- + HOR" [ 
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R'COOR" ~ NaOH 

R'COONa + R"OH 

+ ROH "~ HOH + RONa ~ / ~  R'COOR" 

~A 

NaOH ~ C  R'COOR + R"ONa T ROH 

ROH + R'COONa R"OH + RONa 

FIG. 1. The alcoholysis and saponification of an ester in an alcoholic base. 

indicated that the rates of attack on an ester by 
hydroxide, methoxide and ethoxide are in the 
ratios of 1:1.5 9:4.17 respectively. Although 
these values were obtained by the extrapolation 
of their data to pure water and may have little 
relevance when applied to a consideration of 
the reactions in almost pure alcohol they do 
indicate that the rate constants are of the same 
order of magnitude so that the major factors to 
be considered are indeed the relative concentra- 
tions of hydroxide and alkoxide. 

Saponification Irreversible 

Although Reactions 2 and 3 are similar, an 
important difference is that saponification, 
unlike alcoholysis, is irreversible ( 10, ] 1 ). How- 
ever alcoholysis may be sent nearly to comple- 
tion by any of several ways including product 
removal or, as is more frequently done, by a 
large excess of the alcohol ROH. In the latter 
case the alkoxide RONa is regenerated by 
Reaction 4 so that its concentration remains 
essentially unchanged whereas in saponification 
a loss in base occurs, This of course is the basis 
for the saponification value determination. 

Reaction 4: R'" ONa + ROH Z R"OH + RONa 

The Alcoholysis-Saponification System 

Figure 1 summarizes the reactions described 
and illustrates the relationship between alcohol- 
ysis and saponification. The sole function or 
effect of water in this scheme is to supply 
hydroxide by the hydrolysis of alkoxide at A. 
In the absence of water, i.e., in an alkoxide 
solution prepared by dissolving metallic sodium 
in anhydrous alcohol, hydroxide formation and 
hence saponification will not occur. In the 
more likely case that some water will be 
present, the rate of alcoholysis will not be 
noticeably affected but an equivalent amount 

of saponification of the new ester will subse- 
quently occur at C. 

If the system (Reaction A, Fig. 1) is estab- 
lished by dissolving sodium hydroxide in an- 
hydrous  alcohol the fate of an ester 
(R 'COOR") can be readily deduced. Since 
essentially all of the base is present as RONa 
alcoholysis, Reaction B, will proceed nearly to 
completion because of the high concentration 
of the alkoxide RONa which is maintained by 
Reaction D. Saponification by Reaction E will 
not occur to any appreciable extent both 
because of the low concentration of hydroxide 
and the rapidity with which alcoholysis is 
completed. Since the system was established by 
dissolving sodium hydroxide in the alcohol, 
however, sufficient water formed by Reaction 
A is present to send this reaction to the left as 
hydroxide is consumed by saponification of the 
new ester R'COOR at Reaction C. The final 
products are the same whether saponification 
o c c u r s  at E or via B and C. The foregoing is of 
no importance if the concern is the production 
of fatty acid soaps. If on the other hand fatty 
acid methyl esters are to be prepared from lipid 
esters a reexamination of some generally ac- 
cepted procedures for accomplishing this is 
indicated. 

EXPERIMENTAL PROCEDURE A N D  RESULTS 

Methyl Esters by "Saponification-Reesterification" 

An example of the "saponification-reesterifi- 
cation" method of methyl ester preparation iS 
the widely used procedure of Metcalf et al. (12) 
which has been adopted by the AOAC (13). 
This procedure requires beating the oil in 0.5 M 
methanolic sodium hydroxide until solution is 
complete, a process normally requiting about 5 
rain. Saponification is presumed complete at 
that time. Methanolic BF 3 is then added and 
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4 

A B C D 

FIG. 2. The saponification of corn oil in boiling 
0.5 M methanolic sodium hydroxide. Lane A, original 
corn oil; Lane B, 3 min; Lane C, 15 min; Lane D, 60 
rnin. 1, steryl esters; 2, fatty acid methyl esters; 3, 
triglycerides; 4, fatty acids; 5, sterols. 

heating is continued for several minutes. The 
fatty acid methyl esters are then made ready 
for gas liquid chromatography (GLC) by any of 
several ways. 

The progress of the saponification stage 
carried out as prescribed is shown in Figure 2. 
Corn oil, 200 mg samples, was boiled under 
reflux in 4 ml of 0.5 M methanolic sodium 
hydroxide. The reactions were stopped at vari- 
ous intervals by the addition of equivalent 
amounts of 2 M methanolic HC1. The several 
reaction mixtures were examined by thin layer 
chromatography (TLC) in the conventional 
manner using glass plates spread with 0.4 mm 
layers of Silica Gel H and the solvent system 
Skellysolve F, ethyl ether, acetic acid 85: t5 :1  
v/v/v. The plates were charred after spraying 
with a snlfufic acid-sodium dichromate solu- 
tion. 

Figure 2 illustrates quite clearly that metha- 
nolysis has indeed preceded saponification and 
that the latter has proceeded only slowly. At 3 
min, Lane B, methanolysis is nearly complete 

A B C D 

FIG. 3. The preparation of methyl esters from 
trilinolein by the "saponification-reesterification" pro: 
cedure using' 0.5 M methanolic sodium hydroxide 
containing 0.25% added water. Lane A, trilinolein; 
Lane B, 3 min; Lane C, 30 min; Lane D, 15 min base 
treatment followed by BF 3 treatment. 1, methyl 
linoleate; 2, trilinolein; 3, linoleic acid. 

with only trace amounts of free fatty acids. 
Whether these arose from the saponification of 
glyceride or of methyl esters cannot be decided 
but the small amount of saponification makes 
the matter of little importance. At 15 min, 
Lane C, about 50% of the methyl esters have 
been saponified and at 60 min, Lane D, 
saponification was still not  complete. Even at 
120 min, not shown, detectable amounts of 
methyl esters remained. Identical results were 
obtained when potassium hydroxide was used 
as the base. 

When carried to completion with methanolic 
BF 3 an excellent yield of methyl esters resulted 
(Fig. 3). To obtain the various mixtures shown, 
the reactions were carded out in a manner 
similar to those prevailing for the experiments 
shown in Figure 2 except that trilinolein was 
substituted for corn oil and 0.25% water was 
added to the methanolic sodium hydroxide to 
accelerate saponification. The reaction was 
stopped by the addition of methanolic HC1 at 3 
rain (Lane B), 15 min (Lane C), or carded 
through the BF 3 treatment (Lane D). It is quite 
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A B C 

FIG. 4. The methanolysis and esterification of a 
trilinolein-linoleic acid mixture at room temperature 
(25 C). Lane A, original mixture; Lane B, neutraliza- 
tion of basic mixture at 3 min; Lane C, acidification 
for 30 rain following 3 min basic treatment. 1, methyl 
linoleate; 2, trilinolein; 3, linoleic acid. 

evident from Figure 3 that even in the presence 
of added water the sequence of events remains 
unchanged. Although the purity of the prepara- 
tion obtained following BF 3 treatment is 
undeniable, there is no obvious improvement 
over that at 3 min. Since the "saponification- 
reesterification" process is actually a methanol- 
ysis-saponification-reesterification there is little 
advantage to be gained by proceeding beyond 
the methanolysis step. Indeed from Figure 2, 
where "anhydrous" methanolic sodium hydrox- 
ide was used, it appears that this is done 
anyway. The BF 3 treatment serves primarily to 
stop saponification and to "reverse" the little 
that may have occurred. 

Precise timing of the neutralization was 
required to obtain the methyl ester preparation 
shown in Lane B, Figure 3. If the reaction were 
allowed to continue saponification would be- 
come increasingly evident. Such immediacy is 
generally undesirable. The need for neutrali- 
zation can be virtually eliminated, however, by 
using moderate, i.e., ambient, temperatures and 
metallic sodium rather than sodium hydroxide 

to form methoxide. A mixture of 60 volumes 
of anhydrous methanol and 40 volumes of 
benzene made 1.0 M in metallic sodium will 
dissolve and methanolyze most lipid esters in 
minutes (a notable exception are steryl esters 
which require 15-20 min). Subsequent saponi- 
fication in such a mixture is limited to the 
amount of water present and using reasonable 
precautions will become important only if very 
dilute solutions of lipids are used. Such a case is 
described below. 

"'Dimethoxypropane-lnduced Transesterifieation" 

The procedure of Mason et al. (14) requires 
the use, at room temperature, of a methanolysis 
mixture composed of 10 parts v/v of benzene, 4 
of 2,2-dimethoxypropane (DMP) and 6 of 
methanol. The 20 ml reaction mixture con- 
raining 2 meq of sodium methoxide was used to 
methanolyze approximately 0.3 meq of glycer- 
ides. Following a 5 min reaction period when it 
was determined by GLC that methanolysis was 
80% complete and decreasing the mixture was 
made acidic by the addition of methanolic-HC1. 
After 30 min the mixture was neutralized. 
Methanolysis was considered to have been 
"driven to completion" in the acid solution by 
the DMP. 

An alternate explanation for these obser- 
vations is that because of the large, approxi- 
mately 7-fold, excess of base over ester ,  
saponification of the dilute methyl esters was 
already apparent at 5 rain. Since only about 5 
mg of water, or 0.025%, would be necessary to 
supply sufficient hydroxide to saponify all of 
the methyl esters present this is entirely reason- 
able. The subsequent acid treatment would 
then perform the function not  of "driving 
methanolysis to completion" but of re-forming 
the saponified methyl esters (Fig. 3). 

The question is raised of any useful purpose 
being served by the acetal and our observations 
indicate that there are none since it would not 
serve as a water scavenger under basic condi- 
tions mad water has little or no effect on 
methanolysis anyway. The work of Lorette and 
Brown (15) showed conclusively that the re- 
moval of water by DMP greatly increased the 
yield of methyl esters from the acid-catalyzed 
esterification, but these workers used a mixture 
comprised of nearly equimolar amounts of 
methanol, fatty acid or triglyceride, and the 
acetal. The reaction mixture of Mason et al. 
(14) contained an approximately 140:1 ratio of 
methanol-triglyceride fatty acid. The acidified 
equilibrium mixture would contain very little 
free fatty acid, as can be readily shown by TLC, 
in the presence of 1-2% water with or without 
acetal. 
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Preparation and Use of a Stable Methanolysis Reagent 

A reagent capable of the rapid methanolysis 
of lipid esters at room temperature may be 
prepared as follows. Dissolve either 2.3 g of 
metallic sodium or 4.0 g of sodium hydroxide 
in 100 ml of a mixture consisting of 60 ml of 
anhydrous methanol, 40 ml of reagent grade 
benzene and 15 mg phenolphthalein. The rea- 
gent is stable indefinitely stored at room 
temperature unlike that of Mason et al. which 
must be prepared fresh each time. Similarly a 
reagent prepared replacing benzene with chloro- 
form is effective but  unstable because of the 
reaction of chloroform with the base. 

The methanolysis of most lipid esters is 
accomplished simply by dissolving the lipid in 
the reagent to the desired concentration. A 
range of t-10% is convenient for most purposes. 
The methanolysis of glycerides, phospholipids 
and wax esters is complete in 1-2 rain. Steryl 
esters require 15-20 min. A more dilute, 
0.25-0.50 N, reagent is as effective for glyc- 
elides and wax esters as is the described N 
reagent but the methanolysis of steryl esters is 
greatly retarded. The choice between sodium or 
sodium hydroxide is largely dictated by wheth- 
er steryl esters are present in the mixture. Thus 
the convenience of using sodium hydroxide 
must be measured against the inevitable saponi- 
fication that will occur subsequent to meth- 
anolysis. For this reason and regardless of the 
base used it is advisable to routinely neutralize 
the reaction mixture by the addition of metha- 
nolic-HC1. With the sodium reagent this may be 
done at almost any convenient time following 
addition of the base to the lipid. With the 
"sodium hydroxide" reagent, however, neutrali- 
zation should be done within 10-15 min. In 
either case "reversal" of saponification is 
readily achieved by adding additional acid so 
that the final concentration is about 0.2 N. 
Esterification of the free fatty acids is essen- 
tially complete in 30 rain so that they are not 
detectable on the gas chromatograph. 

GLC analysis is done without further treat- 
ment of the reaction mixture with no damage 
to column or detector, and a sample may be 
introduced onto the chromatograph in less than 
5 min from the start of the procedure. 

Figures 4 and 5 show the results obtained 
when the described procedure, using sodium 
hydroxide, was applied to two mixtures, one 
consisting of trilinolein plus linoleic acid using a 
0.5 M reagent, and the other trilinolein plus 
cholesteryl oleate using the 1.0 M reagent. The 
results shown in Figure 4 were obtained by 
neutralization at 3 min and acidification of a 
portion of the reaction mixture for an addi- 
tional 30 min. To obtain the results shown in 

A 13 

2 

3 

4 

5 

FIG. 5. The methanolysis of cholesteryl oleate and 
trilinolein at room temperature. Lane A, mixture 
trilinolein plus cholesteryl oleate; Lane B, reaction 
time 15 rain in 1.0 M sodium methoxide. 1, choles- 
teryl oleate; 2, methyl esters; 3, trilinolein; 4, fatty 
acids; 5, cholesterol. 

Figure 5 the basic reaction time was extended 
to 15 min. The mixture was then made slightly 
acid and immediately spotted for TLC. Some 
slight saponification is evident although in both 
experiments an obviously high purity of methyl 
esters resulted. Cholesterol does not  interfere 
providing that chromatography is continued 
until  it emerges from the column. 

The two preceding experiments were both 
carried out using "sodium hydroxide" solu- 
tions. Since, as was established earlier, such 
solutions consist almost entirely of methoxide 
rather than hydroxide it follows that the water 
content of the reaction mixtures was very 
nearly that of the total base content or 0.9% 
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A B C D 

FIG. 6. Methanolysis at room temperature of 
trilinolein in the presence of approximately 2.4% 
water. Lane A, trilinolein; Lane B, 3 min reaction 
time; Lane C, 15 rain reaction time; Lane D, 15 min 
reaction time followed by acidification for 30 min. 1, 
methyl linoleate; 2, trilinolein; 3, linoleic acid. 

and 1.8% respectively. Identical results may be 
expected, then, from methoxide solutions pre- 
pared from metallic sodium and to which water 
is added to this extent. Such can readily be 
shown to be the case. 

The water formed (cf., Reaction A, Fig. 1) 
when sodium hydroxide is dissolved in a ben- 
zene-methanol mixture imposes certain limits 
upon its composition. A phase separation 
occurs in a solution consisting of equal volumes 
of methanol and benzene if sodium hydroxide 
is dissolved to make a concentration in excess 
of about 0.6 M. No such difficulty is encoun- 
tered with metallic sodium. Increasing the 
methanol content of the mixture permits an 
increase in the sodium hydroxide concentra- 

tion. The primary effect of the presence of 
water is that of phase separation and not  on 
either the rate of methanolysis or saponifica- 
tion. Thus water need not be considered if a 
single phase is obtained. This may be demon- 
strated as follows. 

To 1.0 ml of a 10% solution of trilinolein in 
1 : 1 methanol-benzene containing 2% water was 
added 0.5 ml of a 0.6 M solution of sodium 
hydroxide in methanol-benzene. The total 
water content of the reaction mixture was then 
2.36%. The mixture was neutralized at 3 min 
by the addition of 5 M methanolic HC1 (phenol- 
phthalein). A similar reaction mixture was 
neutralized at 15 min. A portion, 100/al, of this 
last solution was withdrawn to another tube 
and to it was added 15 /al of the methanolic 
HC1. At 15 min this was neutralized by titration 
with the "sodium hydroxide" solution. The 
various mixtures were then analyzed by TLC 
with the results shown in Figure 6. 

As shown, methanolysis was complete at 3 
min (Lane B) and saponification was barely in 
evidence. Saponification was more extensive at 
15 min (Lane C) but  cannot be considered 
excessive. It was effectively reversed by the acid 
treatment (Lane D). Although these results are 
admittedly qualitative it is significant that the 
small amount of free linoleic acid present in 
mixture C did not appear in subsequent analysis 
by GLC of the reaction mixture. 

It has been proposed (16) tha t  methanolysis 
in the presence of potassium methoxide occurs 
more rapidly than with sodium methoxide. We 
have been unable to substantiate this using TLC 
analysis and find no difference in the rate or 
the route by which the conversion of a triglyc- 
eride fatty acid to the potassium or sodium 
soap is accomplished. Only if the methanolysis 
is carried out in an essentially nonalcoholic 
medium, i.e., Skellysolve F (17), is there a 
noticeable difference and this is not  one of rate 
but in the quantitative formation of crystalline 
monosodium glyceroxide while no such potas- 
sium compound is formed. 

It is concluded that methyl ester preparation 
can be carried out rapidly and effectively at 
room temperature by the addition of a single 
stable reagent. If free fatty acids are present, 
either initially or as a result of saponification, 
these can be converted readily to the methyl 
esters by treatment with methanolic HC1 at 
room temperature. It is suggested that undue 
emphasis has been placed upon the need for 
anhydrous conditions when carrying out metha- 
nolysis or esterification reactions. This has 
possibly resulted from a failure to properly 
appreciate: (1) that water is not  directly in- 
volved in the saponification reaction; and (2) 
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that mass action considerations dictate that the 
acid catalyzed esterification of dilute solutions 
of fatty acids in methanol goes essentially to 
completion and that the equilibrium is not 
greatly upset by the addition of only several per 
cent of added water. 
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Postnatal Changes in the Phospholipid 
Composition of Livers From Young Lambs 
R.C. NOBLE, W. STEELE 1 and J.H. MOORE,  
Hannah Dairy Research Institute, Ayr, Scotland 

ABSTRACT 

The total lipids were extracted from 
the livers of newborn lambs, from the 
livers of lambs during the first week after 
birth and from the livers of adult sheep. 
After separation from the nonphospho- 
lipids on columns of silicic acid the 
phospholipids were analyzed by thin 
layer chromatography and quantitative 
gas liquid chromatography. In all samples 
phosphatidyl choline and phosphatidyl 
ethanolamine together accounted for 
about 80% of the total liver phospho- 
lipids. The phosphatidyl choline-phos- 
phatidyl ethanolamine ratio in the livers 
of the newborn iambs was markedly less 
than the ratio in the livers of the adult 
sheep. Moreover there was a pronounced 
increase in the phosphatidyl choline- 
phosphatidyl ethanolamine ratio in the 
livers of the lambs during the first week 
after birth. In the liver phospholipids of 
the lambs the concentration of phospha- 
tidyl inositol was lower and the concen- 
trations of phosphatidyl serine and 
sphingomyelin were greater than the cor- 
responding concentrations in the liver 
phospholipids of the adult sheep. It is 
proposed that the change in the phospha- 
tidyl choline-phosphatidyl ethanolamine 
ratio in the livers of the lambs during the 
first week after birth is due, at least in 
part, to the marked change that occurs in 
the linoleic acid-arachidonic acid ratio in 
the tissues of the lamb during this period. 

I N T R O D U C T I O N  

Investigations into the lipid metabolism of 
the newborn lamb have shown that marked 
changes occur in the fatty acid composition of 
various tissues immediately after birth (1-4). 
The most pronounced and most significant 
changes in the fatty acid patterns were those 
involving the polyunsaturated fatty acids and 
recent work from this laboratory has indicated 
that the dietary requirements of essential fatty 
acids by the young lamb may well be consider- 
ably different from that of the young mono- 

1present address: The Hormel Institute, Austin, 
Minnesota.  

gastric animal (3,4). In the liver the major 
changes in the polyunsaturated fatty acid 
pattern occurred in the phospholipid fraction 
and investigations into the fatty acid composi- 
tion of the diacyl phospholipids of the livers of 
young lambs has provided information on the 
specific distribution of the fatty acids between 
these major phospholipid fractions (5). Prelim 
inary results from these studies indicated that 
the fatty acid changes that occurred in the 
diacyl phospholipids of the lamb immediately 
after birth were possibly accompanied by pro- 
nounced alterations in the relative concentra- 
tions of the major phospholipid fractions. This 
possibility has been investigated in some detail 
and we now report results on the relative 
distribution of the major phospholipid fractions 
in the livers of lambs at birth and during the 
first week after birth. These results are corn 
pared with those obtained from adult sheep. 

EXPERIMENTAL PROCEDURE 

Lambs were obtained from a flock of pure- 
bred cheviot ewes. The diet and management of 
the ewes was similar to that detailed previously 
(3). The lambs were allowed to suckle and 
remain with the ewes during the experiment. 
Details of the lipid composition of ewes' milk 
during the first week of lactation have been 
given previously (6). Four lambs were killed 
immediately after birth before they had any 
opportunity to suckle. The remaining lambs 
were killed at intervals of 2,4 and 8 days after 
birth; three lambs were killed at each time 
interval. The lipids were extracted from the 
livers with chloroform-methanol 2:1 v/v by the 
method of Folch et al. (7). An estimate of the 
total dry matter content of the livers was 
obtained from the summation of the weight of 
total extractable lipid and that of the residue 
obtained after extraction with chloroform- 
methanol. The total phospholipids were sepa- 
rated from the nonphospholipids by fractionat- 
ing portions of the lipid extracts on 3 g 
columns of silicic acid (100 mesh; A.R., 
Mallinckrodt Chemical Works, New York). As 
described by Moore and Doran (8) the non- 
phospholipids were eluted from the column 
with chloroform and the total phospholipids 
with chloroform-methanol 1:4 v/v. The individ- 
ual phospholipids were then separated by frac- 
tionation on thin layer chromatoplates of silica 
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gel (Camag A.G., Muttenz, Switzerland) with a 
solvent system composed of chloroform- 
methanol-acetic acid-water 25:15:4:2 v/v, as 
described by Skipski et al. (9). The fatty acids 
present in the major phospholipid fractions 
were converted into their corresponding methyl 
esters by the method of Stoffel et al. (10) and 
the relative concentrations of each of the major 
phospholipid fractions was determined by gas 
liquid chromatography in conjunction with the 
use of an internal standard as described by 
Christie et al. (11). The relative concentrations 
of each of the major phospholipid fractions 
were also estimated by determining the lipid 
phosphorus contents of the eluates by the 
method of Chen et al. (12). In all instances the 
recovery of the phospholipids from the thin 
layer chromatoplates was 95-105% of the total 
applied. These analytical procedures were also 
applied to the phospholipids isolated from the 
livers of four castrated male sheep of the 
cheviot breed, killed when 2 years old. 

RESULTS AND DISCUSSION 

The concentrations of total phospholipids in 
the liver tissues and the proportions of individ- 
ual phospholipids expressed as weight percent- 
ages of the total phospholipids isolated from 
the livers of the lambs at birth and during the 
first week after birth are given in Table I 
together with the corresponding values for 
adult sheep liver. For comparison, values ob- 
tained by other investigators for the phospho- 
lipid composition of adult sheep liver are also 
included in Table I. In all of the samples 
analyzed phosphatidyl ethanolamine and phos- 
phatidyl choline were the major phospholipids 
present and together accounted for about 80% 
of the total liver phospholipids. Phosphatidyl 
ethanolamine and phosphatidyl choline consti- 
Dated 46% and 35% respectively of the liver 
phospholipids at birth, but in the liver phospho- 
lipids of the adult sheep the proportion of 
phosphatidyl choline far exceeded that of 
phosphatidyl ethanolamine. Our results for the 
phosphatidyl choline and phosphatidyl ethano- 
lamine contents of the liver phospholipids of 
adult sheep are similar to those obtained in 
other laboratories (13,14). The relative propor- 
tions of phosphatidyl choline and phosphatidyl 
ethanolamine in adult sheep liver would appear 
to be similar to those reported for cow liver 
(15). 

During the first week after birth there was a 
pronounced increase in the proportion of phos- 
phatidyl choline and a pronounced decrease in 
the proportion of phosphatidyl ethanolamine in 
the liver phospholipids of the lambs, but even 
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on the eighth day after birth the values for 
these two major phospholipids had not reached 
the corresponding values observed for adult 
sheep liver. We could find no more than trace 
concentrations of phosphatidyl inositol in the 
liver phospholipids of the lambs, but in agree- 
ment with other investigators (see Table I) this 
phospholipid fraction was found to account for 
over 7% of the total liver phospholipids in adult 
sheep. Although there were no consistent or 
marked changes in concentration of phospha- 
tidyl serine or sphingomyelin in the liver 
phospholipids during the first week after birth, 
the concentration of these two fractions of the 
liver phospholipids in young lambs were notice- 
ably greater than the corresponding concentra- 
tion in the liver phospholipids of adult sheep. 

The most noteworthy features of the results 
in Table I are the marked differences between 
the phosphatidyl choline-phosphatidylethanol- 
amine ratio in livers of the newborn lambs and 
that in livers of the adult sheep, and the 
progressive increase in this ratio that occurred 
in livers of the iambs during the first week after 
birth. These findings are consistent with those 
of Weinhold and Villee (16) and Biezenski et al. 
(17) who reported that the phosphatidyl 
choline-phosphatidyl ethanolamine ratio in 
livers of adult rats was considerably greater 
than that in livers of immature and newborn 
rats. It seems possible that this effect is due to 
developmental changes in the phospholipid 
content of the liver microsomes. In experiments 
with young rabbits Miller and Cornatzer (18) 
observed that during the first 14 days after 
birth there were no appreciable changes in the 
phosphatidyl choline-phosphatidyl ethanol- 
amine ratios either in the liver mitochondria or 
in the liver microsomes; in addition there was 
no appreciable change in the total phospholipid 
content of the liver mitochondria. However 
during tile same period there was a pronounced 
increase in total phospholipid content of the 
liver microsomes, the phosphatidyl choline- 
phosphatidyl ethanolamine ratio in which was 
markedly greater than that in the liver mito- 
chondria. Getz et al. (19) have shown that in 
sheep liver also, the phosphatidyl choline- 
phosphatidyl ethanolamine ratio in the micro- 
somes is greater than that in the mitochondria. 
It should be noted that although the work of 
Scott et al. (20) dealt only with various tissues 
from the ovine fetus, results obtained for the 
phospholipid composition of two fetal livers at 
about the 132nd day of gestation indicated a 
similar proportion of phosphatidyl ethanol- 
amine to that found in the phospholipids 
obtained from a single sample of maternal 
liver. 
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In exper iments  with homogena tes  prepared 
f rom livers of  rabbits  of various ages, Baldwin 
and Cornatzer  ( 2 1 ) n o t e d  a marked postnata l  
increase in the rate of synthesis  of phospha t idy l  
choline from 14C labeled cyt idine d iphospha te  
choline;  there was little change in the rate of  
synthesis  from 14C labeled S adenosyl  meth i -  
onine. They p roposed  that  this increase in the 
rate of  synthesis  via the CDP-choline d e p e n d e n t  
pa thway  might  be due to an increased avail- 
ability in the liver of  1,2-diglycerides conta in ing  
linoleic acid. The work of Balint et  al. (22) and 
Ry t t e r  et al. (23) had previously shown tha t  
phospha t idy l  choline synthesized by the 
CDP-choline d e p e n d e n t  pa thway  conta ined  rel- 
atively high concen t ra t ions  of  linoleic acid, 
whereas tha t  synthes ized by the me thy la t ion  of  
phospha t idy l  e thanolamine  conta ined  relatively 
high concen t ra t ions  of C20 and C22 polyun-  
saturated fa t ty  acids. It has been no ted  by 
several investigators (24) that  in mos t  mamma-  
lian livers the phospha t idy l  choline fract ion 
tends  to conta in  higher concen t ra t ions  of lino- 
leic acid and lower  concen t ra t ions  of  C20 and 
C22 po lyunsa tura ted  fat ty acids than does the 
phospha t idy l  e thanolamine  fract ion.  The distri- 
bu t ion  of  fa t ty  acids be tween  the major  phos-  
pholipid fract ions in the liver of  the newborn  
lamb during the first week after bi r th  are given 
in Table II and their  possible significance to the 
metabol i sm of  phosphol ip ids  in the liver during 
this period has been fully discussed elsewhere 
(5). We have shown (25) tha t  the whole  carcass 
of  the newborn  lamb contains about  1000 mg of  
arachidonic acid bu t  only about  300 mg of  
linoleic acid. However  there is a marked in- 
crease in the linoleic acid c o n t e n t  of  the tissues 
during the first week after  bir th and the whole  
carcass of  a 10-day-old lamb contains  about  
10,500 mg of  linoleic acid bu t  only about  3000 
mg of  arachidonic acid. This addit ional  linoleic 
acid is derived f rom the milk of  the ewe. I t  
seems possible therefore  tha t  the p r o n o u n c e d  
change in the linoleic ac id-arachidonic  acid 
ratio in the tissues of  the lambs during the first 
week after bi r th  results in an analogous change 
in the fa t ty  acid compos i t ion  of  the 1,2-diglyc- 
erides that  become  available for phosphol ip id  
synthesis  in the liver. Such changes might  be 
expec ted  to  p r o m o t e  the synthesis  o f  phospha-  

tidyl chol ine in the liver via the CDP-choline 
d e p e n d e n t  pa thway .  
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I somerization of L-Glyceraldehyde to Dihydroxyacetone 
During Glyceride Synthesis by Rat Liver Microsomesl 
G. ANANDA RAO, 2 L.E. PULEO, M.F. SORRELS and RAYMOND REISER, 
Department of Biochemistry and Biophysics, Texas A. & M. University, 
College Station, Texas 77843 

ABSTRACT 

L-glyceraldehyde is conver ted to phos- 
phatidic acid by the action of  rat liver 
microsomal  enzymes and glycerol kinase 
in the presence of  fat ty acid, ATP, 
CoASH and NADH. L-glycerol 3-phos- 
phate is no t  an in termedia te  in this 
synthesis since rnicrosomes in the pres- 
ence of  NADH nei ther  reduce L-glyceral- 
dehyde nor,  in the addit ional  presence o f  
glycerol kinase and ATP, conver t  i t  to 
L-glycerol 3-phosphate.  However  dihy- 
d roxyace tone  is produced when L-glyc- 
eraldehyde is incubated with microsomes.  
This was shown enzymatical ly  by the 
subsequent  conversion to d ihydroxy-  
acetone phosphate  which was conf i rmed 
by the oxidat ion of  NADH in the pres- 
ence of  glycerol 3-phosphate dehydrogen-  
ase. Isomerizat ion of  L-glyceraldehyde 
and the synthesis of  d ihydroxyace tone  
phosphate  may be one of  several possible 
mechanisms in the conversion of  the 
triose to ei ther  glucose or  glyceride- 
glycerol which has been repor ted  to occur  
in tissue. 

Ipresented at the AOCS Meeting, Houston, May 
1971. 

2present address: V.A. Hospital, Martinez, Cali- 
fornia 94553. 

INTRODUCTION 

In recent investigations of  the synthesis of  
glycerides by part iculate enzymes,  DL-glycer- 
aldehyde 3-phosphate (DL-GAP) has been used 
as a glyceride-glycerol precursor  (1-5). It  has 
been shown that  the prior  conversion of  
D L - G A P  to d ihydroxyace tone  phosphate  
(DHAP) by microsomal  triose phosphate  iso- 
merase is essential for glyceride synthesis (2-6). 
It  is logical to expec t  L-GAP to be inert  in this 
reaction since it is no t  a normal  metabol i te .  In 
an a t t empt  to conf i rm this supposit ion,  we 
investigated glyceride synthesis using a system 
known to yield L-GAP and substi tut ing it  for  
DL-GAP. These studies have enabled us to show 
that rat liver microsomes cannot  conver t  L-GAP 
to glycerides bu t  that  they can isomerize 
L-glyceraldehyde (L-GA) to d ihydroxyace tone  
(DHA). 

MATERIALS AND METHODS 

DL-glyceraldehyde,  d ihydroxyace tone ,  GSH 
and CoASH were purchased from Sigma Chemi- 
cal Co. The dimethylaceta l  of  DL-glyceralde- 
hyde 3-phosphate and the d imethylketa l  of  
d ihydroxyace tone  phosphate  were also pur- 
chased from Sigma. The free carbonyl  com- 
pounds were regenerated by hydrolysis  with 
Dowex 50-X4,H + and their  potassium salts 
were prepared by the addit ion o f  KHCO 3 

TABLE I 

32p-Phosphatidic Acid Synthesis From L-Glyceraldehyde a 

Phosphatidic acid 
Flask L-GA DL-GA NADH HCPP synthesized (nmoles) 

1 + + 28 30 
2 + + 31 35 
3 + 3 3 
4 + 3 3 
5 + + 23 23 
6 + + + 20 18 

aThe reaction mixture contained L-GA (2 mM Flasks 1, 4-6), DL-GA (4mM, Flask 2), 
potassium palmitate (0.3 mM), O,-32p-ATP (3mM), CoASH (0.067 mM), GSH (8rnM), 
NADH (1.33 raM, except in Flask 4), MgCI 2 (3.3 raM), KF (8raM), glycerol kinase (40 ~g 
protein), washed rat liver microsomes (1.2 mg protein), HCPP (0.26 mM, Flask 6) and 
potassium phosphate buffer pH 7.4 (133 raM) in a total volume of 1.5 ml. Incubations were 
carried out for 30 rain at 37 C in a Dubnoff shaker and terminated by adding 5 ml 
chloroform-methanol 2:1 v/v. After acidification with 0.2 ml of 2N HCI, phospbatidic acid 
was isolated and quantitated by previously published procedures (7). The results of two 
separate experiments are given as nmoles of phosphatidic acid synthesized. 
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ISOMERIZATION OF L-GA 

TABLE II 

Conversion of L-Glyceraldehyde to Dihydroxyacetone Phosphate a 

931 

Flask L-GA Microsomes nMoles NADH oxidized 

1 + + 188 
2 + 0 
3 + 4 
4 10 

aThe incubation mixture contained L-glyceraldehyde (5 mM, flasks 1,3), ATP (1 mM), 
GSH (1 mM), glycerol kinase (25 /~g protein), washed rat liver microsomes (4 nag protein, 
flasks 1,2), potassium phosphate buffer, pH 7.4 (50 mM) in a volume of 2 ml. After 
incubation for 30 rain at 37 C in a Dubnoff shaker, the  reaction mixture was centrifuged at 
104,000 x g for 30 min. To the supernatant, NADH (0.166 raM) and glycerol 3-phosphate 
dehydrogenase (30 #g protein) were added. The volume was adjusted to 3 ml by the 
addition of water and after incubation at 37 C for 10 rain, the optical density was measured 
at 340 m/z in a Gilford Spectrophotometer; nmoles of NADH oxidized was calculated using 
the molar absorption coefficient, 6.2 x 106 Cm2/mole. 

before  use. L-glyceraldehyde was purchased  
from Fluka AG; NADH, ATP and crystall ine 
glycerol 3-phosphate  dehydrogenase  f rom Cal- 
b iochem;  glycerol kinase was obta ined f rom 
B o e h r i n g e r  M.annhe im Corpora t ion  and 
1-hydroxy-3-chloro-2-propanone phospha te  was 
a gift f rom F.C. Har tman,  Oak Ridge National  
Labora tory ,  Oak Ridge, Tenn.  The 1-14C - 
palmitic acid purchased from Volk Radiochemi-  
cal Co. was purif ied before  use by thin layer 
ch romatography  (>99%);  unlabeled  purif ied 
palmitic acid was from Hormel  Ins t i tu te .  The 
7-32P-ATP was purchased  from Amersham 
Seafle Corp. 

Rat liver microsomes  were isolated f rom a 
sucrose homogena te  and washed according to 
previously publ ished procedures  (5). Incuba- 
t ions were carried out  as descr ibed in the tables. 
Freshly prepared solut ions of  L-GA were used 

in all exper iments .  For  the de te rmina t ion  of  
glyceride synthesis ,  the incubat ions  were termi- 
na ted  by the addi t ion of  5 ml of  ch loroform-  
me thano l  2:1 v/v. Af te r  acidif icat ion wi th  0.2 
ml of  2N HC1, phospha t id ic  acid was isolated 
and quan t i t a t ed  by the m e t h o d  of  J o h n s t o n  et 
al. (7), Glycerol and L-glycerol 3-phosphate  
were de tec ted  by the p roduc t ion  of  NADH 
from NAD + under  the assay condi t ions  for  
glycerol kinase described by Kennedy  (8). The 
presence of d ihyd roxyace tone  was de te rmined  
fol lowing its conversion to DHAP by a 30 rain 
incubat ion  with glycerol kinase (25 pg  prote in) ,  
ATP (1 raM), GSH (1 raM) and potass ium 
phospha te  buf fe r  (pH 7.4, 50 mM). Dihydroxy-  
acetone phospha te  p roduc t ion  was conf i rmed  
by the oxidat ion  of  NADH in the presence o f  
crystalline glycerol 3-phosphate  dehydrogenase  
and NADH unde r  condi t ions  descr ibed by 

TABLE II1 

Isomerization of L-Glyceraldehyde to Dihydroxyacetone by Hepatic Microsomes a 

Addit ions  

Flask L-GA Microsomes nMoles NADH oxidized 

1 + + 280 
2 + 2 
3 + 0 
4 + +b 58 
5 + 0 

aThe reaction mixture contained L-glyceraldehyde (5.7 mM, flasks 1, 2, 4, and 5), 
washed  rat liver microsomes (4 mg protein in flasks 1, 3, and 4), bovine serum albumin (4 
mg in flask 5) and potassium phosphate buffer pH 7.4 (57 raM) in a total volume of' 1.75 
ml. After incubating at 37 C for 30 rain the mixture was centrifuged at 104,000 x g for 30 
rain. To the supernatant was added glycerol kinase (25 pg protein), ATP (1 raM) and GSH 
(1 raM) in a volume of 2 ml and incubated  for  30 rain at 37 C. Incubation was continued for 
an additional 10 rain after the addit ion of NADH (0;166 mM), glycerol 3-phosl~hate 
dehydrogenase (30 #g protein) and adjustment of the vomme to J ml. At the ena of the 
incubat ion optical  densi ty  was  determined at 340 mp in a Gilford speetrophotometer; 
nmoles  o f  N A D H  o x i d i z e d  was calculated using the molar absorption coeffoeient, 6.2 x 106. 
Cm2/mole. 

bHeat inactivated at 100 C for 10 rain. 
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T A B L E  IV 

Ef f ec t  o f  HCPP  o n  t h e  M i c r o s o m a l  I s o m e r i z a t i o n  o f  L - G l y c e r a l d e h y d e  t o  D i b y d r o x y a c e t o n e  

A d d i t i o n s  

F lask  a L - G A  D L - G A P  H C P P  nMoles  N A D H  o x i d i z e d  

1 + 1 6 9  
2 + + 114  
3 + 191 
4 + + 4 

aF ia sks  1 a n d  2:  I n c u b a t i o n  c o n d i t i o n s  were  iden t i ca l  t o  F lask  1, Table  III e x c e p t  f o r  the  
f o l l o w i n g :  M i c r o s o m e s  (1 .5  m g  p r o t e i n  was  used) .  H C P P  (0 .2  m M )  was  p r e s e n t  in F lask  2 
d u r i n g  the  i n c u b a t i o n  o f  L - G A  a n d  m i c r o s o m e s .  F lasks  3 a n d  4:  R e a c t i o n  m i x t u r e  c o n t a i n e d  
D L - G A P  (3 mM) ,  H C P P  (0 .2  m M ,  F lask  4) ,  p o t a s s i u m  p h o s p h a t e  b u f f e r  p H  7 .4  ( 5 0  mM)  
a n d  w a s h e d  r a t  l iver m i c r o s o m e s  (1 .5  m g  p r o t e i n )  in a t o t a l  v o l u m e  o f  2 ml.  A f t e r  
i n c u b a t i o n  fo r  30 min  a t  37 C,  i t  w a s  c e n t r i f u g e d  a t  1 0 4 , 0 0 0  x g f o r  30  m i n .  To  the  
s u p e r n a t a n t  ( 0 . 2 5  nil)  was  a d d e d  N A D H  ( 0 . 1 6 6  mM) ,  g lyce ro l  3 - p h o s p h a t e  d e h y d r o g e n a s e  
( 2 0  # g  p r o t e i n )  a n d  w a t e r  to  m a k e  the  f inal  v o l u m e  3 ml.  I n c u b a t i o n  was  ca r r i ed  o u t  fo r  a n  
a d d i t i o n a l  10 ra in  a t  37 C a n d  the  op t i ca l  d e n s i t y  a t  3 4 0  m #  was  m e a s u r e d ;  n m o l e s  o f  
N A D H  o x i d i z e d  was  c a l c u l a t e d  f r o m  the  m o l a r  a b s o r p t i o n  c o e f f i c i e n t  o f  N A D H ,  6.2 x 106  
C m 2 / m o l e .  

Beisenherz et al. (9). Protein determination was 
carried out by the procedure of Lowry et al. 
(10). 

RESULTS AND DISCUSSION 

Our earlier studies demonstrated the synthe- 
sis of 32p-phosphatidic acid from dihydroxy- 
acetone by the combined action of microsomal 
enzymes and glycerol kinase in the presence of 
")'-32P-ATP, NADH, CoASH and potassium pal- 
mitate (5). We extended these studies employ- 
ing L- or DL-glyceraldehyde since glycerol 
kinase is known to act not only on glycerol and 
DHA but also on L-GA (11-14). If L-GAP were 
converted to glycerides via its isomerization to 
DHAP, 32p-phosphatidic acid should be pro- 
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FIG. I. Effect of microsomal protein and time of 
incubation on the formation of DHA from L-GA. 
Incubations were performed with L-GA and varying 
amounts of microsomal protein for 10 min or with 
L-GA and a constant amount of microsomal protein 
(0.6 mg) for varied time intervals. The reaction for 
specific time intervals was terminated by the addition 
of 0.5 ml of 5% HC104and centrifuged at 5,000 x g 
for 5 rain. The pH of the supernatant was adjusted to 
7.0 by the addition of KHCO3. DHA formation was 
measured by nmoles of NADH oxidized as described 
in Table II1. 

duced. Furthermore inculsion of 1-hydroxy-3- 
chloro-2-propanone phosphate (HCPP), an 
irreversible inhibitor of triose phosphate iso- 
merase (15-17), might completely inhibit this 
synthesis since, in earlier studies, conversion of 
DL-GAP to glycerides was not observed in the 
presence of HCPP (2-5). The results of these 
experiments are given in Table I. When L- or 
DL-GA is present in the reaction mixture, 
phosphatidic acid synthesis occurs (Flasks 1 
and 2). The reaction required the triose and 
NADH since in their absence only minimal 
glyceride synthesis was observed (Flasks 3 and 
4). Due to the presence of glycerol kinase and 
ATP, L-GA can be converted to L-GAP during 
the course of incubation. However it is likely 
that this triose phosphate does not serve as a 
precursor of glycerides. This was shown by 
separate experiments in which incubations of 
L-GA, "y-32P-ATP, GSH and glycerol kinase 
were carried out to produce L-GAP. Subse- 
quently the kinase was heat inactivated and 
following the addition of palmitate, ATP, 
CoASH, NADH and microsomes, the reaction 
was continued. These experiments failed to 
yield 32p-phosphatidic acid. That L-GAP does 
not serve as a glyceride-glycerol precursor was 
further supported by the observation that 
appreciable phosphatidic acid synthes is  oc- 
curred even in the presence of HCPP (Flask 6). 
HCPP used in these experiments was active 
because, when DL-GAP and 1-14C-palmitate 
were incubated with microsomes, ATP, CoASH, 
and NADH as described earlier (4,5), complete 
inhibition of glyceride synthesis was observed. 

These studies suggested that L-GA may have 
been converted to phosphatidic acid by a 
mechanism that does not involve its phospho- 
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rylation. Two mechanisms may explain our 
results. First, L-GA may have been reduced to 
glycerol by a microsomal dehydrogenase in the 
presence of NADH and then by the action of 
glycerol kinase converted to L-glycerol 3-phos- 
phate, which may have been the direct acyl 
acceptor. This possibility is unlikely because 
L-GA dependent oxidation of NADH was not  
observed in the presence of microsomes and 
glycerol was not produced. Also, incubations of 
L-GA with ATP, NADH, microsomes, and 
glycerol kinase did not yield L-glycerol 3-phos- 
phate. 

A more probable explanation of our results 
is that L-GA may have been isomerized to DHA 
and further converted to DHAP by the action 
of glycerol kinase and ATP. Recent investi- 
gations have shown that dihydroxyacetone 
phosphate can serve as a direct glyceride- 
glycerol precursor (2-5,18). Furthermore glyc- 
eride synthesis from DHAP has been known to 
be unaffected by the presence of HCPP (2,3,5). 
That this is indeed the effective mechanism is 
shown by the results given in Table II. When 
potassium palmitate, CoASH and NADH were 
excluded from the reaction mixture for phos- 
phatidic acid synthesis, DHAP was produced as 
evidenced by the oxidation of NADH in the 
presence of glycerol 3-phosphate dehydro- 
genase (Flask 1). The production of DHAP 
requires L-GA and microsomes (Flasks 2-4). 
These studies were extended with L-GAP by 
first incubating L-GA with ATP, GSH and 
glycerol kinase. Following the heat inactivation 
of the kinase, the reaction was continued in the 
presence of microsomal protein. As would be 
expected, DHAP was not produced in these 
experiments suggesting that the microsomal 
triose phosphate isomerase is inactive toward 
L-GAP. 

The capacity of the microsomes to isomerize 
L-GA to DHA was further investigated by the 
experiments given in Table III. L-GA was 
isomerized to DHA by incubation with micro- 
somes (Flask 1). In the absence of microsomes, 
the isomerization of L-GA was not observed, 
indicating that it was free from DHA (Flask 2). 
Furthermore the DHA formation is dependent 
on the presence of L-GA (Flask 3). Not all of 
the microsomal activity which isomerizes L-GA 
is heat-labile (Flask 4). Several experiments 
failed to demonstrate complete destruction of 
this activity in spite of the heat inactivation of 
microsomal protein at 100C for 10-20 min. 
However isomerization of L-GA was always 
significantly greater when native microsomes 
were employed. DHA was not produced when 
microsomal protein was replaced by bovine 
serum albumin (Armour and Co.) in the reac- 

tion mixture (Flask 5). The rate of isomeri- 
zation of L-GA was found to be proportional to 
the microsomal protein concentration and was 
linear during the initial 10 min of incubation 
(Fig. 1 ). 

Appreciable synthesis of phosphatidic acid 
from L-GA even in the presence of HCPP, 
observed in the experiment reported in Table I, 
and the isomerization of L-GA during this 
process would suggest that the inhibitor has no 
significant effect on the production of DHA 
from L-GA by microsomes. This is supported 
by the results of experiments shown in Table 
IV. The isomerization of L-GA occurred to an 
appreciable degree in the presence of HCPP 
(Flasks 1 and 2). However, as has been observed 
with preputial gland tumor microsmes (3), rat 
liver microsomes also effectively inhibited the 
microsomal triose phosphate isomerase (Flasks 
3 and 4). It is likely that the microsomal 
activity that isomerizes L-GA is distinct from 
the particulate triose phosphate isomerase. 

Previous investigations have shown the con- 
version of L-GA to either glycogen or glycerol 
of triglycerides employing rat liver slices and 
segments of epididymal fat pads respectively 
(19,20). Since this triose can be phosphorylated 
to L-GAP for which no further metabolism is 
known, it has been thought that it may be 
reduced to glycerol and phosphorylated to 
L-glycerol 3-phosphate which could then serve 
as a precursor for the synthesis of either glucose 
or triglycerides. While these reactions are pos- 
sible in the cells, other mechanisms may also 
exist. Thus, following the use of 3A4C-L-GA, 
the recovery of appreciable 14C activity in the 
1-C of triglyceride glycerol has led Antony et 
al. to suggest several possible alternate routes 
(20). One of these is the isomerization of L-GA 
to DHA. Our previous studies on phosphatidic 
acid synthesis employing DL-GAP (4,5), the 
investigations presented in this communication 
using L-GA, and the nature of the inhibitory 
effects of HCPP on the glyceride synthesis also 
suggested a possible isomerization of L-GA to 
DHA. The results of our incubations of L-GA 
with rat liver microsomes demonstrate that 
such an isomerization to DHA does occur. In 
ceils, DHA so produced may be phosphorylated 
by the action of glycerol kinase to yield DHAP 
which could act as glyceride-glycerol precursor 
either directly (2-5,18) or subsequent to its 
reduction to glycerol 3-phosphate (21) and 
could be the source of glycogen also. 

ACKNOWLEDGMENTS 

Part of this study is from a dissertation submitted 
by L.E. Puleo to  the Graduate Faculty of Texas A. & 

LIPIDS, VOL. 6, NO. 12 



934 G.A. RAO, L.E. PULEO, M.F. SORRELS AND R. REISER 

M. University as partial fulfillment of the requirements 
for the Doctor of Philosophy degree. This work was 
supported by grants from the National Institutes of 
Health (AM 06011 and AM 14229). 

REFERENCES 

1. Snyder, F., R.L. Wykle and B. Malone, Biochem. 
Biophys. Res. Commun. 34:315 (1969). 

2. Wykle, R.L., and F. Snyder, Ibid. 37:658 (1969). 
3. Snyder, F., B. Malone and M.L. Blank, J. Biol. 

Chem. 245:1790 (1970). 
4. Rao, G.A., M.F. Sorrels and R. Reiser, Lipids 

5:762 (1970). 
5. Puleo, L.E., G.A. Rao and R. Reiser, Ibid. 5:770 

(1970). 
6. Hajra, A.K., Biochem. Biophys. Res. Commun. 

37:486 (1969). 
7. Johnston, J.M., G.A. Rao, P.A. Lowe and B.E. 

Schwarz, Lipids 2:14 (1967). 
8. Kennedy, E.P., in "Methods in Enzymology," 

Vol. 5, Academic Press, New York, 1962, p. 476. 
9. Beisenherz, G., T. Buecher, K.-H. Garbade, Ibid., 

Vol. 1, 1955, p. 391. 

10. Lowry, O.H., N.J. Rosenbrough, A.L. Farr and 
R.J. Randall, J. Biol. Chem. 193:265 (1951). 

11. Bublitz, C., and E.P. Kennedy, Ibid. 211:951 
(1954). 

12. Bergmeyer, H.U., G. Holz, E.M. Kauder, H, 
Mollering and O. Wieland, Biochem. Z. 333:471 
(1961). 

13. Hayashi, S., and E.C.C. Lin, J. Biol. Chem. 
242:1030 (1967). 

14. Gancedo, C., J.M. Gancedo and A. Sols, Europ. J. 
Biochem. 5:165 (1968). 

15. Hartman, F.C., Biochemistry 9:1776 (1970). 
16. Hartman, F.C., Ibid. 9:1783 (1970). 
17. Hartman, F.C., Ibid. 10:146 (1971). 
18. Hajra, A.K., Biochem. Biophys. Res. Commun. 

33:929 (1968). 
19. Landau, B.R., and W. Merlevede, J. Biol. Chem. 

238:861 (1963). 
20. Antony, G., L.W. White and B.R. Landau, J. Lipid 

Res. 10:521 (1969). 
21. Kennedy, E.P., Ann. Rev. Biochem. 26:119 

(1957). 

[ Received Au gust 6, 19 71 ] 

LIPIDS, VOL. 6, NO. 12 



Structural Comparison Between Triglycerides 
and Phospholipids From Pig Kidney 
PER-OTTO HAGEN, Department of Experimental Surgery, 
Duke University Medical Center, Durham, North Carolina 27710 

ABSTRACT 

The composit ional  specificity of  the 
major diacyl phosphatides, plasmalogens 
and triglycerides of pig kidney has been 
determined. The triglycerides have been 
shown to be esterified predominant ly  
with saturated fatty acids in the 2 posi- 
tion while the phosphatides have predom- 
inantly unsaturated fat ty acids in this 
position. Such complete "inversion" of 
the structure of triglycerides and phos- 
pholipids is not  normally seen in mam- 
malian tissue and suggests that  the 
synthesis of structural polar  lipids in- 
volves other  steps than the reaction of a 
diglyceride with CDP-ethanolamine or 
CDP-choline. This marked difference in 
the fatty acid distribution of the polar  
lipids and triglycerides of the pig kidney 
may render this tissue especially suitable 
for studies on the turnover and synthesis 
of  structural lipids. 

INTRODUCTION 

It  is well recognized that the fat ty  acids 
esterified in the 2 posit ion in mammalian 
triacyl-sn-glycerols and diacyl-sn-phosphatides 
are predominately  long chain unsaturated acids 
(1). Such similarities between the chain compo- 
sition of these lipids are in agreement with the 
contention that  diglycerides are the precursors 
of both lipids (2). 

That difference exists between the composi- 
tion of  the fat ty acid esterified to the 2 
posit ion of triglycerides and phosphatides is 
attributed to enzymic activities acting predomi- 
nantly on the fat ty  acid esterified to the 2 
posit ion of the phosphatides (3). 

In pig tissue, however, the composi t ion of  
the fatty acids esterified to the 2 posi t ion of  
the triglycerides has been shown to be mostly 
saturated fat ty acids (4), while no data are 
available on the composit ional  specifics of  the 
esterified fatty acids of pig tissue phosphatides. 
The aldehydogenic chain of pig tissue plasma- 
logens (alk-l ' -enyl-acyl  glyceryl ethers) has 
been shown to be mostly saturated (5), and to 
occupy the 1 posit ion of the phosphatides (6), 
a composit ional  and speriospecificity normally 
seen in mammalian tissues (7). 

These observations led us to investigate the 
composit ional specificity of the fat ty acids 
esterified in the 2 posit ion of pig tissue phos- 
phatides in relation to the fatty acids ester/fled 
in the same posit ion of  the triglycerides, and 
the composit ion specificity of the aldehydo- 
genic l inked chains of  the plasmalogens in 
relation to that of the diacylphosphatides. This 
investigation was undertaken as part of  a major 
study on structural relationships between 
classes of  lipids, their interrelationships and 
biosynthesis. 

MATERIALS AND METHODS 

Materials 

Methyl esters of  palmitic, stearic, oleic, 
linoleic, linolenic and arachidonic fatty acids 
(The Hormel Institute,  Austin, Minn.) were 
used for the identification of gas liquid chroma- 
tography (GLC) peaks of  methyl  esters pre- 
pared from sample fractions. A port ion of the 
methyl ester standards was reduced with 
LiAIH 4 (8) and the resulting alcohols were 
acetylated (9). These alcohol acetates served as 
standards for the identification of GLC peaks 
of the alcohol acetates prepared from sample 
fractions. Pancreatic lipase was purchased from 
Nutrit ional Biochemicals Corporat ion and used 
without  further purification. Phospholipase A 
(Crotalus Atrox Venom) was purchased from 
Aliens Reptile Institute. 

Extraction and Initial Separation of Tissue Lipids 

Pig heart, kidney,  spleen and brain were 
obtained from a local slaughterhouse. The 
organs were rapidly cooled. Connecting tissue 
and deposi t  fat were carefully removed. About  
one-half of  the organs were cut into small 
pieces and homogenized in a Waring Blendor 
with chloroform-methanol  2:1 v/v. Further  
homogenization was achieved by using a Potter- 
Elvehjem homogenizer. The homogenized tissue 
was f l t e red  and the chloroform-methanol was 
removed from the filtrate under vacuum. The 
lipids were then extracted from the aqueous 
suspension by the method of Bligh and Dyer 
(10). The total  lipids were separated into 
neutral and phospholipid fractions by use of a 
short silicic acid column (11). The lipids were 
stored in chloroform at -23 C until  used. 

The methods used for separation and deter- 
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mination of lipid classes are shown systemat- 
ically in Figure 1. 

Separation of Lipid Classes by Thin Layer Chromato- 
graphy (TLC) 

Approximately 10 mg of total neutral lipids 
were applied in a band on a 20 x 20 cm glass 
plate coated with 0.25 mm Silica Gel G. The 
plates were developed in a solvent system of 
hexane-diethylether-acetic acid 80:20:1 v/v/v. 
After development the plates were sprayed with 
a solution of 0.1% 2,7-dichlorofluorescein in 
ethanol and viewed under UV light to locate 
the bands. The sterol ester band was scraped 
directly into a tube containing 2-3 ml of 2% 
H2SO 4 in methanol. The tube was blanketed 
with nitrogen, sealed and heated for one hour 
at 100 C to form the methyl esters of the fatty 
acids. The recovered products were analyzed by 
GLC without removal of the free cholesterol 
since cholesterol is not  eluted under the GLC 
conditions used. 

The triglycerides were eluted from the silica 
gel on a sintered glass funnel with diethylether. 
The solvent was removed and a small portion of 
the triglycerides trans-esterified directly for 
determination of total acyl groups. The remain- 
ing triglycerides were submitted to pancreatic 
lipase hydrolysis (12). 

The phospholipids were separated by TLC 
on HRB Silica Gel plates using a solvent system 
of chloroform-methanol -ace t ic  acid-water 
50:25:8:4 v[v/v/v. Only the phosphatidyletha- 
nolamine (PE) and phosphatidylcholine (PC) 
bands were recovered. The elution of the 
sample from the silica gel was carried out as 
previously described (13). The purity of the 
isolated fractions .was determined by TLC 
against known standards. 

Enzyme Hydrolysis of Triglycerides and Phospholipids 

The pancreatic lipase hydrolysis of the tri- 
glycerides was carried out essentially according 
to the procedure of Mattson and Volpenhein 
(12) with appropriate scaling down to accom- 
modate the smaller sample size. The hydrolysis 
products were recovered by three hexane- 
diethylether 1 : 1 v/v extractions of the acidified 
(HC1 to pH 2) hydrolysate. The hydrolysis 
products were separated by TLC on Silica Gel 
G using a hexane-diethyl ether-acetic acid 
50:50:2 v/v/v system. The developed plates 
were sprayed with 2,7-dichlorofluorescein 
(0.2% in ethanol), viewed under UV light and 
the monoglyceride band scraped directly into a 
tube and esterified in the same manner as the 
sterol esters. 

The isolated phosphatidylcholine (PC) and 
phosphatidylethanolamine (PE) were treated 

TABLE I 

Glyceryl Ether Content  a of Pig Kidney 
Phosphatidylethanolamine b and Phosphatidylcholine 

Phosphatide O-Alkyl Alk-l'-enyl 

pE c Trace 16.9 + 1.0 
pC d 0.8 1.9 

aValues expressed as weight per cent of the recov- 
ered LiA1H 4 reduction products. This value should be 
multiplied by 2 to obtain an approximate value for 
ether-acyl forms. 

bSee text for percentage plasmalogen in pig kidneY 
phosphatidylethanolamine as determined by other 
methods.  

CDuplicate determination on three samples. 
dDuplicate determination on single samples. 

with phospholipase A (Crotalus Atrox Venom, 
Aliens Reptile Institute) as described previously 
(14). 

About  19 mg of either phosphatide were 
incubated with 2 mg snake venom. The venom 
was dissolved in 2 ml 0.2 M Tris-HC1 pH 8.0, 
and kept in a boiling water bath for 10 rain. 
After cooling, this suspension was added to the 
reaction mixture composed of either phospha- 
tide (19 mg), sodium deoxycholate (5 mg), 
calcium chloride 45% (0.1 ml) and diethylether 
(0.5 ml). The reaction was carried out at room 
temperature under vigorous shaking overnight. 
The reaction mixture was acidified with hydro- 
chloric acid to pH 2 and the liberated fatty 
acids extracted with hexane-diethylether 1:1 
v/v. The fatty acids were then isolated by 
preparative TLC on Silica Gel G in a solvent 
s y s t e m  of hexane-diethylether-acetic acid 
50:50:1 v/v/v to remove any long chain fatty 
aldehydes which may have been liberated from 
the plasmalogens during the acidification. 

The fatty acid band was scraped directly 
into a tube and esterified as described earlier. 

Quantitation and Analysis of Glyceryl Ethers 

A portion of the PC and PE was reduced 
with LiA1H 4 and the content  of glyceryl ethers 
determined by photodensitometry of the TLC 
separated products (15). The total LiA1H 4 
reduction products were separated by TLC 
using diethylether-water 100:0.5 v/v as the 
developing solvent. The alcohol bands (derived 
from the reduction of the esterified acids) and 
the alk-l'-enyl glycerol ether band from the 
phosphatidylethanolamine were recovered. The 
alcohols were eluted from the silica gel using 
20% methanol in dietlylether and acetylated 
(9). The acetylatedalcohols were purified by 
TLC using hexane-diethylether 90:10 v/v as the 
developing solvent. Their composition was de- 
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TABLE II 

The Aldehydogenic Chain Composition (Wt %) of Pig Tissue Polar Lipid Plasmalogens a 

Fatty aldehyde b Heart Spleen Brain Kidney PE c pEd 

14:0 -- Trace --  1.7 1.5 1.3 
15:0 Trace Trace -- 1.8 1.5 1.3 
16:0 51.0 42.8 18.7 68.6 65.3 68.5 
16:1 Trace 2.0 0.6 3.0 1.9 -- 
17:0 3.9 4.7 1.2 3.6 3.4 2.6 
18:0 26.0 30.8 31.6 13.1 16.3 25.6 
18:1 17.3 16.3 47.3 7.2 7.5 -- 

19:1 + 18:2 1.8 2.7 0.6 1.0 0.8 -- 
20:0 Trace 0.7 Trace Trace 0.7 0.6 

20:1 + 18:3 Trace Trace Trace Trace 1.1 -- 
Saturated 80.9 79.0 51.5 88.8 88.7 
Unsaturated 19.1 21.0 48.5 11.2 11.3 

aDetermined after acid hydrolysis of the total polar lipids. 
bldentified by the shorthand system of nomenclature according to Farquhar et al. (33). 
CDetermined after acid hydrolysis of the 0-alk-l'-enyl glycerol ethers obtained by LiAIH 4 reduction of pig 

kidney ph osphatidylethanolamine. 
dDetermined after hydrogenation as the isopropylidene derivative of pig kidney phosphatidylethanolamine 

reduced with LiAIH 4. 

termined by GLC after  e lut ion from the silica 
gel wi th  20% methano l  in die thylether .  Part  of 
the alkq ' -enyl  glycerol e ther  band was scraped 
directly in to  a tube and hydro lyzed  as de- 
scribed by Anderson  et ai. (16). The  o ther  
po r t i on  of  the alk-l '-enyl glycerol  ethers was 
etuted f rom the silica gel in the same manne r  as 
the alcohols and hydrogena ted  in the presence 
of  Adams cataiyst.  A por t ion  of  the result ing 
saturated 0-alkyl glycerol e ther  was conver ted  
to i sopropyl idene  derivatives (17)  and analyzed 
by GLC as a check on the direct  hydrolysis  of  
the alkq ' -enyl  ethers. A n o t h e r  po r t i on  of  the 
0-alkylglycerol  ethers was used to de te rmine  
their  i sometr ic  form by the use of  sodium 
aresnite-impregnated silica gel thin layer  plates 
as previously described (18). 
Gas Liquid Chromatography 

All GLC analyses were carried ou t  with a 
Model  4000  Vic toreen ,  dual co lumn hydrogen  
flame de tec to r  unit.  The ins t rument  was f i t ted 
with  two 6 ft  x 1[8 in. co lumns packed with  10% 
EGSS-X on 100-120 mesh Gas-Chrom P 
(Applied Science Laboratories ,  State College, 
Pa.). A carrier gas (He) f low of  30-35 ml /min  
and inject ion por t  and de tec to r  tempera tures  of  
2 6 0 C  were mainta ined in all analyses. The 
aldehydes,  methy l  esters, a lcohol  acetates,  and 
isopropyl idenes  of  0-alkyl glycerol ethers were 
analyzed at co lumn oven tempera tures  o f  175, 
185, 190 and 200 C respectively.  

RESULTS AND DISCUSSION 

Content and Composition of Glyceryl Ethers 

The percentage dis t r ibut ion of  the polar  to  

nonpola r  lipids varies considerably in the pig 
tissues investigated. In hear t  tissue 85% of the 
total  extractable  lipids are po la r  lipids; in 
k idney,  only 57% are polar  lipids while liver, 
spleen and brain lipids are composed  of  about  
70% polar  lipids. The con t en t  of  alkyl and 
alk-l '-enyl glyceryl  ethers in the phosphat idyl -  
chol ine and phospha t idy le thano lamine  frac- 
tions of  pig k idney lipids is shown in Table I. 
Only trace amounts  of  alkyl glyceryl  ethers are 
present  in the phospha t idy le thano lamine  frac- 
t ion while about  34% of this f ract ion was 
shown to be alk-l '-enyl-acyl phosphat idyle tha-  
nolamine.  In the phospha t idy lchol ine  fract ion,  
about  2% is alkyl-acyl-, and 4% aik-l '-enyl-acyl 
species. I f  the proposed  (19) pa thway  for the 
synthesis o f  alk-l '-enyl acyl phosphat ides  
through the alkyl e ther  as an in te rmedia te  is 
correct ,  the large difference in the ratio of  alkyl 
to alk-l '-enyl phosphat ides  in this tissue pos tu-  
lates considerable dif ference in the metabol ic  
stabili ty of  the phospha t idy le thano lamine  and 
phospha t idy lchol ine  species, or a considerable 
specifici ty of  the "a lkyl  dehydrogenase"  t l q ) .  

The 0-alk-l '-enyl glycerol  obta ined by 
LiA1H 4 reduct ion  of  the phospha t idy le thanol -  
amine ran on argentat ion TLC after  hydrogen-  
ation with  an Rf  vaiue ident ical  to that  of  
1-0-alkyl-glycerol ether.  The e thanolamine  plas- 
malogen of  pig k idney mos t  l ikely,  therefore ,  
has the isomeric  conf igura t ion  of  1-alk-l ' -enyl-  
2'-acyl-sn-glyceryl e thanolamine.  This configu- 
rat ion is the only plasmalogen s t ructure  
de tec ted  in bo th  mammal ian  (7) and bacterial  
lipids (20). 

The percentage alk-l '-enyl-acyl phosphat idyl -  
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TABLE III 

Fatty Acid Composition (wt %) of Pig Kidney Lipid Classes 

939  

Fatty Total 2 Position Total 2 Position Total 2 Position Calc a Sterol 
acid TG TG PC PC PE PE PE esters 

14:0 1.1 2.5 --  Trace --  -- 0.3 1.3 
15:0 _ b  --  Trace c Trace Trace Trace 0.3 1.8 
16:0 26.2 62.9 23.1 14.0 5.0 1.1 18.7 18.5 
16:1 1.7 2.8 1.1 0.8 0.4 Trace 0.7 4.5 
17:0 0.8 1.2 1.0 0.5 0.7 Trace 1.3 Trace 
18:0 21.3 6.1 16.3 4.4 15.4 1.0 15.6 8.9 
18:1 36.2 16.9 18.3 20.2 12.3 5.3 11.2 26.1 
18:2 9.5 6.1 15.3 21.8 6.4 6.3 5.1 19.6 
18:3 1.5 0.6 0.7 0.6 0.6 0.4 0.7 2.9 
20:0 Trace Trace . . . . . . .  0.2 0.7 
20:2 0.7 Trace 1.3 1.4 0.6 0.3 0.5 2.0 
20:3 Trace Trace 2.9 3.9 2.1 2.2 1.6 1.7 
20:4 1.0 0.9 17.0 27.8 49.4 75.7 38.2 6.9 
20:5 --  - -  Trace Trace Trace Trace Trace 2.2 
A d --  - -  1.5 2.2 4.2 3.8 3.3 2.9 
B d --  - -  Trace Trace Trace Trace Trace Trace 
C d --  - -  Trace 1.1 Trace Trace Trace Trace 
D d --  - -  1.5 1.4 2.8 3.9 2.2 Trace 

Saturated 49.4 72.7 40.4 18.9 21.1 2.1 36.4 31.2 
Unsaturated 50.6 27.3 59.6 81.2 78.8 97.9 63.5 68.8 

aCalculated by inclusion of the alk-l'-enyl glyceryl ether side chain as acyl assuming 
45.4% alk-l'-enyl-acyl phosphatidyl ethanolamine. 

bNot detected. 
eTraee = (1%. 
dA, B, C and D retention times correspond closely to 22:3; 22:4, 22:5 and 22:6. 

e t h a n o l a m i n e  of  the  e t h a n o l a m i n e  p h o s p h a t e s  
ob t a ined  b y  the  LiA1H 4 r e d u c t i o n  p r o c e d u r e  of  
Wood  and S n y d e r  (8)  r epo r t ed  here  is a b o u t  
11% lower  t h a n  t h a t  r e p o r t e d  b y  Gray  and 
MacFar l ane  (5). Similar  d iscrepancies  b e t w e e n  
da ta  o b t a i n e d  by  q u a n t i t a t i o n  of  p h o s p h a t i d e  
p lasmalogens  us ing  the  LiA1H 4 r e d u c t i o n  pro-  
cedure  and o t h e r  m e t h o d s  have prev ious ly  b e e n  
r epo r t ed  by  us ( l  1). The re fo re  we careful ly  
eva lua ted  the  p lasmalogen  c o n t e n t  of  p ig  kid-  
ney  p h o s p h a t i d y l e t h a n o l a m i n e  b y  several m e t h -  
ods. When  the  p lasmalogen  c o n t e n t  of  this  
f rac t ion  was d e t e r m i n e d  b y  the  d i m e t h y l a c e t a l  
p r o c e d u r e  descr ibed  by  Gray  (21) ,  the  a lkal ine  
hydro lyses  p rocedures  of  Tar lov and K e n n e d y  
(22)  and Hajra  et  al. (23) ,  and  the  co lo r ime t r i c  
p r o c e d u r e  of  Williams et  al. (24) ,  we o b t a i n e d  
values of  45.0%, 44.8%, 45 .8% and 45 .9%,  
respect ively .  These  resul ts  c lear ly i nd i ca t ed  a 
cons iderab le  d i sc repancy  b e t w e e n  the  resul ts  
o b t a i n e d  by  LiA1H 4 r e d u c t i o n  of  p h o s p h a t i d y l -  
e t h a n o l a m i n e  and  the  o t h e r  m o r e  c o n v e n t i o n a l  
m e t h o d s  for  p lasmalogen  d e t e r m i n a t i o n .  The  
LiA1H 4 r e d u c t i o n  p r o c e d u r e  is rapid and  con-  
ven ien t ,  b u t  we feel e x t r e m e  cau t ion  m u s t  be  
exercised in i n t e r p r e t a t i n g  quan t i t a t i ve  and  
possible  qual i ta t ive  da ta  ob t a ined  by  this  proce-  
dure.  

The  c o m p o s i t i o n  of  the  a ldehydogen ic  cha in  
of  the  to ta l  l ipid p lasmalogens  is s h o w n  in 

Table  II. Also in th is  tab le  the  a ldehydogen ic  
cha in  c o m p o s i t i o n  of  the  pig  k i d n e y  phospha -  
t i d y l e t h a n o l a m i n e  is shown.  In  one  e x p e r i m e n t  
these cha ins  were l ibe ra ted  by  h y d r o c h l o r i c  
acid hydro lyses  (16)  and  the  a ldehydes  deter -  
m ined  b y  GLC. In a n o t h e r  e x p e r i m e n t  the  
0-alk-l ' -enyl glycerols  were  ob t a ined  by  LiA1H 4 
r educ t ion ,  h y d r o g e n a t e d ,  and  the i r  cha in  com- 
pos i t ion  d e t e r m i n e d  as the i r  i s o p r o p y l i d e n e  
derivative,  These  two  p rocedure s  give compa t i -  
ble results .  Our  resul ts  ind ica te  t h a t  consider-  
able var ia t ions  exis t  in  the  a ldehydogen ic  
c o m p o s i t i o n  of  var ious  pig  t issue p lasmalogens .  
The ra t io  o f  s a tu ra t ed  to  u n s a t u r a t e d  a ldehydes  
ranges f rom 1.06 in pig  b ra in  t issue to  7.91 in 
pig k i d n e y  tissue. The  a ldehyd ic  cha ins  of  pig 
spleen and  pig hea r t  t issue p h o s p h a t i d e s  were  
also f o u n d  to be m o s t l y  sa tu ra t ed ,  w i th  a ra t io  
of 3.61 and  4 .31 ,  respect ively.  S imi lar  resul ts  
have b e e n  r epo r t ed  by  Gray and  MacFar l ane  (5)  
for  p ig  spleen,  l ung  and  k idney .  Howeve r  ou r  
results  i nd ica t ed  on ly  t race  a m o u n t s  of  v inyl  
e t h e r  l inked  b r a n c h e d  chains ,  whi le  they  re- 
p o r t e d  cons iderab le  a m o u n t s  of  these  chains  in  
pig k i d n e y  p lasmalogens .  We f ind t h a t  a b o u t  
90% of  the  a ldehydogen ic  l inked  cha ins  of  the  
pig k i d n e y  p lasmalogens  are s a t u r a t e d  f a t t y  
a ldehydes ,  wh ich  is a cons ide rab ly  h igher  pe r  
c en t  s a tu ra t i on  of  these  cha ins  t h a n  seen in 
o the r  m a m m a l i a n  p lasmalogens  (7).  
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Comparison of Total Acyl Groups and 2 Position Acyl 
Groups in Triglycerides, Phosphatidylethanolamine 
and Phosphatidylcholine 

The fatty acid composition of the acyl 
groups esterified to triglycerides, phosphatidyl- 
ethanolamine and phosphatidylcholine of  pig 
kidney lipids is shown in Table III. The 
determinations of the total acyl groups of the 
phosphatides were performed on the acetate 
derivatives of the purified long chain alcohols 
obtained after LiA1H 4 reduction of the lipids. 
These values therefore include the ester-linked 
long chain fatty acids of the diacylphosphatides 
and the fatty acid esterified in the 2 position of 
alkyl and alk-l'-enyl glyceryl ethers. For com- 
parison purposes the composition of phospha- 
tidylethanolamine with the inclusion of the 
aldehydogenic chains of the plasmalogens as 
acyl is also shown. In addition this table 
includes the composition of the fatty acids 
esterified in the 2 position of pig kidney 
triglycerides, phosphatidylethanolamine and 
phosphatidylcholine, and the composit ion of 
the long chain fatty acids esterified to choles- 
terol isolated from the pig kidney. 

About 73% of the acyl groups esterified to 
the 2 position in the pig kidney triglycerides are 
saturated acids. This distribution in this tissue of 
saturated and unsaturated long chain acids of 
the triglyceride has been noted previously by 
Blank and Privett (4). The distribution of the 
acyl chains of the phosphatides is, however, 
reversed with respect to their positional speci- 
ficity compared to that of the triglyceride. This 
is in accord with the normally seen distribution 
of fatty acids in the two positions of mamma- 
lian diacyl phosphatides (25). The predominant 
saturated fatty acid of the 2 position of the 
triglycerides is palmitic acid whereas about 76% 
of the long chain fatty acids esterified to the 2 
position of phosphatidylethanolamine is arach- 
idonic acid. The 2 position of phosphatidyl- 
ethanolamine is 98% unsaturated while the 
same position of phosphatidylcholine is about 
81% unsaturated. In this phosphatide about 
28% of the long chain fatty acids esterified in 
the 2 position is arachidonic acid while this acid 
comprises only 1% of the triglyceride acids. 

It  is possible to calculate the distribution of 
the fatty acids of triglycerides and polar lipids 
(with or without the aldehydogenic chain of 
the plasmalogens as acyl) as described by 
Mattson and Lutton (26) and Vander Wall (27). 
Such calculations show that 80% of the pal- 
mitic acid in the triglycerides from pig kidney is 
esterified in the 2 position while only 3% of 
this chain in phosphatidyl ethanolamine (in- 
cluding the aldehydogenic chain as acyl) is in 
the same position. Although the biological 

validity of calculations of this sort has been 
challenged by Blank and Privett (4), it is quite 
clear that there is an "inversion" of the 
structure between triglycerides and polar lipids. 
Similar calculations further indicate that there 
is a considerable difference in the distribution 
of palmitic acid in the 1 position of diacylphos- 
phatidyl ethanolamine from pig kidney and the 
corresponding chains of vinyl ether linked 
chains of alk-i'-enyl-acyl phosphatidyl ethanol- 
amine. In Clostridium butyricum the composi- 
tion of these chains is remarkably similar (28). 

Metabolically there are several explanations 
for the "inversion" of the structure of triglyc- 
erides and phospholipids (29). Assuming a 
common diglyceride precursor for triglycerides 
and polar lipids, it is possible that specific 
de-acylation and re-acylation ~occur of the 
polar lipids (29). Phosphatidyl acyl-cholesterol 
transacylase (30) seems unlikely to be a major 
factor in the "inversion" (Table III) unless 
there is rapid turnover of  the resulting choles- 
teryl ester. The data presented point rather to 
the danger of translating compositional studies 
into metabolic relationships between lipid 
classes. In view of the recent observations 
(31,32) of intracellular phospholipid exchange, 
compositional studies of cell organelles may be 
equally misleading in metabolic terms. 
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Stereospeci f ic  Ana lys is  o f  T r ig lycer ides l  
H. BROCKERHOFF, Fisheries Research Board 
of Canada, Halifax Laboratory, Halifax, Nova Scotia 

ABSTRACT 

Stereospecific analysis determines how 
the fatty acids of triglycerides are dis- 
tributed over the three different positions 
of the glycerol. The special problem is the 
differentiation of position I -1 and L-3 of 
glycerol. In the presently known meth- 
ods, triglycerides are first degraded to 
mixtures of diglycerides, either by the 
action of a lipase or by degradation with 
a Grignard reagent. The isomeric diglyc- 
erides are then resolved with the help of a 
stereospecific enzyme, either a diglyc- 
eride kinase or (after conversion of the 
diglycerides to phospholipids) a phospho- 
lipase. It is then possible to analyze or 
calculate the fatty acid composition for 
each position on the glycerol. The key to 
a successful stereospecific analysis is the 
preparation of a representative diglyc- 
eride mixture by a truly random degrada- 
tion of the triglyceride. The Grignard 
degradation is the most reliable method, 
but it is not always applicable, and it is 
accompanied by some isomerization of 
glycerides. There is room for improve- 

1presented at the 62nd Annual AOCS Meeting, 
Houston, May 1971. 

ment in the method. Analyses of natural 
fats have shown most of them to be 
asymmetric, i.e., the composition of fatty 
acids in position 1 differs markedly from 
that of position 3. Several rules of fatty 
acid distribution have become apparent. 

INTRODUCTI ON 

Since the first stereospecific analysis of a 
natural triglyceride mixture six years ago (1) 
methodology has advanced to the extent that 
determination of the fatty acid distribution of 
most triglycerides is now possible, with only a 
few exceptions. Many triglycerides have been 
analyzed, and some general rules for the posi- 
tional distribution of fatty acids in fats have 
become apparent. 

This review recapitulates the problem and its 
nomenclature, and the principles of separating 
and analyzing optical isomers as applied to 
triglycerides, concentrating especially on the 
methods developed in our own laboratory. 
Then follows a discussion of the critical step in 
all procedures, the preparation of "representa- 
tive" diglycerides. The results so far obtained 
by stereospecific analysis are then reviewed, 
and finally some remaining problems of the 
methodology and possible future developments 
are discussed. 

H 
H ? O H  C H 2 0 H  

, I 
H O I ~  C ~ql H H 0 - C - H  

! I 
HCOH CH20H 

H 

A. g lycero l  B. F isher  project ion 
s n -  glycerol  

(I) (~H20H 

(2) HO-C -H 
I 

(:3) CH2OPO ~ 

C. L-glycerol -3 -phosphate 
or D -g lycero l -  I -phosphate 

D. 

2 0 

3 S 

1,2 , :5 - t r iacyl  - L - g lycero l  E.  L -g lycero l  - I -  p a l m i t a t e  - 

I, 2 , 3 -  tr lacy I - $n-glycerol 2 - o l eo te - 3 - s tearote  

FIG. l.  Structure and nomenclature of glycerol and its derivatives. 
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P 

Lipase S ~-- 

acetyl chloride 
+ ~ 

l sorbic acid chloride 
trimethylsilyl chloride 

1 
Separation 

+ s [  x 
o 

FIG. 2. Configuration of a triglyceride determined 
according to Morris or Coleman (10,11). 

THE PROBLEM AND 
ITS NOMENCLATURE 

The glycerol molecuie itself has a plane of 
symmetry, but when the two primary hydroxyl 
groups become esterified with different acids 
the resulting glyceride will be asymmetric or 
"optically active" (Fig. 1) as will any com- 
pound of the substitution pattern C a  b c c by 
substitution of one c, or of both c's with 
different substituents. The asymmetrical glyc- 
erides can be described without ambiguity by 
the conventional D, L nomenclature. According 
to its Fischer projection and the rules of 
carbohydrate nomenclature (2,3) the com- 
pound of Figure 1, C is L-glycerol-3-phosphate; 
this is the same as D-glycerol-l-phosphate as 
can be demonstrated by the (permissible) 180 ~ 
flat rotation of the formula. Consequently, 
Figure 1, D, in which the numbers stand for 
fatty acids, is 1,2,3-triacyl-L-glycerol. Figure 1, 
E gives a specific example of an asymmetric 
triglyceride. 

An alternative system of nomenclature (4), 
now used by many biochemists dealing with 
glycerides,originated because it was felt that the 
D,L system is not  able or appropriate to 
describe the stereochemistry of glycerol and its 
derivatives. In this system glycerol is stereo- 
specifically numbered (sn-glycerol) from top to 
bottom in the L-form of its Fischer projection 
(Fig. 1,B) and this numbering is always re- 
tained. It can be seen that sn-glycerol and 
L-glycerol are interchangeable in all formulas. 
Possible objections against the sn  symbol are its 
break from established nomenclature, its claim 
of a special status for glycerol, its needless 
rigidity, and especially its redundancy. Never- 
theless it is being adopted by many lipid 
biochemists and seems to supplant the 
D, L-system. 

The problem of Stereospecific analysis is to 

{ L 2 > + 2 2 

3 OH OH 

L- r -phenylbutyryl chloride 

2 o 0 . L o - g  . 

FIG. 3. Convezsion of a triglyceride to two 
diastereomers. 

determine the fatty acids in each of the three 
positions of glycerol, and in particular to 
differentiate the fatty acid in position 1 from 
that of position 3. (The fatty acid of position 2 
can be analyzed with the help of pancreatic 
lipase or by deacylation with a Grignard rea- 
gent.) If  in a triglyceride the fatty acids in 
positions 1 and 3 change places, a triglyceride 
with identical properties results, except that it 
is the optical antipode of the first one. The 
optical rotation of these stereoisomers is usu- 
ally too small to be measured as was shown by 
Baer and Fischer for synthetic isomers (5). The 
problem then is to determine the configuration 
of a triglyceride by some other means. 

The analysis of optical antipodes can take 
three direct ions- the physical, the chemical, or 
the enzymatic-al l  three initiated by Pasteur (6) 
who separated the isomeric tartaric acids by 
differential crystallization, by combination 
with an optically active base, and by fermenta- 
tive degradation. The stereospecific analysis of 
a triglyceride can also be approached from 
three directions. 

In the following the term "stereospecific 
analysis" is used somewhat ambiguously for 
two kinds of analyses, but the context will 
always make clear which is meant. The first is 
the analysis of the statistical positional distribu- 
tion of fatty acids in a triglyceride mixture or a 
natural fat. This analysis will not normally yield 
much information on the quantity, or even 
presence or absence, of individual isomers of 
triglycerides. The other is the analysis of the 
configuration of a triacid (or diacid) triglyc- 
eride, to determine whether it is one of the six 
possible isomers or a mixture of two or more, 
i.e., the analysis of a single "species" of 
triglycetide. This analysis usually requires the 
preliminary isolation of the species. Otherwise 
the procedures are identical. 

PHYSICAL METHODS OF ANALYSIS  

The physical methods have been thoroughly 
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2 Grignord > 

3 

D e h y d r o ~  
=0 ~1 

I Kinose 

"--~' + "--{--3 ~--OPO'~ ~ 3  
FIG. 4. Hypothetical stereospecific analyses via 

monoglycerides. 

explored by Schlenk (7) who found that 
triglycerides in which the three acids differ 
greatly in chain lengths may show measurable 
rotation. Later Kleiman et al. (8) actually 
found, in a seed oil, a monoacetotriglyceride 
that was optically active; the acetic acid was 
bound in position 3. Other methods tested by 
Schlenk require the isolation of a triglyceride 
species and its comparison with isomers of 
known configuration. They include the mea- 
surement of piezoelectric effect, melting point 
depression, and x-ray diffraction. In the first 
reported (1960) "stereospecific analysis" of a 
triglyceride species, Schlenk examined 1-pahnit- 
oyl-2-oleoyl-3-stearoyl glycerol isolated from 
cocoa and found it to be a racemate (9). 

CHEMICAL METHODS 
For a chemical analysis of optically isomeric 

triglycerides two methods have been proposed, 
one by Morris (10) and one by Coleman (11) 
(Fig. 2). In both the triglyceride is degraded to 
a mixture of diglycerides with pancreatic lipase, 
and the diglycerides are acylated with an acid 
that will, if it is asymmetrically bound, confer a 
measurable rotation on its triglyceride. Morris 
used sorbic acid or trimethylsilylation; Coleman 
proposed acetic acid. If the resulting triglyc- 
erides can be separated their rotation can be 
measured and the configuration of the original 
triglyceride can be inferred. In Figure 2 it is 
assumed that a l-palmitoyl-2-stearoyl-3-oleoyl- 
L-glycerol is to be analyzed. The derived 
triglycerides L-PSX and L-XSO, in which X 
may be sorbic or acetic acid or the trimethyl- 
silyl group, can be separated according to their 
unsaturation by silver nitrate chromatography. 
They will have opposite rotations of about 
equal magnitude. If the starting triglyceride was 
L-OSP the signs of rotation of PSX and XSO 
will be reversed. Since the diglycerides also 
exhibit measurable optical rotation their acy/a- 
tion is not really essential, bu t i t  prevents acyl 
migration during the separation. 

-E' -L 2 Lipase > 2 + 2 + 2 
5 3 

Kinase 

2 + 2 
OPO~, 3 

FIG. 5. Stereoanalysis of a triglyceride, Lands and 
Slakey (17,18). 

Morris has analyzed several isolated triglyc- 
eride species in this manner (12). He found a 
preponderance of the isomer L-SSO in lard and 
L-OOS in palm oil, malabar tallow and cocoa 
butter. Thus the respective triglyceride species 
in these fats are not racemic mixtures. 

The general chemical method of resolving a 
racemate, introduced by Pasteur, involves its 
combination with another optically active com- 
pound. This results in the formation of diastere- 
omers which are no longer mirror images and 
which differ in many physical properties. Thus 
their separation is possible. This method has 
not yet been applied to triglycerides and may 
not in fact be applicable, but the principle 
should be illustrated (Fig. 3). From triglyc- 
erides, diastereomers could be prepared by 
reacting the diglycerides obtained by lipase 
hydrolysis with an optically active acid, say, 
L-~-phenylbutyric acid. From a single acid 
triglyceride, two diastereomeric triglycerides 
would result; from a natural fat, two sets of 
diastereomeric triglycerides. In principle these 
could be resolved; however their separation by 
presently available methods seems unlikely. 
Those properties by which triglycerides can be 
separated-solubility, polarity, complex forma- 
tion, volatil i ty-are to such a degree functions 
of the fatty acid chains that they are not likely 
to be influenced much by changes in the 
asymmetric centers of the molecule. Perhaps if 
a more polar constituent, e.g., an optically 
active amino acid, could be introduced the 
outlook for a separation of the diastereoisomers 
by some chromatographic method would im- 
prove. The problem is an intriguing one for a 
chemist; on the other hand, it is of somewhat 
academic interest because any chemical method 
is unlikely to offer an improvement over 
already existing enzymatic methods. 

ENZYMATIC METHODS 
The resolution of a racemate by an enzyme 
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3 
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2 + 2 
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I Phospholipose A 

+ 2 + 2  

L - p - P h  P-Ph 

FIG. 6. Stereospecific analysis, first method, Brockerhoff (1). 

varies from the general chemical method in that 
the optically active reagent is the enzyme. Only 
one of the diastereomers is usually formed and 
this undergoes a reaction. As a result one 
isomer of a racemate remains unchanged while 
its optical antipode is converted into a different 
compound. The separation is usually not 
difficult. 

The stereoanalysis of a triglyceride would be 
a very simple matter if an enzyme could be 
found that would react stereospecifically with 
triglycerides and hydrolyze one ester bond 
only, e.g., the bond in position 3 (13). Such an 
enzyme has not yet been discovered. The lack 
of stereospecificity of lipases may be surprising 
because stereospecificity is generally the hall 
mark of enzymes. Why are lipases an exception, 
whereas phospholipases are properly stereo- 
specific? Several explanations are possible. One 
explanation in terms of evolution might be that 
organisms use lipases to obtain free fatty acids 
for the synthesis of other lipids or as a source 
of energy, and the position in which the fatty 
acids were originally bound to a triglyceride 
does not matter. Furthermore triglycerides have 
no structural functions in cells as do phospho- 

2 Lipase > 2 

3 

I Grignord 

- - 3  

I PhOPOCI ; H20 

Ph-P Phospholipase > Ph-P + I 
A 

L - - 3  :3 

FIG. 7. Stercospecific analysis, second method, 
Brockerhoff (21). 

lipids. They occur in isolated droplets rather 
than as essential parts of biological membranes, 
and their configuration, or that of their break- 
down products, is of little concern to the 
organism. This does not  imply a lack of 
species-specific or organ-specific triglycerides of 
nonrandom steric s t ructure- indeed we know 
that they ex i s t -bu t  when they are broken 
down by lipases their structure becomes irrele- 
vant. There has therefore been no need for 
organisms to develop stereospecific lipases. An 
explanation in molecular terms is that while the 
specificity of phospholipases results from the 
binding of the enzyme to the phosphate group 
in the natural L-glycerol-3 configuration, no 
such binding is necessary or possible for lipases. 
Pancreatic lipase, for instance, requires only a 
single ester group that is hydrophobic, activated 
and unhindered (14-16), and other lipases are 
probably similar. There is little hope that a 
stereospecific lipase exists. 

Since racemic triglycerides themselves can- 
not be enzymatically resolved, their conversion 
into products that can be resolved is necessary. 
Obvious candidates are diglycerides or mono- 
glycerides. Methods using derived 1- and 3- 
monoglycerides could be developed since fairly 
representative monoglycerides can now be pre- 
pared by Grignard deacylation (Fig. 4). The 
1-acyl-L-glycerol might be phosphorylated by a 
stereospecific monoglyceride or glycerol kinase, 
or the 3-acyl isomer oxidized by a glycerol 
dehydrogenase. The appropriate enzymes might 
still have to be found. It would be worthwhile 
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TABLE I 
Relative Rates of Hydrolysis of 

Eluoroethyl or Chlorobenzyl Esters of 
Unsaturated Fatty Acids by Pancreatic Lipase 

Acid Relative rates 

Oleic, 9-18:1 1.00 
5-14:1 0.13 
5-20:1 0.08 
5,8,11,14-20:4 0.09 
4,7,10,13,16,19-22:6 0.3 
5,8,11,14,17-20:5 0.1 

to look into  the possibilities suggested in Figure 
4, because the scheme allows the direct  analysis 
of  fat ty acids 1 and 3 with a min imum of 
reactions. 

The three existing methods  are based on the 
resolut ion of  diglycerides. In the me thod  of  
Lands and coworkers  (17,18) the 1 , 2 - a n d  
2,3-diglycerides are prepared with pancreat ic  
lipase, and the 1,2-diglyceride is phosphoryl-  
ated by a stereospecific diglyceride kinase of  
bacterial origin (Fig. 4). The resulting L-phos- 
phatidic acid is separated from the unreacted 
2,3-diglyceride and analyzed.  Fa t ty  acid 2 is 
analyzed in the 2-monoglycer ide that  is also a 
product  of  lipolysis, and the compos i t ion  of  
fatty acids 1 and 3 is obtained by subtraction.  

The me thod  is r ecommended  by its direct- 
ness and the small number  of  compounds  to be 
separated and analyzed. It  needs truly "repre-  
sentat ive"  diglycerides; this aspect will be dis- 
cussed later. A shor tcoming is that nei ther  fatty 
acid 1 nor  3 is analyzed directly,  but  obtained 
by calculat ion and therefore  subject to cumula- 
tive errors of  gas chromatographic  analysis. The 
phosphoryla t ion  of  the 1,2 isomer  should be 
quanti tat ive if  the remaining 2,3 isomers are to 
be useful for the calculat ion of  fat ty acid 3. In 
general a synthesizing enzyme is somewhat  less 
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FIG. 8. Lipolysis rates of esters of acids with 
different chain lengths (16); oleic acid ester=l. 

likely to effect  a quant i ta t ive  react ion than is a 
catabolic enzyme.  In its original form the Lands 
me thod  presents fewer possibilities of  checking 
the accuracy of  the results than the two 
following methods ,  and it has been less fre- 
quent ly  used (17-20). 

In both  methods  developed in our  labora- 
tory we begin with the diglycerides obtained 
from the triglyceride with lipase or by deacyl- 
ation with a Grignard reagent. In the first 
me thod  (Fig. 6) (1) the mix ture  of 1,2- and 
2,3-diglycerides is isolated by thin layer chro- 
matography (GLC) and conver ted  to an artifi- 

.__•1 2 + 

OH 

2-E  
I C H 5 Mg ; H20 Br 

2 HO + HO + HO + 
t-- 3 t-- 3 L - O H  t--- 3 

2_[ ~ 
OH 

C2H 5 
+ (I,2,3) I OH 

I 
CzH 5 

FIG. 9. Deacylation of a triglyceride with a Grignard reagent (31). 
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E c E B A A B A A 

C C B P P P 
I. 2. 5. Io. lb. 20. 

C C B S 

B A [ ' -A 2b. 
4. 5. 6. 

FIG. 10. Isomers of a triacid triglyceride. 

cial racemic phospholipid, D- and L-phospha- 
tidy1 phenol. Phospholipase A from snake 
venom attacks only the L-isomer and forms free 
fatty acid from position 2 and an L-lysophos- 
phatidyl phenol with the fatty acid 1. The 
remaining D-phosphatidyl phenol can also be 
analyzed. By subtraction of 2 the fatty acid 
composition of 3 can be obtained. Fatty acid 2 
is also analyzed as the 2-monoglyceride ob- 
tained with pancreatic lipase, and subtraction 
of fatty acids 2 and 1 (the lysophospholipid) 
from the original triglyceride yields another 
calculation of fatty acid 3. It is an important 
feature of the method that fatty acids 1 and 2 
can be directly analyzed, fatty acid 2 in two 
different products, and that the composition of 
fatty acid 3 can be calculated in two indepen- 
dent ways. In a good analysis the values 
obtained should of course agree closely; thus the 
method provides its own control of accuracy. 
For any analysis to be published it should be 
ascertained that this control has been used to 
verify the accuracy of the results. 

The second method (21)uses the 1,3-diglyc- 
eride that can be isolated after the deacylation 
of a triglyceride with a Grignard reagent (Fig. 
7). It is converted into a phospholipid and this 
L-2-phosphatidyl phenol is attacked asymmetri- 
cally by phospholipase A. Fatty acid 1 is split 
off; the lysophospholipidcontains fatty acid 3. 
It can be seen that the fatty acids in each 
position can be directly analyzed. This would 
make second method the more desirable one if it 
were not for some difficulty in the preparation 
of a "representative" 1,3-diglyceride. The cor- 
rectness of the analysis according to the second 
method can easily be ascertained by adding the 
analyses of positions 1,2 and 3 ; they must total 
the fatty acid composition of the trigiyceride. 

Most steps in both the first and the  second 
method pose no difficulties. Synthesis of the 

P 

{8 [c 
C B 

P P 
3o. 3b. 

FIG. 11. Isomeric pairs of phosphatidic acids from 
a triacid triglyceride, Lands and Slakey (3 3). 

phospholipids and their enzymatic hydrolysis 
can be carried to completion. Separation of the 
different products is achieved by TLC on silicic 
acid. The 1,3-digiyceride which is a product of 
the Grignard deacylation is more easily isolated 
if ethyl magnesium bromide is employed (22) 
instead of the methyl magnesium bromide 
originally used, because the tertiary alcohols 
that are formed from the fatty acids are less 
polar if they contain ethyl groups, and move 
farther away from the 1,3-diglycerides on the 
thin layer plate. Oxidation of intermediates is a 
problem with polyunsaturated triglycerides; it 
can be alleviated by working under nitrogen 
and adding antioxidants to all solvents (22,23). 
The truly difficult step in both methods (as 
well as in that of Lands and Slakey) is the 
preparation of representative diglycerides. 

PREPARATION OF DIGLYCERIDES 

A stereospecific analysis can succeed only if 
the fatty acids of all intermediates are repre- 
sentative of the fatty acids of the original 
triglycerides in the different position. In other 
words none of the reaction steps in the pro- 
cedure must select intermediates with certain 
fatty acid compositions and discriminate 
against others. The chemical phosphorylation 
and the deacylation with phospholipase A 
fulfill this condition since the reactions are 
quantitative; but the deacylation of the starting 
trigiyceride by lipase yields at best around 30% 
diglycerides because the diglycerides are them 
selves degraded by lipase; and pancreatic lipase 
does discriminate against glycerides with certain 
fatty acids (24,25). Table I shows its relative 
reaction rates against esters of some naturally 
occurring unsaturated acids (14,26). It can be 
seen that tne pentaenoic and hexaenoic acids 
which are prominent in fish oils are quite 
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G. candidum lipase 
/ 

F 
Pancreatic 
Lipase 

r P,S 

HO'-'~_ S, P 

2_[ ~ 
OH 

(T) 

ph_p.~ P'S 

~ S , P  

p h _ p ~  OH 

u-- S ,p  

P,S S,P 
L--S,P OH 

' 
TLC;  Synthesis 

P,S..--[ S,P 
S,P L--P-Ph 

P,S H0--~_p_ph 
~ S , P  

FIG. 12. Determination of the isomers in a monounsaturated tfiacid triglycefide, Sampugna and Jensen (30). 

resistant against lipase. Figure 8 shows reaction 
rates for esters of acids with different chain 
lengths (14). Of the short chain fatty acids, but- 
yric acid is split fastest by the lipase; this makes 
the analysis of milk fats of ruminants problem- 
atic. Nevertheless reasonably representative 
diglycerides have been prepared from milk fat 
in two laboratories (27,28). Marine oils how- 
ever do not  yield representative diglycerides 
with lipase (26,29). 

Sampugna and Jensen (30) have used a lipase 
from a microorganism G e o t r i c h u m  c a n d i d u m  
which splits, from triglycerides, fatty acids with 
a cis double bond at carbon 9. Thus the use of 
pancreatic lipase can be avoided. In special 
cases this method has other advantages which 
will be discussed below. 

The analysis of marine oils became possible 
when Yurkowski and Brockerhoff (31) treated 
triglycerides with a Grignard reagent (Figure 9). 
All other deacylation methods at tempted were 
accompanied by the migration of acyl groups in 

the glycerides, but  from the Grignard reaction 
truly representative racemic 1,2-diglycerides 
could be isolated with a yield between 15-25%. 
Furthermore 1,3-diglycerides were also ob- 
tained, making our second method of stereo- 
analysis possible. However while the 1,2-diglyc- 
erides had the required composition, the 1,3-- 
diglycerides were found to be 6-10% contam- 
inated with what was originally 1,2-diglyceride 
(31,22). Acyl migration had taken place. This 
reduces the accuracy of the second method. At 
present the best general procedure of stereo- 
analysis begins with the racemic 1,2-diglyc- 
erides obtained by Grignard deacylation fol- 
lowed by the first method. 

DETERMINATION OF THE ISOMERS 
IN A TRIACID TRIGLYCERIOE 

A triglyceride species with three different 
fatty acids can occur in six isomeric forms (Fig. 
10). Stereoanalysis as outlined so far can give 
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the fatty acid composition in each of the 
positions, but not the proportions of the six 
isomers. For instance if 30% of the acid in 
position 1 is fatty acid A, then isomer 1 and 
isomer 4 together constitute 30% of the total 
triglyceride, but their relative proportion is 
unknown. In isomer 1, position 2 contains fatty 
acid B and position 3 contains C, but the B of 
position 2 is shared by isomers 1 and 6, and the 
C in 3 by isomers 1 and 2, and again the 
proportions remain unknown. The proportion 
of isomers in one pair of triglycerides must be 
determined before the others can be calculated. 
The problem was recognized by Schlenk (7) 
and later further discussed (32); solutions were 
proposed by Lands and Slakey (33) and by 
Jensen et al. (34). Both solutions recognized 
that a separation of isomeric pairs can be 
achieved at the di-acid level. For  instance one 
of the isomeric pairs of phosphatidic acids in 
Lands's method (Fig. 11), e.g., la plus lb, can 
be isolated by chromatography and then di- 
gested with phospholipase A. In the pair la and 
lb of Figure 11 the ratio of fatty acids A and B 
in position 2, as analyzed with the phospho- 
lipase, gives the proportion of isomers la and 
lb and therefore the proportion of the tfiglyc- 
erides ABC and BAC. The procedure of Jensen 
et al. (34) can be applied if only one of the 
fatty acids of a triacid triglyceride is cis-A9 
unsaturated. This acid may be split off by the 
lipase of G. candidum. Sampugna and Jensen 
(30) have developed a cheme of stereoanalysis 
based on the specificity of this lipase (Fig. 12). 
It can be seen that each of the phospholipids at 
the bottom of the scheme represents a pair of 
isomeric triglycerides, namely the pair in which 
oleic acid occupied the position now occupied 
by the phenol phosphate group. A fatty acid 
determination of compound II will yield the 
ratio of the first two triglyceride isomers. 

POSIT IONAL D ISTRIBUTION 
OF FATTY ACIDS IN FATS 

To date most stereoanalyses have been car- 
ried out on natural fats, i.e., on mixtures of 
many triglycerides. The results of such analyses 
can be represented as in Table II (35) which 
shows the average concentrations of fatty acids 
in the three positions, in mole per cent. Such 
an analysis shows the over-all stereospecific 
distribution of fatty acids or the tendency of 
each fatty acid to occupy one of the three 
positions; however it does not give the propor- 
tions of individual isomers. If these are to be 
determined the fat has first to be fractionated 
into triglyceride species (or small groups of 
species). So far only one complete analysis of a 
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TABLE III 

Monounsaturated Triglycerides in Cocoa Butter a 

Acid Mole % Acid Mole % 

POP 12.1 SOS 24.2 

L-SSO 0.8 L-OPP 0.0 
L-OSS 0.7 L-PPO 1.1 

L-PSO 0.3 L-OPS 0.0 
L-OSP 0.0 L-SPO 2.1 

L-SOP 16.3 L-POS 16.5 

aSampugna and Jensen (30). 

t r iglyceride f rac t ion,  the  c o m p o s i t i o n  of  the 
m o n o u n s a t u r a t e d  f rac t ion  of  cocoa  bu t t e r ,  has  
been r epo r t ed  ( S a m p u g n a  and J ens en )  (36)  
(Table  III). I t  can be seen t ha t  the ma jo r  diacid 
tr iglycerides POP and SOS are symmet r ica l ,  and 
the ma jo r  tr iacid tr iglyceride is racemic  SOP. 
Such a h igh  degree of  s y m m e t r y  in t r iglycerides 
is p robab ly  excep t iona l ;  i t  seems tha t  in this  
case no  di f ference is made  be t w een  pa lmi t ic  
and stearic  acid dur ing  b iosynthes is .  I f  oleic 
acid occupies  an ct pos i t ion ,  three  ou t  of  the 
four  iden t i f i ed  tr iglycerides are n o n r a c e m i c  
(Table  III).  

Since the  separa t ion  of  fats i n to  single 
tr iglyceride species is exceedingly  labor ious ,  
some workers  have separa ted  families of  triglyc- 
erides accord ing  to the i r  degree of  u n s a t u r a t i o n ,  
by  silver n i t ra te  c h r o m a t o g r a p h y ,  and  s tereo-  
ana lyzed  these  families separately .  This  is a 
compromise  giving more  i n f o r m a t i o n  t han  an 
analysis of  the to ta l  fat ;  in par t i cu la r  i t  permi ts  
some j u d g m e n t s  on the accuracy of  cer ta in  
theor ies  of  fa t ty  acid d i s t r ibu t ion .  The  results  
can  be p resen ted  in quan t i t i e s  of  tr iglyceride 
f rac t ions  such  as SMD, DMS and the  like, where  
S, M and D s t and  for  sa tu ra ted ,  m o n o e n o i c  and 
dienoic  acid respectively.  These values m ay  
then  be c o m p a r e d  wi th  those  ob ta ined  on the 
b a s i s  o f  d i f f e r e n t  d i s t r ibu t ion  theor ies  
(18,37-41) .  

The s te reoanalyses  of  u n f r a c t i o n a t e d  fats 
have suppl ied the  mos t  i n f o r m a t i o n  on the 
general d i s t r ibu t ion  pa t t e rn s  of  fa t ty  acids in 
tr iglycerides.  Fi rs t  i t  has b e c o m e  clear t ha t  
symmet r i ca l  f a t ty  acid pa t t e rn s  or comple t e ly  
racemic t r iglycerides mus t  be the  excep t ion ,  
n o t  the  rule. A comple t e ly  racemic  t r iglyceride 
has so far only  been  found  in cocoa  b u t t e r  (36) ,  
and  i t  is also possible  tha t  the  d e p o t  fats of  
some ~or m a n y  birds are racemic  (43 ,44)  al- 
t h o u g h  egg yolk  tr iglyceride is a symmet r i c  (42) .  
One species of  fish, a t rou t ,  was also found  to  
have a symmet r i ca l  p a t t e r n  (44) .  The on ly  
analyses of  t r iglycerides of  mic roorgan i sms  
showed  highly asymmet r ica l  d i s t r ibu t ions  (45).  

TRIGLYCERIDES OF PLANTS 

Relat ively few s tereospecif ic  analyses of 
vegetable  oils have been  pub l i shed  (46-49) .  
Appa ren t ly  the  fa t ty  acid d i s t r ibu t ion  is more  
symmet r ica l  in p lan ts  t han  in animals  b u t  is in 
no  case ye t  found  comple t e ly  racemic  (Table  
IV), a l though  majo r  t r iglyceride species such as 
the  SOP of  cocoa  b u t t e r  may  be racemates .  
Any general rules of  d i s t r ibu t ion  c a n n o t  be 
drawn f rom the p resen t  da ta  excep t  the well- 
k n o w n  one (50)  tha t  sa tu ra ted  acids, and acids 
longer  than  C 18, occupy the  1 and 3 posi t ions .  
The s tereospecif ic  d i s t r ibu t ion  of  acids may  in 
fact d i f fer  in d i f fe ren t  s t ra ins  of  the same 
species (39 ,51 ,52) .  This ef fec t  appears  to  be 
u n d e r  genetic  cont ro l .  

In three  vegetable  fats wi th  anomalous  fa t ty  
acids these were f o u n d  en t i re ly  in pos i t ion  
3 :ace t ic  acid in the  seed oils of  Euonymus 
verrucosus (8)  and of  Impatiens edgeworth:: 
(47) ,  and an allenic estol ide acid in Sapium 
sebiferum (48).  

MILK FATS 

The milk fat  of  r u m i n a n t s  con ta ins  large 

TABLE IV 

Positional Distribution of Fatty Acids in Vegetable Fats (46) 

Vegetable 
fat Position 

Fatty acids, mole % 

16:0 18:0 18:1 18:2 18:3 20:1 22:1 

Rapeseed 1 
2 
3 

Corn 1 
2 
3 

Olive 1 
2 
3 

4 2 23 11 6 
1 --  37 36 20 
4 3 1 7  4 3 

18 3 28 50 1 
2 --  27 70 1 

14 3 31 52 1 

13 3 72 10 1 
1 --- 83 14 1 

17 4 74 5 1 

16 35 
2 4 

17 51 

LIPIDS, VOL. 6, NO. 12 



S T E R I C  A N A L Y S I S  O F  T R I G L Y C E R I D E S  

T A B L E  V 

Pos i t i ona l  D i s t r i b u t i o n  o f  F a t t y  A c i d s  
in a F r a c t i o n  o f  Bovine  Milk T r ig lyce r ide s  a 

951 

Pos i t ion  4 : 0  6 : 0  8 : 0  1 0 : 0  12 :0  14 :0  16 :0  1 8 : 0  18:1  

1 . . . .  1 11 11 41 15 2 0  
2 ~ - -  ~ 4 2 3  4 37  4 12 
3 53 2 4  6 5 . . . .  5 2 7 

a B r e c k e n r i d g e  a n d  Kuks i s  (53) .  

amounts of short chain fatty acids, especially 
buWric acid. Stereospecific analyses have been 
carried out by Pitas et al. (17) and Breckenridge 
and Kukis (28,53); it has been found that the 
butyric acid is almost exclusively bound to posi- 
tion 3 (Table V). In the milk fats of ruminants 
(27,28,53), man (38) and whales (54), but  not 
of sheep and goat (55), palmitic acid prefers the 
2 position as in lard. 

DEPOT FATS OF ANIMALS 

It is possible to deduce some general rules of 
positional fatty acid distribution from the large 
number of analyses performed. These rules are 
anything but  rigid; rather they are guidelines. 
They describe well the distribution of a major- 
ity of fatty acids in a majority of fats, although 
they are everywhere punctuated by partial 
exceptions. I have found it helpful to arrange 
the experimental values as in Figure 13, in 
which each fatty acid is plotted according to its 
proportion found in the respective position 
(43). The pattern for the rabbit is typical for 
mammalian fats. Saturated acids tend toward 
position 1, shortchain acids and unsaturated 
fatty acids toward position 2. Position 3 seems 
to attract longer chain fatty acids, and the 

composition is nearer to random, i.e., 33%, 
than in the other positions. Pig fat is anomalous 
in that it has most of the palmitic acid in 
position 2. The relative position of 16:0 to 
16:1 should be noticed. 

In cod liver oil (Fig. 13) the short chain and 
the polyunsaturated fatty acids accumulate in 
position 2 as does palmitic acid. The "normal" 
pattern of 16:1 vs. 16:0 is again reversed, as in 
lard. The sequences of fatty acids in the plots 
of Figure 13 are reminiscent of the so-called 
"reverse phase" chromatograms, especially in 
positions 1 and 2. This indicates that fatW acid 
distribution depends on distribution of the 
acids between polar and nonpolar phases. Possi- 
bly the "specificity of the acylating enzymes" 
can in part be explained on this basis (43,56). 

GENERAL RULES OF 
FATTY ACID DISTRIBUTION 

The typical animal fat may be formulated as 
in Table VI. This formula describes no more 
than the general positional tendencies of fatty 
acids. 

In the pig and in most (but no all) fish, and 
also in human, cetacean and bovine milk (but 
not in goat and sheep milk) we have super- 
imposed on this pattern a preference of pal- 
mitic acid, 16:0, for the 2 position. In the 

T A B L E  VI 

T e n d e n c i e s  o f  Pos i t iona l  D i s t r i b u t i o n  o f  F a t t y  A c i d s  in D e p o t  F a t s  

F a t  Pos i t i on  F a t t y  ac id  

A n i m a l s  1 S a t u r a t e d  
2 S h o r t ,  u n s a t u r a t e d  
3 L o n g ,  r a n d o m  

Pig, m o s t  f i sh ,  (mi lk )  2 16 :0  

Birds 1,3 S y m m e t r i c a l  (2) ( b o d y  fa t )  

M a m m a l s  3 2 0 : 5 ,  2 2 : 5 ,  2 2 : 6  

Milk ( r u m i n a n t s )  3 4 : 0 ,  6 :0  

P lan t s  1 S a t u r a t e d ,  l o n g  
2 U n s a t u r a t e d  ( 1 8 : 2 )  
3 S a t u r a t e d ,  l ong  

Plants  3 Ace t i c  ac id ,  e s to l ide  ac ids  

All f a t s  3 " S t r a n g e "  ac ids  
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T r i -  
g l y c e r i d e  

R a b b i t  

P i g  

P e r c e n t a g e  

P o s i  - 
t ion I 0  2 0  3 3  5 0  6 0  7 0  8 0  

I 
14:0 I 16:0 

18:1 16:11 
(18 :3 )  18:2 

I 
18:0 16:0 [ 

18 :11 16:1 
I 18:2 
I 16:3 

16:0 I 
16:1 18:0 I 18:1 

[18:2 16:3 

I 

18:0 

14:0 

18:0 

I 
16:o (14 :o )  I 

16:1 18:1 
18:2 

18:1 
18:2 

16:0 18 :0  
16:1 

16:1 

18:0  

(14 :0 )  16:0 

18:1 
18:2 

C o d  I 14:0 16:0 18:1 18 :0  
16:1 

20:1 
22:1 

I 
I 

2 18:120:1 16:1 I 16 :014 :0  2 2 : 5  2 2 : 6  
22:1 I 2 0 : 5  

I 
3 14:0 16:1 20:1 

16:0  118:1 2 0 : 5  
2 2 : 6  I 22:1 

I 

FIG. 13. Proportional positional distribution of fatty acids (43,44). 

depot fats of seals and whales we also find an 
accumulation of 16:0 in position 2, but there 
the general pattern is still obeyed and 16:0 is 
pushed into position 2 only because the pri- 
mary positions are occupied by C20 and C22 
fatty acids (43). There is proportionally more 
16:1 and much more 14:0 in the 2 position in 
seals and whales. These fats clearly do not 

T A B L E  VII  

Pos i t i ona l  Pe r cen t age  D i s t r i b u t i o n  o f  
L o n g  C h a i n  P o l y e n o i c  A c i 6 s  in  D e p o t  F a t s  a 

2 2 : 5 ,  2 2 : 6  

Fish ,  
Pos i t ion  i n v e r t e b r a t e s  M a m m a l s  

1 9 31 
2 69  7 
3 22  61 

a L i t c h f i e l d  (58) .  

belong to the same group as those of pig and 
fish. The positional distribution of palmitic acid 
divides animal fats into two distinct groups, and 
it seems that two different biochemical path- 
ways may be the cause for this division. 

The depot fats of birds (Table VI) may be 
supposed to be more symmetrical than those of 
mammals (as long as there are no analyses to 
contradict this statement). Invertebrates seem 
to follow the general animal pattern though 
somewhat more indistinctly. 

If the fats of mammals contain long chain 
polyenoic acids such as 20:5, 22:5 or 22:6, i.e., 
if the animals feed on a diet of marine origin, 
these acids are predominantly in position 3 
(23,57), whereas in fish or invertebrates they 
prefer position 2 according to the general 
formula (44). More logically, in mammals, 
position 2 is barred for these polyenoic acids. 
The distribution between 1 and 3 then follows 
the general formula. Litchfield (58) has found 
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FIG. 14. Hypothetical mechanisms of acyl migration during Grignard deacylation. 

that the distribution of 22:5 and 22:6 can in 
each case be closely predicted (Table VII). In 
fish and invertebrates two-thirds of the acids 
are in position 2; of the rest, two-thirds are in 
position 3 and one-third in position 1. In 
marine mammals less than one-tenth is in 
position 2; of the bulk, two-thirds are in 3 and 
one-third in 1. 

In milk fat of ruminants, butyric and hex- 
anoic acid are in position 3 (Table VI). 

In plants (Table VI) we find saturated acids 
and long chain monoenoic (~C18) acids al- 
most exclusively in positions 1 and 3; this rule 
was already formulated by Mattson and Vol- 
penhein (50). There are no distinct general 
rules of steric distribution except for those fats 
that have exceptional fatty acids, as acetic acid 
or an estolide acid. 

We can postulate the general rule for all fats 
that any "strange" fatty acid is likely to be 
esterified to position 3, "strange" fatty acids 
being those not  found in the common range of 
C12 to C22 acids, e.g., acetic, butyric, hexanoic 
or estolide acids, or not regularly found in the 
depot fats of a particular group of organisms, 
e.g., the long chain polyenoic acids in mam- 
mals. This rule is very plausible for biochemical 

reasons. Positions 1 and 2 are acylated by 
enzymes specific for phospholipids, in particu- 
lar phosphatidic acid (59), but position 3 is 
acylated at the diglyceride stage, and we are 
reminded of the different specificities of the 
catabolic enzymes, i.e., the much stricter speci- 
ficities of phospholipases as compared to 
lipases. It seems likely that the diglyceride 
acylases are also much less demanding as to the 
structure of the substrates than the lysophos- 
phatidic acid acylases; or, to put it differently, 
if a "strange" acid must be incorporated it is 
done with minimal upheaval of the system if it 
is done as the last step. 

STEREOSPECI FIC ANALYSIS 
IN METABOLIC STUDIES 

Stereospecific analysis has been applied in 
metabolic studies to follow the pathway of a 
fatty acid into a certain position of glycerol, or 
to detect the influence of an agent, or diet, on 
triglyceride synthesis. We determined that the 
marine polyenoic acids will accumulate in 
position 3 not only in marine, but  also terres- 
trial, mammals (57), and Christie and Moore 
(41) studied the influence of dietary copper on 
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FIG. 15. Cross-contamination of diglycerides obtained by Grignard deacyJation. 

pig triglycerides. Snyder and Wood found that 
irradiation of bone marrow (60) and tumor 
formation in rats (61,62) both change the 
asymmetric fatty acid distribution of the tri- 
glycerides. 

Stereospecific analysis is also able to deter- 
mine the positional distribution of a radioactive 
label in a triglycefide, and the method has been 
used by Akesson, Elovson and Arvidson to 
investigate the bioacylation of diglycerides 
(63-65). 

POSITIONALLY RESTRICTED 
RANDOM DISTRIBUTION 

Lipid chemists have always been tempted to 
search for a simple mathematical formula to 
describe the distribution of fatty acids between 
triglyceride molecules and between positions on 
the glycerol. The theory of random distribu- 
tion, which stated that the fatty acids were 
esterified randomly over all hydroxyl groups, 
proved incorrect when analyses with lipase 
showed that fatty acid compositions in posi- 
tions 1 plus 3 and position 2 were always 
different. It was supplanted by the 1,3-random- 
2-random theory (66-68). We know now that 
the compositions in positions 1 and 3 are also 

different; this brings us to the 1-random-2- 
random-3-random theory which states that 
fatty acids are selective as to positions on the 
glycerol but are, within these positions, evenly 
distributed over all triglyceride molecules. This 
implies that during the biosynthesis of glyc- 
erides the fatty acid or acids that are already in 
a glyceride molecule do not  influence the 
selective acylation of the remaining position or 
positions. Lands and Slakey (18) speak of 
"noncorrelative" acylation. The percentage of 
each isomer of a fat can then be calculated by 
simply multiplying the concentrations of the 
fatty acids in the three positions. Conversely if 
the concentration of a single isomer or a group 
of isomers is known, it can be used to verify the 
theory. This has been done for rat liver triglyc- 
erides (18) and pig liver (37) and the results 
agreed with the theory. For egg yolk triglyc- 
erides the agreement was also good, though 
there was evidence for some selectivity of 
acylation in certain triglyceride species (42). 
Analyses of a variety of pig tissues gave the 
same result (69) except in the case of the blood 
triglycerides where the discrepancies with the 
theory were great. On the other hand, correla- 
tive specificity has been found in the only 
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vegetable oil investigated, corn oil (39,51,52). 
If we assume that "noncorrelative" bio- 

chemical acylation is the rule, the 1-random-2- 
random-3-random rule will still be applicable 
only if a fat has been synthesized in one tissue 
under similar circumstances. However if it is a 
mixture from several sources, e.g., endogenous 
and exogenous, or different tissues, or from one 
tissue but synthesized at different times and 
with changed diets, there will be a nonrandom 
distribution of the positionally restricted fatty 
acids between glycerides. The position-restrict- 
ed-random-distribution hypothesis should not  
therefore be accepted as a general rule, though 
it may hold approximately for a majority of 
fats. 

PROBLEMS AND PROGNOSIS 
OF THE METHODOLOGY 

The Grignard deacylation has made most 
triglycerides accessible to stereoanalysis, but  
some difficulties remain. Although butter fat 
has been successfully analyzed via the pan- 
creatic lipase route it is doubtful, in view of the 
chain length specificity of the lipase, if isolated 
trigiyceride species of butter could be analyzed 
in this way. The Grignard deacylation of butter, 
on the other hand, leads to a mixture of 
long,long- 1,2-digiycerides and long,short- 1,3- 
digiycerides which has not yet been separated 
(31). 

Difficulties may also be expected with those 
marine fats containing isovaleric acid, which is 
very resistant against lipase; with the Grig- 
nard deacylation the same problem as that 
encountered with butter fat would prevail. 

Fats with conjugated double bonds seem to 
react, at this site, with Grignard reagents (C. 
Litchfield, personal communication); they may 
also resist lipase degradation (14). 

It would obviously be desirable to use a 
method that directly isolates the different 
positions, without resource to calculations. 
Such a method exists in the second procedure 
developed in our laboratory; however the criti- 
cal intermediate, the 1,3-digiyceride, cannot be 
prepared without contamination with perhaps 
10% of isomerized 1,2-digiycerides (31,22). 
This makes the method, at this time, less 
accurate than our first method. 

No thorough study has yet been made of the 
mechanism of the Grignard deacylation and of 
the problem of acyl migration during this 
procedure. I suggest the mechanisms shown in 
Figure 14. The first intermediate is the ad- 
dition product of one molecule of a Grignard 
reagent to a carboxyl group. This intermediate 
could decompose to a diglyceride and a ketone 

(steps 3 and 4), although the formation of 
ketones has not yet been observed in triglyc- 
eride deacylation. Alternatively the first inter- 
mediate could add another Grignard molecule 
(step 1) and eliminate a tertiary alcohol (step 
2). In either case a negatively charged, nueleo- 
philic oxygen appears on the glycerol and can 
be immediately neutralized by the magnesium 
bromide ion, or the reagent can first attack the 
neighboring carboxyl group, with acyl migra- 
tion as a result. The two possibilities are 
illustrated with the forked arrows in the formu- 
las B and C. 

It is also possible that the digiycerides finally 
formed, which are initially present as alcohol- 
ates of magnesium, can isomerize (step 5) as 
long as the reaction is not  stopped with water 
or acid. 

To obtain uncontaminated, representative 
1,3-diglycerides, measures should be found that 
prevent the acyl migration. If migration occurs 
at step 5, shortening of the reaction time 
should depress it, as should lowering of the 
temperature. Shielding the nucleophilic oxygen 
might depress migration in reactions 1-2, 2-3 or 
5. 

In experiments to test these possibilities 
(unpublished)I found that reaction time and 
temperature have little influence on acyl migra- 
tion. Temperatures from -20 to +60C and 
reaction times from t5-300 seconds all yielded 
1,3-diglyceride with 6-10% contamination. I 
conclude that reaction 5, the isomerization of 
the digiycerides, is not  of major importance and 
that acyl migration occurs mainly at the rear- 
rangement of the transition compounds B or C. 

Shielding the nucleophilic oxygen of B or C 
might be accomplished with a polar solvent. 
The choice of solvents is severely restricted 
because the Grignard reagent will react with all 
fairly polar compounds. Only halogenated 
hydrocarbons are sufficiently resistant yet 
slightly more polar than the diethyl ether used 
in the original deacylation procedure. I tested 
2-chloropropane, diehloromethylene and p- 
fluorotoluene, with disappointing results: the 
1,3-diglycerides still showed 6-10% contamin- 
ation. With nonpolar solvents, benzene or 
hexane, the yield of 1,3-digiyceride became 
very small. 

It is somewhat surprising that while the 
1,3-digiyceride is contaminated with isomerized 
1,2-diglyceride, the 1,2-diglyceride that is 
formed by the Grignard deacylation appears to 
be completely "representative." An explanation 
is given in Figure 15. Random deacylation 
yields twice as much D L-1,2-digiyceride as 
1,3-digiyceride, and if acyl migration takes 
place to the same degree in all compounds, the 
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relative contamination of the 1,3-diglyceride 
will be almost four times greater. 

The chemical deacylation of triglycerides 
deserves further study. Completely representa- 
tive 1,3-diglycerides should be prepared, and 
perhaps also monoglycerides. I t  may be neces- 
sary to abandon the magnesium-Grignard com- 
pounds and look for different reagents. 
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SHORT C O M M U N I C A T I O N S  

Enzymatic Conversion of 5a-Cholest-8(14)-en-3/3-o ! 
to 5e-Cholesta-8,14-dien-3/~-o I 

ABSTRACT 

[ 3a-3 H] -Choles t-8( 14)-en-3/3-ol was in- 
cubated with a 10 ,000x  g supernatant  
fraction of  a rat liver homogenate .  The 
enzymat ic  format ion  of  labeled cholesta- 
8,14-dien-3/3-ol was indicated by the re- 
suits of studies employing  co lumn chro- 
matographic  and cocrystal l izat ion tech- 
niques. 

I N T R O D U C T I O N  

Cholest-8(14)-en-3/3-ol has been shown to be 
convert ible to cholesterol  in rat l iver homoge-  
nate preparat ions (1,2). The same sterol has 
been isolated from rat skin (2,3). The mecha- 
nisms involved in the enzymat ic  convers ion of  
cholest-8(14)-en-313-ot to cholesterol  are in- 
complete ly  unders tood  at this time. The con- 
vert ibi l i ty of  cholest-8(14)-en-3/3-ol to cholest- 
7-en-3/3-ol in rat liver homogena te  preparat ions 
incubated  under  aerobic condi t ions  has been 
demons t ra ted  (2). While the ef f ic ient  conver- 
sion of  cholest-8-en-3/3-ol to cholest-7-en-3t3-ol 
can readily be demonst ra ted  under  anaerobic 
condi t ions  (4,5), no  detectable convers ion of  
cholest-8(14)-en-3/3-ol to cholest-8-en-3/3-ol or  
cholest-7-en-313-ol could be demons t ra ted  under  
these condi t ions  (2). This combina t ion  of  find- 

ings suggested the possibili ty o f  an oxygen 
dependent  step in the conversion o f  cholest- 
8(14)-en-3/3-ol to cholest-7-en-3fl-ol. We have 
suggested the possibility of  a 15-hydroxy de- 
rivative as a potent ia l  in termedia te  in the 
over-all process and have demons t ra ted  the 
convert ibi l i ty  of  the two  epimers (at C-15) of  
cholest-8(14)-en-3/3,15-diol to  cholesterol  in rat 
liver homogena te  preparat ions (6). The results 
of  recent  investigations have also provided 
evidence suggesting a possible in termediary  role 
of A8,14_sterol s in the biosynthesis of  choles- 
terol  (7-12). 

The purpose of  the present communica t ion  
is to present  evidence indicating the format ion  
of  cholesta-8,14-dien-3~-ol f rom cholest-8(t  4)- 
en-3/3-ol in rat l iver homogena te  preparations.  

M A T E R I A L S  A N D  METHODS 

The chemical  synthesis and purit ies of  cho- 
l e s t - 8 (  1 4)-en-3t3-ol, cholesta-8,14-dien-313-ol, 
[ 3 a - 3 H ] - c h o l e s t - 8 ( 1 4 ) - e n - 3 / 3 - o l ,  a n d  
[3a-3H]-cholesta-7,14-dien-3fl-ol  have been de- 
scribed elsewhere (2,5,8,13).  Procedures used 
for the measurement  o f  radioactivi ty,  color- 
imetr ic  assay of  sterols, the preparat ion of  the 
10,000 x g supernatant  fraction of  rat liver 
homogenates ,  and the separation of  sterols on 

TABLE I 

Cocrystallization of Labeled Material Derived From 
[ 3c~-3H]-Cholest-8(14)-en-313- ol a With Authentic Cholesta-8,14-dien-3/3-ol 

Specific activity Specific activity 
of crystals, of mother liquor, 

Material dpm/mg dpm/mg 

Initial 954 + 29 
After recrystallization 

from methanol 504 - 15 3960 - 20 
A f t e r  second recrystallization 

from methanol 469_+ 9 5 4 9 -  5 
A f t e r  third recrystallization 

from methanol 456 + 9 459 -I- 9 
After recrystallization from 

acetone water 462 -+ 14 447 -- 22 
After second recrystallization 

from acetone water 469 -+ 14 449 +-22 

aCochromatographed with cholesta-8,14-dien-3fl-ol. 

957 



958 S H O R T  COMMUNICATIONS 

T A B L E  II 

Crys ta l l i za t ion  o f  Cholesta-8,14-dien-3/3-ol 
in the  Presence of  [ 3a-3H]-Choles ta -7 ,14-d ien-3~-o l  

Mater ia l  

Specif ic  ac t iv i ty  Specif ic  ac t iv i ty  
o f  crysta ls ,  o f  m o t h e r  l iquor ,  
d p m / m g  d p m / m g  

In i t ia l  11 ,600  -I- 117 
Af t e r  r ec rys t a l l i za t ion  

f r o m  m e t h a n o l  2 1 3 0  - 38 36 ,800  --. 257  
Af te r  second  r ec rys t a l l i za t ion  

f r o m  m e t h a n o l  1280 + 26 4 4 9 0  +-- 68 

columns of alumina-Super Cel-silver nitrate 
have been described previously (14,15). 

EXPERIMENTAL PROCEDURE A N D  RESULTS 

[ 30t -3H] -Cholest-8(14)-en-3~-ol (75 /.tg; 
1.32 x 106 cpm) in propylene glycol (0.2 ml) 
was incubated with 50 ml of a 10 ,000xg  
supernatant fraction of rat liver homogenate for 
3 hr at 37 C as described previously (14). The 
sterols were recovered from the saponified 
incubation mixture by extraction with petro- 
leum ether and applied to an alumina-Super 
Cel-Silver nitrate column (50x  1 cm) (14,15) 
along with unlabeled cholest-8(14)-en-3/3-ol (4.5 
mg), cholesterol (2.3 mg), and cholesta-8,14- 
dien-3/3-ol (3.1 mg). Using a mixture of chloro- 
form-acetone 98:2 as the eluting solvent, frac- 
tions 5.5 ml in volume were collected. Aliquots 
were taken for measurement of radioactivity 
and colorimetric assay of sterol content. Most 
(ca. 87%) of the recovered radioactivity was 
eluted in fractions 7-11 and had the same 
chromatographic mobility as that of the incu- 
bated substrate. Approximately 9% of the 
activity was associated chromatographically 
with cholesterol (fractions 17-26). A small but 
significant amount of radioactivity (3.5%) was 
eluted as a discrete peak in fractions 39-57, 
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In Vivo Studies on Ganglioside Metabolism 

The following pathway has been proposed 
for the biosynthesis of gangliosides based prin- 
cipally on a series of reactions catalyzed by 
embryonic chick brain particles (1): 

Ceramide + UDP-glu---~ceramide-glu 

ceramide-glu + UDP-gal-%eramide-glu-gal 

ceramide-glu-gal + CMP-NANA---~ 
ceramide-gl u-gal-NANA (G M 3) 

ceramide-glu-gal-NANA + UDP-gal NAc ---~ 
ceramide-glu-gal-(NANA)-gal NAc (GM2) 

ceramide-glu-gal(NANA)-gal NAc + UDP-gal ---~ 
ceramide -glu-gal (NANA)-gal-NAc-gal (G M 1 ) 

Several of these individual reactions have 
been detected in other tissues (2,3,4,5,6). In 
vivo studies designed to establish precursor- 
product relationships involved in the synthesis 
of gangliosides have been largely unsuccessful. 
This is largely due to the nonspecificity of 
radioactive precursors previously employed, 
which has included serine-14C (7), glucose -14C 
(7,8,9,10,11), galactose-14C (7,8), acetate-14C 
(12) and glucosamine-14C (7). Recent publica- 
tions have indicated that N-acetyl-3H manno- 
samine specifically labels only the sialic acid 
moities of gangliosides in vivo (13). The present 
study was undertaken to elucidate the meta- 
bolic interrelationships of the individual gangli- 

osides after the administration of N-acetyl-3H 
mannosamine to young rats. 

Acetic anhydride-3H was purchased from 
ICN-Traceflab and mannosamine-HC1 from 
Pfanstheil. Silica Gel G plates, 0.5 mm thick- 
ness, were obtained from Analtech. 

N-Acetyl-3H mannosamine was synthesized 
according to a published procedure (14) and 
shown to contain only one radioactive product 
by paper chromatography. The final specific 
activity was 1.587 x 108 dpm/p mole N-acetyl 
mannosamine. 

Sprague-Dawley rats, 15 days old, were 
injected intercerebrally with 3.4 x 108 dpm of 
N-acetyl-3H mannosamine in 10 pl of water. 
Groups of five animals were sacrificed at 30 
min, 1 hr, 2 hr, 4 hr, 8 hr and 24 hr. The brains 
were removed, pooled and the mixed ganglio- 
sides were isolated as previously described (15). 
The ganglioside mixture was fractionated into 
individual components by thin layer chroma- 
t o g r a p h y  employing chloroform-methanol- 
2.5 N NH4OH (60:35:8) as the solvent (16) 
and a typical result is presented in Figure 1. 
Individual spots were visualized by brief iodine 
exposure and the bands of silica gel correspond- 
ing to standards were removed from the plates 
and weighed. Aliquots were counted with a 
thixotropic gel (17) in a Packard scintillation 
counter for determination of radioactivity. 
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FIG. 1. Thin_ layer chromatogram of the ganglioside fraction from 15-day-old rat brains. Details are 
provided in the text. 
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FIG. 2. Specific activity of the individual ganglio- 
sides as a function of time after the intercerebral 
administration of N-acetyl-d-3~H mannosamine to 15- 
day-old rats. The curve labeled GDlb represents the 
mixed GDlb and GT 1 area on the plate in Figure 1. 

Another weighed quantity of the gel was 
hydrolyzed with 0.05 N H2SO 4 for 60 min at 
80 C. The sialic acid hberated was quantitated 
by the colorimetric procedure of Aminoff (18). 
The specific activity was then calculated from 
the total radioactivity and sialic acid content  of 
each ganglioside fraction. 

The increase inspecific activity as a function 
of time for the individual gangliosides is pre- 
sented in Figure 2. It is readily apparent that, 
except for G M 2, all the gangliosideg show a lag 
period of almost 2 hr before appreciable label is 
present. A very rapid incorporation of the 
radioactive precursor into G M 2 is seen without 
this initial lag period. The highest specific 
activity was found in both GM2 and G M 1, a 
value which was attained at 8 hr. It  is signifi- 
cant that GM3, a postulated precursor of the 
higher ganghoside homologues, has a 2 hr lag 
period and had a specific activity lower than 
either GM2 or GM1. Two pertinent observa- 
tions of other investigators suggest that GM3 
may not be a precursor of the other ganglio- 
sides. The majority of naturally occurring lipids 
are characterized by a heterogenous fatty acid 
composition; however 80-90% of the fatty acid 
in brain ganghosides is reported to be stearic 
acid (19). The fatty acid composition of brain 
GM3 has been found to contain only 30-40% of 
stearic acid (20). Tay-Sachs disease is an "in- 
born metabolic" error characterized by the 
accumulation of GM2 and a dimunition of 
hexosaminase "A"  (21). A neutral sphingolipid, 

LIPIDS, VOL. 6, NO. 12 



SHORT COMMUNICATIONS 961 

Cer-glu-gal-gal NAc 

CMP-NANA[ 

Cer -glu-gal-(NANA)-gal NAc 

UDP-gal 

UDP-gal 

(GM2) 

) Cer-glu-gal-gal NAc-gal 

CMP-NANA 

) Cer-glu-gal-(N ANA)-gal NAc-gal 
$ 

CMP-NANA I (GM 1 ) 
I 

I I 
GD1 b GDla 

FIG. 3. 

ceramide-glu-gal-gal NAc, also accumulates  in 
this disease (20,22).  There is l i t t le,  if  any, 
increase in the GM3 levels in pathological  
material  (20). These three lines of  evidence 
would  t end  to  mit igate against a precursor  role 
of  G M3 for  the o ther  brain gangliosides. The 
glycosphingol ipid compos i t ion  of  mouse  neuro-  
b las toma and human  and rat  glioma cells grown 
in tissue culture has been  r epo r t ed  (23). G M 3 
was the only ganglioside present  in the gliomas. 
In the neurob las toma  cells G M3 was unde tec t -  
able, while GM2 and its cor responding  asialo 
derivatives were abundan t .  They conc luded ,  
therefore ,  tha t  GM3 does no t  serve as a 
precursor  of  the higher ganglioside homologues  
(23). 

Two possible pa thways  are expla ined  by Fig- 
ure 3. 
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Determination of the Position of 
Ethylenic Linkages in Lipids 

ABSTRACT 

A new procedure  for  de te rmin ing  the 

posi t ion of  e thylenic  linkages in lipids 
involves oxida t ion  of  the cor responding  
epoxides  wi th  ethereal  periodic acid. The 
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oxidation products are identified by stan- 
dard techniques such as nuclear magnetic 
r e sonance  spectroscopy, mass spec- 
trometry and gas liquid chromatography. 

The present communication describes a con- 
venient method for determining the position of 
olefinic linkages in lipids. It is based upon a 
report  (1) that  epoxides can be cleaved with a 
solution of periodic acid in ether or tetrahydro-  
furan. The new method involves converting the 
unsaturated material into the corresponding 
epoxide, followed by oxidation of the latter 
with an ethereal solution of periodic acid, and 
identification of the resulting aldehydes by 
n u c l e a r  magnetic resonance spectroscopy 
(NMR), mass spectrometry (MS), or gas liquid 
chromatography (GLC); a convenient proce- 
dure involves combination of NMR with MS, or 
GLC-MS. It may be illustrated by the following 
examples. 

Methyl oleate was converted by oxidation 
with perlauric acid (2,3) into the corresponding 
epoxide (methyl cis-9,10-epoxyoctadecanoate) 
(I; x = 7, y = 7). To a stirring solution of this 
epoxy-ester (45 mg, 1.4 mmole) in dry ether (1 
ml) was added a suspension of periodic acid (50 
rag, 2.2 mmole) in dry ether (5 ml) [the 
suspension was prepared by vigorously stirring 
powdered periodic acid dihydrate (100 mg) in 
dry ether (10 ml) for 1 hr ] ,  and the mixture 
stirred for 1 hr [the reaction, followed by thin 
layer chromatography (TLC) and GLC was 
complete after this per iod] .  It was then poured 
into water (5 ml), extracted with ether (20 ml), 
and the ethereal extract washed with 10% 
aqueous potassium hydrogen carbonate (5 ml), 
water 3 x 5 ml) and brine (5 ml). After removal 
of the solvents the products were separated by 
preparative thin layer chromatography (PLC) 
on a silica gel plate (20 x 20 cm x I ram, HF 
254 + 366). Development with a mixture of 
light petroleum (bp 60-80 C) and ether (9:1, 3 
passes) gave the aldehyde (II; x = 7) and the 
oxo-ester (III; y = 7). The aldehyde showed 7 
0.26 (1H, t, J 1.8 Hz, -CHO), 7.60 (2H, m, 
-CH2.CHO) , 8.40 (2H, m, -CH2.CHO) , 8.73 
[10H, s, -(CH2)s.CH2.CH2.CHO] , 9.13 (3H, t, 
J 6 Hz, terminal CH3) , and m/e (%): 44 (65), 
57 (100), 98 (__M-44) (30), 114 (M-28) (2.3), 
124 (M-18) (1.7), 141 (M-l)  (2), 142 (MI +) 
(1.7). The oxo-ester showed r 0.26 (1H, t, J 1.8 

Hz, -C__HO), 6.35 (3H, s, -CO2CH3) , 7.60 (m, 
-C__H 2.CHO) and 7.70 (t, J 7 Hz, -C__H2.CO2CH3) 
(together 4H), 8..39 (m, -CH2.CH2.CHO and 
-CH2.CH2.CO2CH3) and 8.68 [ s , - (CH2)3-  ] 
(together 10H), and m/e (%): 44 (16), 57 ( t8) ,  
74 (100), 87 (96), 111 (M-75)(57),  112 (M-74) 
(7), 115 (M-71) (13), 143 (M__-43) (66), 154 
(M-32) (7), 155 (M-31) (40), 158 (M-28) (26), 
168 (M-18) (1.6), 185 (M-l)  (0.6). 

The same products were obtained on sub- 
jecting methyl trans-9,10-epoxyoctadecanoate 
to the above procedure. 

Methyl cis-13,14-epoxydocosanoate (I; x = 
7, y = I1) gave by the same procedure the 
aldehyde (II; x = 7) and the oxo-ester (III; y = 
11). The latter showed r 0.24 (1H, t, J 1.8 Hz, 
-CH._O), 6.33 (3H, s , - C O 2 C H 3 )  , 7.60 (m, 
-C_H2.CHO) and 7.70 (t, J 7 Hz, -CH2.CO2CH3) 
(together 4H), 8.38 (4H, m, -CH2.CH2.CHO 
and  -CH2.CH 2.CO2CH3) , 8.72 [14H, s, 
-(CH2)7-] , and m/e (%): 74 (100), 87 (45), 167 
(M-75) (9), 171 (M-71) (7.5), 199 (M-43) 
(14.5), 211 (M-31) (4), 214 (M-28) (6), 224 
(M-18) (0.5), 241 (M-l)  (0.5). 

A 
Ch3.(CH2)x.CH.CH.(CH 2)y .CO2CH 3 

(I) 

CH3(CH2)x.CHO + OHC.(CH2)y.CO2CH 3 

(II) ( I I I )  
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oxidation products are identified by stan- 
dard techniques such as nuclear magnetic 
r e sonance  spectroscopy, mass spec- 
trometry and gas liquid chromatography. 

The present communication describes a con- 
venient method for determining the position of 
olefinic linkages in lipids. It is based upon a 
report  (1) that  epoxides can be cleaved with a 
solution of periodic acid in ether or tetrahydro-  
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unsaturated material into the corresponding 
epoxide, followed by oxidation of the latter 
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(NMR), mass spectrometry (MS), or gas liquid 
chromatography (GLC); a convenient proce- 
dure involves combination of NMR with MS, or 
GLC-MS. It may be illustrated by the following 
examples. 

Methyl oleate was converted by oxidation 
with perlauric acid (2,3) into the corresponding 
epoxide (methyl cis-9,10-epoxyoctadecanoate) 
(I; x = 7, y = 7). To a stirring solution of this 
epoxy-ester (45 mg, 1.4 mmole) in dry ether (1 
ml) was added a suspension of periodic acid (50 
rag, 2.2 mmole) in dry ether (5 ml) [the 
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dry ether (10 ml) for 1 hr ] ,  and the mixture 
stirred for 1 hr [the reaction, followed by thin 
layer chromatography (TLC) and GLC was 
complete after this per iod] .  It was then poured 
into water (5 ml), extracted with ether (20 ml), 
and the ethereal extract washed with 10% 
aqueous potassium hydrogen carbonate (5 ml), 
water 3 x 5 ml) and brine (5 ml). After removal 
of the solvents the products were separated by 
preparative thin layer chromatography (PLC) 
on a silica gel plate (20 x 20 cm x I ram, HF 
254 + 366). Development with a mixture of 
light petroleum (bp 60-80 C) and ether (9:1, 3 
passes) gave the aldehyde (II; x = 7) and the 
oxo-ester (III; y = 7). The aldehyde showed 7 
0.26 (1H, t, J 1.8 Hz, -CHO), 7.60 (2H, m, 
-CH2.CHO) , 8.40 (2H, m, -CH2.CHO) , 8.73 
[10H, s, -(CH2)s.CH2.CH2.CHO] , 9.13 (3H, t, 
J 6 Hz, terminal CH3) , and m/e (%): 44 (65), 
57 (100), 98 (__M-44) (30), 114 (M-28) (2.3), 
124 (M-18) (1.7), 141 (M-l)  (2), 142 (MI +) 
(1.7). The oxo-ester showed r 0.26 (1H, t, J 1.8 

Hz, -C__HO), 6.35 (3H, s, -CO2CH3) , 7.60 (m, 
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-CH2.CH2.CO2CH3) and 8.68 [ s , - (CH2)3-  ] 
(together 10H), and m/e (%): 44 (16), 57 ( t8) ,  
74 (100), 87 (96), 111 (M-75)(57),  112 (M-74) 
(7), 115 (M-71) (13), 143 (M__-43) (66), 154 
(M-32) (7), 155 (M-31) (40), 158 (M-28) (26), 
168 (M-18) (1.6), 185 (M-l)  (0.6). 

The same products were obtained on sub- 
jecting methyl trans-9,10-epoxyoctadecanoate 
to the above procedure. 

Methyl cis-13,14-epoxydocosanoate (I; x = 
7, y = I1) gave by the same procedure the 
aldehyde (II; x = 7) and the oxo-ester (III; y = 
11). The latter showed r 0.24 (1H, t, J 1.8 Hz, 
-CH._O), 6.33 (3H, s , - C O 2 C H 3 )  , 7.60 (m, 
-C_H2.CHO) and 7.70 (t, J 7 Hz, -CH2.CO2CH3) 
(together 4H), 8.38 (4H, m, -CH2.CH2.CHO 
and  -CH2.CH 2.CO2CH3) , 8.72 [14H, s, 
-(CH2)7-] , and m/e (%): 74 (100), 87 (45), 167 
(M-75) (9), 171 (M-71) (7.5), 199 (M-43) 
(14.5), 211 (M-31) (4), 214 (M-28) (6), 224 
(M-18) (0.5), 241 (M-l)  (0.5). 
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in the Linaceae. Ident i f icat ion was made 
by IR, gas l iquid chromatography,  nucle- 
ar magnetic resonance,  ozonolysis  and 
mass spectrometry .  Other  major  compo-  
nents of  the oil are oleic acid (24%) and 
l inoleic acid (48%). 

Al though ricinoleic acid has been found in 
small amounts  in many seed oils (1), especially 
in the genus Lesquerella (2), its major  source is 
castor oil. Seed from the genus Linum,  though 
extensively surveyed by Yermanos et  al. (3), 
has no t  previously been known to produce  
ricinoleic acid. We now report  its presence in 
seeds of  Linum mucronatum Bertol. col lected 
in Turkey.  

IR spectra (Perkin-Elmer 137) of the petro-  
leum ether  ext rac t  of  L. mucronatum seeds 
exhibi ted  a sharp band at 2.8 /a indicative of  
free hydroxy l  groups. Thin layer chromatog-  
raphy (TLC) on a 0.25 mm layer of  Silica Gel G 
showed a spot  that  migrated as a m o n o h y d r o x y  
triglyceride. Methyl  esters prepared (4) f rom 
this oil conta ined 15% of  a c o m p o n e n t  that  
behaved like a hydroxy  ester on bo th  gas l iquid 
chromatography (GLC) and TLC. Equivalent  
chain lengths (ECL) (5) were determined f rom 
Apiezon L and LAC-2-R446 columns in a 
Packard Model 7401 gas chromatograph  at 
190 C. The unknown  c o m p o n e n t  had ELC's  o f  
19.6 from Apiezon  L and 24.7 f rom LAC-2- 
R446,  which are similar to those found for 
methy l  r icinoleate by Miwa et al. (5). In 
addit ion to normal  esters, TLC showed a major  
componen t  with migrat ion characterist ics simi- 
lar to those of  m o n o h y d r o x y  esters. 

The hydroxy  ester was isolated by TLC on 1 
mm layers of  Silica Gel G. IR of  the isolated 
ester again showed the hydroxyl  band and the 
absence of  any trans unsaturat ion (10.4/~). The 
nuclear  magnet ic  resonance (Varian HA-100)  
spectrum was consistent  with that  of  a hyd roxy  
ester with one double bond. Ozonolysis-GLC 
(6) established the double bond at the 9,10 
posit ion.  

A por t ion  of  the hydroxy  ester was hydro-  
genated in e thanol  with palladium on charcoal 
as catalyst.  GLC-mass spec t rometry  [Dupon t  
(CEC) 21-492-1 with  je t  enricher system] of  
the tr imethylsi lyl  derivative of  saturated hy- 
droxy ester gave major  ions with masses of  301 
and 187 in agreement  wi th  fragments expected  
to arise from a 12-t r imethyls i lyoxy group; 
namely,  H3CO2C(CH2)  10CHOSi(CH3)3 + and 
CH3(CH2)sCHOSi(CH3)3 +. A p r o m i n e n t  peak 
at m/e=371 represented M (386) - 15, which is 

TABLE I 

Fatty Acid Composition 
of Linum rnucronatum Seed Oil 

Area % by 
Component gas liquid chromatography 

16:0 6.0 
18:0 3.6 
18:1 24 
18:2 48 
18:3 2.0 
20:1 0.4 

Ricinoleic 15 
Others, 11 0.8 

usual for t r imethylsi lane derivatives. 
Optical ro ta tory  dispersion (Cary Model  60) 

of  the unsaturated hydroxy  ester in methanol  
gave a plain positive curve with [a]  ~ = + 5 . 2  deg 
and [0~]g060=+22 deg. These values have the 
same sign as and, considering the small sample 
used, agree adequately with those of  methy l  
r icinoleate (7). Therefore  the h y d r o x y  ester is 
m e t h y l ( + ) - i  2-D-hydroxy-cis-9-octadecenoate. 
The total  fat ty acid composi t ion  of  L. mucro- 
nature oil is given in Table I. 

R. KLEIMAN 
G.F. SPENCER 
Northern Regional  Research Laboratory1 
Peoria, Illinois 61604 
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2-Monoglyceride as an Aid to the Absorption 
of Cholesterol Into the Thoracic Lymph 

ABSTRACT 

Absorption of radioactive cholesterol 
given in triolein was nearly three-fold that 
of a similar dose given in ethyl oleate or 
oleic acid. The difference appears to 
reflect a need for monogiyceride, since 
addition of 2-monoolein to ethyl oleate 
improved cholesterol absorption. 

Recently we reported that cholesterol was 
equally well absorbed from a variety of fats and 
oils by lymph duct cannulated rats (1). Of these 
only hydrogenated coconut oil depressed the 
absorption rate. In subsequent experiments we 
have observed that ethyl oleate also depressed 
cholesterol absorption compared with the tri- 
glyceride (Table I). 

The experimental conditions employed have 
been described in detail (1). Male Wistar rats 
(200-300 g) were given, via stomach cannula, 
test doses of 3H- or 4-14C-cholesterol in the 
different lipid media. Lymph was collected over 
a 24 hr period and a portion was extracted (2) 
for scintillation counting. Triolein, safflower oil 
and the labeled cholesterol were from the 
earlier sources (1). Ethyl linoleate was prepared 
from safflower oil (3); ethyl oleate from olive 
oil by transesterification and fractional crystal- 
lization from acetone; and oleic acid also from 

olive oil (4). Oleic acid chloride, prepared from 
oleic acid (5), was reacted with 1,3-benzylidene 
glycerol and the benzylidene group was then 
removed with boric acid (6), to give 2-mono- 
olein. 

Absorption of labeled cholesterol from tri- 
olein was the same on both days 2 and 3 after 
surgery (1). It was 3-fold that from an equiva- 
lent amount of ethyl oleate (Table I). Absorp- 
tion from mixtures of ethyl oleate and triolein 
was inversely related to the amount of ethyl 
oleate present. Further comparisons revealed 
that absorption of cholesterol from safflower 
oil was likewise approximately 3-fold that from 
ethyl linoleate in 24 hr (Table II). Absorption 
from ethyl linoleate was essentially equal to 
that from ethyl oleate and oleic acid. Thus 
there was no relationship between the degree of 
unsaturation and amount of cholesterol appear- 
ing in the lymph during either 8 or 24 hr 
periods. It follows that the protective action of 
linoleate and other unsaturates (7) against 
hypercholesterolemia is apparently not a direct 
effect on cholesterol absorption from the 
intestinal tract, since ethyl linoleate exerts such 
action and ethyl oleate does not  (8). 

The striking difference between the tri- 
glyceride and the ethyl ester as vehicles for 
cholesterol absorption appears to be due to the 
potential of the former to form 2-mono- 

T A B L E  I 

C o m p a r i s o n  o f  E t h y l  Olea te  a n d  Tr io le in  as Media  f o r  
In t e s t ina l  C h o l e s t e r o l  A b s o r p t i o n  in t he  Male R a t  a 

T o t a l  r a d i o a c t i v e  
D a y  N u m b e r  o f  c h o l e s t e r o l  (#moles )  

Test  oil  r ece ived  ra t s  in l y m p h  d u r i n g  0 - 2 4  h r  

Tr io le in  2 4 25 .7  • 3 .4  
E t h y l  o lea te  2 9 9.1 + 2 .2  
T r i o l e i n - e t h y l  o lea te  

1 :2  v /v  3 5 11.8  -I-2.5 
T r i o l e i n - e t h y l  o lea te  

2 :1  v /v  2 5 19 .8  +--2.2 
Tr io le in  3 4 24 .5  + 0 .6  

a A f t e r  o v e r n i g h t  f a s t ing ,  t h o r a c i c  d u c t s  a n d  s t o m a c h s  we re  c a n n u l a t e d  us ing  s o d i u m  
p e n t o b a r b i t a l  a n e s t h e t i c  (2.5 m g [ 1 0 0  g b o d y  we igh t ) .  H e p a r i n ,  125  USP un i t s ,  was  i n j e c t e d  
i n t r a p e r i t o n e a l l y  d u r i n g  su rge ry  a n d  a b o u t  24  h r  la ter .  C a n n u l a t e d  ra t s ,  in  r e s t r a i n i n g  cages ,  
we re  a l l owed  free access  t o  w a t e r  c o n t a i n i n g  0 . 6 4 %  NaCI a n d  0 . 0 4 %  KC1. The  f i rs t  d a y  after 
the o p e r a t i o n  e a c h  r a t  r ece ived  0 .8  ml  t r io l e in  w i t h o u t  a d d e d  cho l e s t e ro l .  The  n e x t  d a y  e a c h  
r a t  was  given via s t o m a c h  c a n n u l a  50 # m o l e s  o f  cho l e s t e ro l ,  c o n t a i n i n g  2.5 #C o f  
3H-cho l e s t e ro l ,  d issolved in 0 .8  ml o f  t e s t  oil. The  t h i r d  d a y  50 # m o l e s  o f  c h o l e s t e r o l  
c o n t a i n i n g  0.5 #C o f  4 - 1 4 C - c h o l e s t e r o l  w a s  given in 0 .8  ml  o f  a d i f f e r e n t  t es t  oil  e x c e p t  in 
the  case o f  t r io l e in .  C h o l e s t e r o l  w a s  e x t r a c t e d  f r o m  the  c o l l e c t e d  l y m p h  w i t h  a c e t o n e -  
e t h a n o l  (1 :1 )  a n d  r a d i o a c t i v i t y  w a s  d e t e r m i n e d  b y  sc in t i l l a t i on  c o u n t i n g .  Va lues  are 
e x p r e s s e d  as m e a n  + s t a n d a r d  e r r o r  o f  the  m e a n .  
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TABLE II 

Lymphatic Recovery of Radioactive Cholesterol Following 
Gastric Administration in Different Forms of Fatty Acids to Male Rats a 

965 

Total radioactive cholesterol 
Number of (#moles) in lymph during 

Test oil rats 0-8 hr 0-24 hr 

Safflower oil 7 13.3 -I-2.1 19.6 4- 1.8 
Ethyl linoleate 7 3.6 4- 0.3 7.5 4- 0.5 
Ethyl oleate 7 3.9 4- 0.5 8.0 4- 1.1 
Oleic acid 7 2.8 4-0.6 7.1 4- 1.'7 
Ethyl oleate + 

2-monoolein, 2:1 mole/mole 6 10.7 4- 0.5 16.6 4- 0.9 
Triolein 8 10.2 4- 1.1 19.8 4- 1.4 

aRats and lymph samples were treated as described under Table I. Comparisons of the 
various forms of oleic acid were made with oleic acid mole content comparable to 0.8 ml of 
triolein. Values are expressed as mean --. standard error of the mean. 

glyceride in the digestive tract,  since the addi- 
t ion of  2 -monoole in  to e thyl  oleate in a 1:2 
molar  ratio sharply improved cholesterol  ab- 
sorpt ion.  The observation cannot  be expla ined 
on the basis of  a lower  rate of  hydrolys is  o f  the 
e thyl  ester  than the triglyceride by pancreat ic  
lipase (9), since absorpt ion  from oleic acid was 
no t  be t t e r  than f rom the e thyl  ester. 

While the need  for monoglycer ides  for  
micelle fo rmat ion  and for  the inclusion o f  
cholesterol  in micelles in vi tro has been clearly 
demons t r a t ed  (10,11),  and the impl ica t ion  tha t  
this process is fundamenta l  to  the absorp t ion  of  
cholesterol  has been widely accepted,  we 
believe this is the first direct ,  in vivo demons t ra -  
t ion of  the need for 2-monoglycer ide  in choles- 
terol absorpt ion.  

H A R R Y  C. K L A U D A  
F O R R E S T  W. QUACKENBUSH 
Depar tmen t  of  Biochemis t ry  
Lafaye t te ,  Indiana 47907 
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Structural Relationships Between Glycerides 
of Pig Serum and Adipose Tissue 

ABSTRACT l ipoprote ins  f rom pigs. The tfiacylglyc- 
S tmc tu ra l  analyses have been  per- erols f rom adipose tissue con ta ined  

fo rmed  on the tf iacylglycerols and phos-  mainly palmi ta te  ester if ied at the 2 posi- 
phog lyce f ide s  isolated f rom adipose t ion of  the glycerol moie ty ,  whereas  
tissue, serum chylomicrons ,  and serum those f rom the  serum had p redomina te ly  
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TABLE II 
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Gastric Administration in Different Forms of Fatty Acids to Male Rats a 
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Total radioactive cholesterol 
Number of (#moles) in lymph during 

Test oil rats 0-8 hr 0-24 hr 

Safflower oil 7 13.3 -I-2.1 19.6 4- 1.8 
Ethyl linoleate 7 3.6 4- 0.3 7.5 4- 0.5 
Ethyl oleate 7 3.9 4- 0.5 8.0 4- 1.1 
Oleic acid 7 2.8 4-0.6 7.1 4- 1.'7 
Ethyl oleate + 

2-monoolein, 2:1 mole/mole 6 10.7 4- 0.5 16.6 4- 0.9 
Triolein 8 10.2 4- 1.1 19.8 4- 1.4 

aRats and lymph samples were treated as described under Table I. Comparisons of the 
various forms of oleic acid were made with oleic acid mole content comparable to 0.8 ml of 
triolein. Values are expressed as mean --. standard error of the mean. 

glyceride in the digestive tract,  since the addi- 
t ion of  2 -monoole in  to e thyl  oleate in a 1:2 
molar  ratio sharply improved cholesterol  ab- 
sorpt ion.  The observation cannot  be expla ined 
on the basis of  a lower  rate of  hydrolys is  o f  the 
e thyl  ester  than the triglyceride by pancreat ic  
lipase (9), since absorpt ion  from oleic acid was 
no t  be t t e r  than f rom the e thyl  ester. 

While the need  for monoglycer ides  for  
micelle fo rmat ion  and for  the inclusion o f  
cholesterol  in micelles in vi tro has been clearly 
demons t r a t ed  (10,11),  and the impl ica t ion  tha t  
this process is fundamenta l  to  the absorp t ion  of  
cholesterol  has been widely accepted,  we 
believe this is the first direct ,  in vivo demons t ra -  
t ion of  the need for 2-monoglycer ide  in choles- 
terol absorpt ion.  
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Depar tmen t  of  Biochemis t ry  
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Structural Relationships Between Glycerides 
of Pig Serum and Adipose Tissue 

ABSTRACT l ipoprote ins  f rom pigs. The tfiacylglyc- 
S tmc tu ra l  analyses have been  per- erols f rom adipose tissue con ta ined  

fo rmed  on the tf iacylglycerols and phos-  mainly palmi ta te  ester if ied at the 2 posi- 
phog lyce f ide s  isolated f rom adipose t ion of  the glycerol moie ty ,  whereas  
tissue, serum chylomicrons ,  and serum those f rom the  serum had p redomina te ly  
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T A B L E  I 

F a t t y  A c i d  A n a l y s e s  o f  T r i a c y l g l y c e r o l s  

Tissue a n d  
l ip id  class 

Fatty ac id ,  w t  % 

16 :0  1 8 : 0  18:1  18 :2  1 8 : 3  2 0 : 4  

A d i p o s e  
T r i a c y l g l y c e r o l  26 .2  
2 - M o n o a c y l g l y e e r o l  7 2 . 3  

S e r u m  c h y l o m i c r o n s  a 
T r i a c y l g l y c e r o t  16 .7  
2 - M o n o a c y l g l y c e r o l  11.3  

S e r u m  (less c h y l o m i c r o n s )  
1st Sample  
T r i a c y l g l y c e r o l  14 .3  
2 - M o n o a c y l g l y c e r o l  11.5  

2 n d  S a m p l e  
T r i a c y l g l y c e r o l  2 1 . 8  
2 - M o n o a c y l g t y c e r o l  11 .0  

16.5 4 3 . 6  9 .2  0 .6  3.8 
3 .6  10.7  3.2 . . . . .  

4 .3  30 .8  4 3 . 9  2 .9  1.2 
6 .6  35 .6  4 0 . 6  2 .9  2 .9  

5 .9  41 .1  34 .4  1.5 3.0 
6.2 38.5  37 .9  2.1 3 .9  

7.5 34 .0  32 .7  2 .2  1.6 
5 .9  37.1 4 0 . 8  3 .0  2 .3  

a p o o l e d  f r o m  b o t h  s e r u m  samples .  

unsaturated fatty acids esterified at the 2 
position. The phosphatidylcholine from 
the serum and the phosphatidylcholine 
and phosphatidylethanolamine from the 
adipose tissue also contained saturated 
fatty acids at the 1 position and unsatu- 
rated fatty acids at the 2 position. The 
phosphatidylethanolamine fraction from 
the adipose tissue contained over 50% 
alk-l-enyl moieties at the 1 position. The 
unusual triacylglycerol structure found in 
the adipose tissue of the pig is indepen- 
dent of the circulating glycerides and 
appears to be formed within the adipose 
cells by a pathway different from that for 
the phosphoglycerides. 

Since the techniques for the structural analy- 
sis of triacylglycerols and phosphoglycerides 
have been established, it has been shown that 
for the majority of animal tissues the fatty acid 
esterified at the 2 position of the glycerol tends 
to be unsaturated, while that esterified at the 1 
position tends to be saturated (1-6). An excep- 
tion to this generalization is found in the 
triacylglycerols of pig adipose tissue, which 
have 60-80% palmitate esterified at the 2 
position, while the acids located at the 1 and 3 
positions tend to be unsaturated (7-11). The 
triacylglycerols from kidney, spleen, lung, pan- 
creas and heart of the pig also contain pre- 
dominately saturated acyl moieties at the 2 
position (8,11). In contrast, the triacylglycerols 
from pig liver (8,11,12) and the phosphoglyc- 
erides from the liver and kidney of pigs (13) all 
have the more common "2-unsaturated" struc- 
ture. The blood triacylglycerols from pigs show 

a partial enrichment in the palmitate content at 
the 2 position, and appear to fall between the 
two structural extremes (11). 

A possible mechanism that could explain the 
"2-saturated" structure in the pig adipose tissue 
relates to the uptake of 2-monoacylglycerols 
derived from "2-saturated" triacylglycerols of 
chylomicrons, and the de novo synthesis of 
triacylglycerols in the adipose cells via the 
monoacylglycerol pathway. This pathway has 
been demonstrated in hamster adipose tissue 
(14). The likelihood of this possibility is sug- 
gested by the fact that the triacylglycerols in 
lymph from sheep contain predominately the 
"2-saturated" structure (15). To test this hy- 
pothesis we have investigated the structure of 
triacylglycerols from serum chylomicrons and 
lipoproteins of the pig. We also describe the 
nature of the aliphatic moieties at the 1 and 2 
positions of phosphatidylcholine from the 
serum and the phosphatidylcholine and phos- 
phatidylethanolamine of the adipose tissue 
from pigs. 

Adipose tissue was obtained from the peri- 
toneum of a pig killed at a local slaughterhouse, 
and the lipids were extracted using the method 
of Bligh and Dyer (16). Blood samples from 
pigs were obtained from the University of 
Tennessee-AEC Agricultural Research Station. 
The serum chylomicrons were collected by 
centrifugation (17) and the two samples 
pooled. The pooled chylomicron fraction and 
the two serum fractions were extracted with 
chloroform-methanol 2:1 v/v. Neutral lipids 
were separated from the phosphoglycerides on 
silicic acid columns that were eluted first with 
chloroform and then with methanol. The tri- 
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TABLE II 

Fatty Acids of Phosphoglycerides from Adipose Tissue and Serum of Pigs 

967 

Fatty acid, wt % 

Tissue and lipid ctass 16:0 16:1 17:0 18:0 18:1 18:2 20:4 22:6 Other 

Adipose tissue 
Phosphatidylethanolamine 

1 Position 6.7 (14.1) a 1.3 26.5 (29.9) 9.7 (9.6) 1.6 
2 Position 8.6 1.9 5.0 22.3 32.3 24.4 1.3 4.0 

Phospbatidylcholine 
1 Position 17.9 1.2 1.6 57.0 18.0 2.7 
2 Position 8.3 1.1 0.4 8.6 15.4 14.4 46.3 3.5 2.0 

Serum 
Phosphatidylcholine 

1 Position 69.0 0.8 4.0 20.6 3.9 1.0 
2 Position 14.4 1.2 2.5 11.7 18.0 28.2 7.4 2.5 14.5 

aValues in parentheses refer to dimethylacetals of aldehydes of same carbon number. 

acylglycerols  and  the  indiv idual  classes of  phos-  
phoglycer ides  were pur i f ied  by prepara t ive  th in  
l ayer  c h r o m a t o g r a p h y  (TLC).  

The t r iacylglycerols  were i n c u b a t e d  wi th  h o g  
pancrea t ic  lipase (Pierce Chemical  C o m p a n y )  
(1) for  30  min ,  and the fa t ty  acids and  
2-monoacylg lycero ls  p roduced  were i so la ted  by  
prepara t ive  TLC. Phosphoglycer ides  were incu-  
b a t e d  wi th  phospho l ipase  A (Crotalus adaman- 
teus venom,  Ross Al ien ' s  Rept i le  In s t i t u t e ,  Inc . )  
for  2 h r  (18)  and  the  f a t t y  acids and  lysophos-  
pha t ides  i sola ted by  TLC. Methyl  esters  were 
p repa red  f rom each of  the  l ipid samples  by  
hea t ing  wi th  7% HC1 in m e t h a n o l  in  a sealed 
tube  at 1 0 0 C  for  15 min.  The m e t h y l  es ter  
p repa ra t ions  were ana lyzed  by  gas l iqu id  chro-  
m a t o g r a p h y  on a c o l u m n  of 10% EGSS-X 
(Appl ied  Science Labs,  Inc.)  in  a V ic to r een  
c h r o m a t o g r a p h  (Model  4 0 0 0 )  e q u i p p e d  wi th  a 
f lame ion iza t ion  de tec tor .  

We f o u n d  t h a t  the  t r iacylglycerols  o f  adipose  
tissue h a d  a " 2 - s a t u r a t e d "  s t ruc tu r e  which  
agrees wi th  prev ious  inves t igators  (7-1 t) ,  where-  
as the  t r iacylglycerols  of  b o t h  the  serum 
chy lomic rons  and  the  serum l i pop r o t e i n s  had  
" 2 - u n s a t u r a t e d "  s t ruc tu res  (Table  I). The phos-  
phoglycer ides  f rom the  adipose  tissue f rom the  
pig also have the  " 2 - u n s a t u r a t e d "  s t ruc tu re  
(Tab le  II) in con t r a s t  to  the  t r iacylglycerols  
f rom the  same tissue. The h igh  c o n t e n t  of  
d imethy lace ta l s  p r o d u c e d  f rom the  al iphat ic  
m o i e t y  of  pos i t ion  1 of  the phospha t i dy l -  
e t h a n o l a m i n e  f r ac t ion  implies  t ha t  this l ipid 
class is more  t h a n  ha l f  p lasmalogen.  

Our  results  d e m o n s t r a t e  t h a t  the  m o n o a c y l -  
glycerol  p a t h w a y  c a n n o t  a c c o u n t  for  the  unusu-  
al " 2 - s a t u r a t e d "  s t ruc tu re  of  the  t r iacylglyc-  
erols of  adipose tissue and  cer ta in  o t h e r  organs 
of  the  pig. Ins t ead  i t  appears  t h a t  e i t h e r  there  is 

more  than  one group of  enzymes  involved  in 
the  acy la t ion  of  g lyce rophospha t e  in the  
synthes is  of  t r iacylglycerols  and  phosphog lyc -  
er ides in these  pig tissues, or t h a t  there  is 
ex t r eme  specif ici ty  of  the diacylglycerol  acyl- 
t ransferase and  the p h o s p h o r y l b a s e  diacyl- 
glycerol  t ransferases.  
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