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ABSTRACT 

Lipoproteins isolated from human or 
chimpanzee serum were treated with HzOe 
and allowed to stand varying lengths of 
time before quantitative analysis in the 
ultracentrifuge. Marked instability of ul- 
tracentrifugal boundaries ( c o n v e c t i o n )  
occurred during the first 24 hr, but di- 
minished thereafter. Simultaneously, the 
quantity of lipoprotein decreased. The in- 
stability of boundaries in H20~-treated 
samples was presumed to reflect loss of 
lipid-protein affinity and breakdown of 
lipoproteins under the force of ultracen- 
trifugation. Analysis of extracted lipids 
showed that H20 2 caused little loss of 
phospholipid, significant loss of triglycer- 
ide, and apparent loss of chotesteryl ester. 
The latter loss, however, was accompanied 
by appearance of esterified cholesterol i n  
the free cholesterol eluent. Apparently 
H~O 2 converted some cholesteryl esters 
to a more polar form which was eluted 
later from the column, with the free cho- 
lesterol fraction. Gas chromatographic 
analysis of the fractions eluted from the 
column showed that selective degrada- 
tion of polyunsaturated fatty acids was 
most marked with cholesteryl esters, some- 
what less with triglycerides, and negligible 
with phospholipids. It was postulated that 
the loss of lipid-protein affinity caused by 
H,,O~ in vitro may reflect a similar process 
in vivo, i.e., that one process contributing 
to development of atherosclerosis can be 
oxidation of lipoprotein, with loss of lipid- 
protein affinity and accumulation of lipid 
products in (or on) cells of the vascular 
system. 

INTRODUCTION 

I T IS WIDELY RECOGNIZED that in human pop- 
ulations elevated levels of serum lipid (1,2) 

and lipoproteins (3) are attended by an in- 
creased risk of atherosclerotic heart  disease. 
F rom the vast amount of research directed to- 
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ward elucidating the role of elevated lipid levels 
in the development of atherosclerosis, it has be- 
come apparent that multiple factors and com- 
plex relationships are iwcolved (4) .  The of- 
fending net effect of the interaction of these 
factors is the accumulation of cholesterol and 
other lipids in plaques on the walls of blood 
vessels. 

Since the cholesterol in plaques apparently 
originates primarily from serum cholesterol 
(5) ,  the process(es) by which cholesterol is 
converted from its solubilized state as a com- 
ponent of serum liproproteins into its in- 
soluble state as a component of atherosclerotic 
plaques is (are) of crucial importance. It is 
conceivable that a high level of cholesterol in 
the serum might be metabolically acceptable if 
the cholesterol stayed in the serum. However, 
the problem of atherosclerosis is associated 
with the fact that the cholesterol does not stay 
in the serum, but  as a result of unclarified 
processes, perhaps in cells of the blood vessel 
walls, accumulates on the walls of the vascular 
system in plaques along with other lipid, 
fibrous and mineral components. The present 
study considers possible mechanisms by which 
lipids, especially cholesterol, may become sep- 
arated from their serum lipoprotein complexes. 

Several lines of evidence indicate that per- 
oxidation may play a role in atherosclerosis. 
The presence of  peraxidized lipids in athero- 
sclerotic plaques was demonstrated by Glavind 
and Har tman (6) ,  who found lipid peroxides 
in plaques, while these materials were absent 
from normal vascular tissue. Ceroid pigment, 
which is formed by peroxidation of unsaturated 
lipids, is found in atherosclerotic plaques and 
was reported by Hart rof t  to be the only lipid 
of such plaques not common to the serum 
lipids (7) .  An association between peroxida- 
tion and atherosclerosis was also indicated by 
the work of Caravaca et al. (8),  who found 
that intramuscular injections of beef liver per- 
oxidase into rabbits being fed a cholesterol- 
enriched diet resulted in development of mark- 
edly less atherosclerosis than in nonperoxidase- 
injected controls. It is well established that 
serum lipoproteins are highly subject to oxida- 
tion (9) .  In fact, special precautions are re- 
quired during isolation of serum lipoproteins 
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T A B L E  I 

Effects of  Hydrogen  Peroxide  on Quanti t ies  of  Lipoprote ins  Subsequent ly  Measured  Ul t racent r i fugal ly  

Exposure  
t ime  a 

St  0-12 S t  12-20 S t  20-400 H i g h  Densi ty  

Control  Contro l  Control  Contro l  
level 100 pb -4- S D  level 100 P + S D  level 100 P ~ SD level 100 P • S D  

mg/100cc  n C mg/100cc  n C mg/100cc  n -C mg/100cc  n 

V: hr  
1 hr  
2 hr  

24 hr  
28 hr 
72 hr  

189-224 3 106 __+ 9 6-28 3 125 -4- 48 40-100 3 109 • 28 172-318 3 20 • 18 
173-352 6 e 94 • 12 4-58 6 e 95 • 54 8-183 6 e 240 • 140 123-215 3 82 • 20 
156-240 2 62 • 51 7-68 2 63 • 75 58-206 2 114 • 22 207-235 2 62 -+- 48 
150-303 10 e 41 • 27 4-61 9,: 19 • 30 16-208 10 e 164 -4-- 225 116-237 4 25 • 22 
152-378 7e 36 __+ 31 4-51 6 e 4 -+- 9 8-176 7 e 136 • 82 
170-185 2 0 4 2 0 24-50 2 60 + 85 

a T i m e  f r o m  addi t ion of H20~ to insert ion of  cell in rotor .  An  addi t ional  17 min  p u m p d o w n  t ime and 
6 rain accelerat ion t i m e  elapsed before  rotor  was  up to speed. 

b p  = l ipoprotein concent ra t ion  in peroxide- t reated aliquot; C = l ipoprotein  concentra t ion in control  
aliquot.  The  m e a n  and s t andard  deviat ion of the indica ted  (n)  samples  are shown. The  SD includes var ia-  
t ion due to analytical  er ror  as well  as var ia t ion  a m o n g  samples in their  susceptibil i ty to degrada t ion  by 
peroxide.  

eThe n runs include 3 runs  wi th  pooled ch impanzee  low density l iproproteins.  The  remainder  of  the 
n runs  and  all n ' s  not  m a r k e d  e were m a d e  with h u m a n  l ipoproteins.  

o r  lipids to prevent autoxidation (10). The 
hypothesis was therefore entertained that per- 
oxidation of lipoproteins might occur in vivo 
either in serum or in cells in walls of arteries 
and cause loss of lipid-protein affinity, resulting 
in loss of lipid-solubilizing capacity of the 
apoproteins, and accumulation of lipid in 
plaques. 

To test one facet of this hypothesis, lipo- 
proteins were separated from serum by ultra- 
centrifugation. Aliquots of lipoproteins were 
then reacted with hydrogen peroxide, and 
analyzed for lipid and for lipoprotein content. 
Control aliquots of these same lipoprotein 
preparations were not reacted with peroxide, 
but were similarly analyzed for lipid and lipo- 
protein content. 

EXPERIMENTAL PROCEDURES 

Liproproteins were isolated from serum of  
human or chimpanzee subjects and measured 
quantitatively by the method of DeLalla and 
Gofman (11),  except that KBr was used in- 
stead of D20 to increase density (12) to 1.20 
for separation of high density lipoproteins at 
26 C. and 52,640 rpm. In one experiment 
three different pools of lipoproteins from chim- 
panzee sera were used (Table I ) .  In all other 
experiments human serum lipoproteins were 
used. Sufficient serum was obtained from each 
subject to permit  2 to 4 replicate preparative 
runs. The top fractions from the replicate 
preparative runs from a given individual serum 
sample were combined to yield a pool of low 
density (d _< 1.063) and another pool of high 
density (1.063 < d < 1.20) lipoproteins from 
each subject. Each such lipoprotein pool from 
individual serum sample was divided into at 
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least two 1.0 ml aliquots, to one of which was 
added 50 ~ of 12% aqueous H202 (final conc. 
= 186 mM).  To another 1.0 ml aliquot (the 
control) was added 50 )~ of water. 

Aliquots to be Used within 2 hr were left at 
room temperature (23-25 C.) until use. Ali- 
quots to be used later were refrigerated at 
8 C. immediately after H202 was added. One 
hour before use, they were withdrawn, warmed 
in H20 at room temperature, and left stand- 
ing until start of pumpdown for ultracentri- 
fugation. 

The effects of hydrogen peroxide in serum 
were also studied by adding 100 )~ of 12% 
H202 to 1 ml serum (final c o n c .  n 2 0  2 = 355 
raM).  To another 1 ml of the same serum 
was added 100 )~ H20 for a control. Both 
aliquots were processed identically thereafter 
for lipoprotein preparation and quantitative 
analysis. 

After incubation of either serum or lipo- 
protein fractions at room temperature for 
various periods of time, an aliquot of control 
and of peroxidized samples was taken for 
quantitative determination of lipoprotein levels. 
In all instances, care was taken to compensate 
for the volumes and densities of various solu- 
tions added and to adjust solution densities to 
1.063 or 1.20 for preparation and quantitative 
measurement of low and high density lipopro- 
teins, respectively. For instance, H202 (and 
I-I20) dilutions were prepared in DzO in order 
to permit subsequent adjustment to the desired 
density. 

Aliquots of control and peroxidized samples 
were also taken for extraction of lipids, sep- 
aration by chromatography over silicic acid, 
and quantitative determinations by previously 
described methods (13). In some instances, 
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FIG. 1. Effect of H_~O~ on low density liproproteins from pooled chimpanzee serum observed in fifth 
frame (33 min) of ultracentrifugal analytical runs. After addition of H~O (top row) or H~O2 (bottom 
row), aliquots stood for time intervals of (left to right) 1 hr at 23 C, 24 hr (1 hr at 23 C +  23 hr at 
8 C), or 48 hr (1 hr at 23 C +47 hr at 8 C) before start of run. 

aliquots of fractions from the columns were 
saponified and the methyl esters of fatty acids 
prepared and analyzed by gas chromatography. 
Phospholipid fatty acids were transmethylated 
by the method of Morrison and Smith (14).  
Methyl esters of the fatty acids in cholesteryl 
esters and triglycerides were saponified by the 
method of Metcalfe et al. (15),  and methylated 
by the method of Morrison and Smith (14). 
Accuracy of gas chromatographic analyses 
was determined by linearity testing with N I H  
Metabolism Study Section Fat ty  Acid Mixtures 
A-F. Fatty acids were identified by comparison 
with relative retention times of known stan- 
dards. A Loenco 70 Hi-Flex gas chromatograph 
with dual flame ionizaton detectors was used. 
Gas chromatography was effected with a 7 ft 
• �88 in. O.D. column packed with 20% DEGS 
on 60-80 mesh Chromosorb W silanized with 

HMDS (Loenco, Inc., Altadena, Calif.) and 
operated at 198 C. 

RESULTS 

Isolated lipoproteins were degraded by hy- 
drogen peroxide. The difference in schlieren 
patterns of control and peroxidized samples 
is presented in Fig. 1 and 2. All  those pat- 
terns were photographed during regular lipo- 
protein runs. Marked convective disturbances 
were apparent in the schlieren patterns of 
peroxide-treated aliquots after 1 hr contact 
with HzO2 (Fig. 1 and 2). The severity of 
convective disturbance usually was maximal 
after 4-24  hr contact with H202, after which 
the severity of the disturbance decreased. After 
peroxide addition, a progressive decrease in 
lipoprotein content was observed. This de- 
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FIG. 2. Effect of H20~ on high density lipoproteins from human serum observed 32 and 48 min (left 
and right, respectively, in each pair of photos) after start of ultracentrifugal analytical runs (11). After 
addition of H20 (A and B) or H202 (C and D), aliquots stood for time intervals of 1 hr at 23 C (A 
and C) or 1 br at 23 C plus 23 hr at 8 C (B and D) before start of run. 

crease is shown in the Sr 0-12 fraction over a 
48 hr period in Fig. 1 (cf. area between curves 
in bottom row vs. respective controls in top 
row). A marked decrease in the concentration 
of high density lipoproteins during a 24 hr 
period is shown in Fig. 2. 

The severe convective aisturbances evident 
in Fig. 1 and 2 were observed only in the 
peroxide-treated aliquots. Minor convective 
disturbances were observed in some controls. 
However, in samples where the lipoprotein had 
been markedly decreased by peroxide treat- 
ment, the convective disturbance was minor 
or even absent, whereas an aliquot of the same 
sample at an earlier time showed less loss of 
lipoprotein but greater boundary disturbance. 
The tentative explanation of this phenomenon, 
therefore, is that the convective disturbances 
are the result of breakdown of lipoprotein 
structure and actual separation of lipid and 
protein during the ultracentrifuge run, causing 
discontinuities in the boundaries of the migrat- 
ing lipoproteins: 

In the presence of the marked disturbances 
of convection, quantitative estimation of the 
various lipoproteins was grossly inaccurate. 

However, estimates were made using care to 
err on the side of overestimation, rather than 
underestimation of lipoprotein concentrations. 
The data recorded in Table I show that lipo- 
proteins were affected by hydrogen peroxide 
in the concentration used. The time of contact 
of H202 with the lipoproteins was obviously 
important. The decrease in lipoproteins after 
53 min contact with H202 at room temperature 
(plus 17 min pumpdown and 6 min rotor ac- 
celeration time) was minimal, with obvious ef- 
fects apparent only in the high density frac- 
tion. After 2 hr standing at room tempera- 
ture (plus pumpdown and acceleration time) 
the Sf 0-12 and St 12-20 fractions were also 
affected in some samples. After 24 hr (23 hr 
refrigeration at 8 C. + 1 hr at 23-25 C. plus 
pumpdown and acceleration time) only the Sr 
20-400 fraction appeared unaffected, but some 
of the products from the Sf 0-12 or Sf 12-20 
or both lipoproteins apparently were measured 
in the Sf 20-400 fraction. With further stand- 
ing, progressive decrease of lipoprotein frac- 
tions occurred until at 72 hr even the St 20-  
400 fraction was affected in most samples. 
These general relationships indicate that the 
order of sensitivity to H202 is high density 
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T A B L E  I I  

Lipoproteiu Levels  Af te r  Addition of  H~O'~ to Serum, 10 Sample  a 

St  0-12 St  12-20 S t  20-400 High  density 

Contro l  levels, mg/100cc  134 - 291 4 - 38 20 - 159 152 - 393 
M e a n  I00 X P • SD 101 • 5 96 ~+25 107 + 23 95 • 14 

aH20~ was  added to a final concent ra t ion  of  355 m M  to se rum and  allowed to s tand at r o o m  tem-  
pera ture  2 to 3 h r  before  used in a prepara t ive  l ipoprotein  run. Control  al iquots receive equal  vo lume  of  
H~,O instead of  H..,O2. 

lipoproteins > Sf 0-12 > Sf 12-20 > S~ 20-  
400. 

There were obvious differences in the extent 
of lipoprotein decreases effected by H202 when 
lipoproteins isolated from different subjects 
were compared. Such differences doubtless ac- 
count for some of the wide standard deviations 
in the means of the data of Table I. Since anti- 
oxidants or proteins in the serum might explain 
this different susceptibility to oxidation, the ef- 
fects of H202 added to serum were studied 
When H202 was added to serum and allowed 
to stand at room temperature up to 3 hr be- 
fore a preparative lipoprotein run, no change 
in lipoprotein levels was caused by H2Oz 
(Table II)  in serum samples as a group. How- 
ever, in a few serum samples the high density 
lipoproteins were decreased by H2Ov For  ex- 
ample, in one instance high density lipoprotein 
levels in duplicate controls were 281 and 336 
while levels in duplicate peroxide-treated ali- 
quots were 229 and 192. The low density lipo- 
protein levels of control and peroxide-treated 
aliquots of this serum, however, were not sig- 
nificantly different. 

To ascertain the chemical effects of H202 
on lipoprotein lipids, aliquots of isolated lipo- 
protein solutions treated with H202, but not 
used for ultracentrifugal analysis, were ex- 
tracted with chloroform-methanol (2:1)  and 
the lipids f ract ionated by column chromatog- 
raphy. The quantitative analyses of the various 
fractions, shown in Table III,  show a net de- 
crease in ester cholesterol and in trigIycerides 
as a consequence of reaction of H202 with 
lipoproteins. Phospholipids were little affected. 
The cholesteryl esters and triglycerides of the 
high density lipoproteins were reduced more 
than in the low density lipoproteins during 
comparable reaction times. There appeared to 
be an increase in free cholesterol at the ex- 
pense of cholesteryl ester in all except the 
markedly degraded high density lipoproteins 
after 4 hr reaction. 

To clarify this apparent hydrolysis of choles- 
teryl ester, cholesterol was determined by the 
FeC13 method (16) applied directly to the 
column eluates as well as t o  the digitonin pre- 
cipitates (17) obtained from the same column 
eluates after being hydrolyzed (to measure 

T A B L E  I I I  

Quant i ta t ive  Analyses of  Lipids  Ext rac ted  F r o m  Peroxidized and  Contro l  Aliquots  of Isola ted Lipoprote ins  

Phosphol ip id  
Cholesteryl  esters Free  cholesterol Triglycer ides  Phosphorus  

Control  Contro l  Contro l  Control  
React ion  levels, 100 X P • S D  levels, 100 X P +_ S D  levels, 100 )< P • SD levels, 100 X P + SD 

t ime a r ange  ~ -  range  ~ -  range  ~ -  range  ~ -  
hr  mg /100cc  mg/100ec  mg/100cc  mg/100cc  

Low density l ipoproteins  
1-2 33-113 53 • 32 15.0-41.7 160 -4- 45 24.0-111.0 79 __+ 21 1.34-4.50 95 ~__ 6 
n = 5  

4 101-116 91 +__ 1 37,6-42.9 118 ___ 10 29.0-103 100 ___ 2 3.43-4.5l 100 • 1 
n = 3  

72 87-114 24 _.+ 6 35.0-56.3 167 • 20 26.8-93.0 42 -4- 19 2.76-3.98 91 • 2 
n = 3  

High  density l ipoproteins  
1-2 14.3-41.3 20 • 8 6.9-14.2 151 -4- 81 3.4-9.1 52 __+ 21 1.26-3.14 87 +_ 8 
n = 6  

4 11.9-17.2 14 ___ 1 2.8-5.6 32 +__ 23 2.4-4.9 58 -~ 15 1.22-1.44 108 +_ 5 

aSee footnotes  on Table  I.  Values  are m e a n  ~+ SD of  n u m b e r  of  exper iments  indicated by (n ) .  Condi t ions  
of  peroxide t rea tment  are described in legend of  Table  I. Reac t ion  t imes  are the t imes that  elapsed af ter  
addi t ion of  H20~ before  extract ion wi th  ch loroform-methanol  (2 :1 )  was commenced .  
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T A B L E  IV 

Fatty Acid Composi t ion  of Lipoprote in  Associated Lipids  

Fa t ty  Acid a Cholesteryl Ester Phosphol ip id  Triglyceride Free-Cholesterolb 

L D L  H D L  L D L  H D L  L D L  L D L  H D L  
C P C P C P C P C P C P C P 

Concentrat ions by area per cent 

16:0 11.6 12.7 18.0 45.4 31.2 34.1 41.7 39.6 31.1 29.9 29.5 
16:1 3.6 4.4 6.1 10.3 1.6 1.8 3.1 6.0 3.9 4.6 7.8 
18:0 0.8 1.0 1.6 9.9 14.3 15.3 19.0 13,2 4.7 4.6 8.1 
18.1 20.5 22.0 27.7 25.3 11.9 11.8 15.7 10.6 38.9 34.5 27.6 
18:2 51.9 50.4 39.7 - -  20.0 19.4 13.8 - -  13.0 12.6 12.9 
20:4 8.4 6.9 3.5 - -  10.6 9.1 1.6 - -  - -  - -  2.1 

Concentrat ions by mg/100cc e 

16:0 12.2 12.3 3.1 1.I 1.1 1.2 0.6 0.6 9.0 8.6 
16:1 3.8 4.3 1.1 0.3 0.1 0.1 0.0 0.1 1.1 1.3 
18:0 0.8 0.9 0.3 0.2 0.5 0.5 0.3 0.2 1.4 1.3 
18:1 21.5 21.4 4.8 0.6 0.4 0.4 0.2 0.2 11.3 9.9 
18.2 54.5 48.9 6.8 - -  0.7 0.7 0.2 - -  3.8 3.6 
20.4 8.8 6.7 0.6 - -  0.4 0.3 0.0 - -  ~ - -  

26.0 31,3 38.5 
5.7 5.7 7.2 
7.7 10,7 1926 

31.4 25.0 14.8 
16.1 6.8 0.8 

3.8 ~ - -  

aIdentif icat ion of fatty acids by retention times is only tentat ive because of possible modif icat ion of 
fatty acids by HeO2. 

b lncludes  free fatty acids, di- and monoglycerides, and modified cholesteryl esters. 

eTota l  fatty acid content of the l ip id  extract was determined by t i t ra t ion of a saponified aliquot.  Fat ty 
acid composi t ion (by area per cent) was determined in another al iquot  analyzed by GLC.  Total  fatty acid 
content in mg/100cc was mult ipl ied by area per cent concentrat ion for  each fatty acid to compute mg/100cc 
concentrat ion of  each indiv idual  fatty acid. 

C = control  sample; P = H~O2 treated sample. L D L  = low density l ipoprotein;  H D L  = high density 

l ipoprotein.  

total cholesterol) or not hydrolyzed (to mea- 
sure free cholesterol). 

This increase in the free cholesterol eluate 
was detected by the FeC13 method applied 
both to the column eluate and to the digitonin 
precipitate obtained after saponification of the 
column eluate. However, the cholesterol pre- 
cipitated by digitonin from the free cholesterol 
eluate from the column showed two significant 
relationships. (a) In the control sample the 
cholesterol precipitated by digitonin was the 
same before (1!2  mg/100cc)  and after (112 
mg/100cc)  saponification. The c h o l e s t e r o l  
eluted in this fraction, therefore, was all non- 
esterified. Furthermore, the amount precipi- 
tated was statistically not different from that 
measured by the FeC13 procedure applied to 
the eluate ( 114 mg/100cc)  without precipita- 
tion with digitonin. This finding demonstrates 
that in the column chromatography of normal 
serum lipids, the free and ester cholesterol 
were cleanly separated. (b) In the free choles- 
terol fraction of the peroxide-treated lipopro- 
tein extract, the concentration of cholesterol 
precipitated by digitonin (114 mg/100cc)  was 
the same as in the normal sample. This agree- 
ment shows that the levels of free cholesterol 
were the same in these samples. However, 
saponification followed by digitonin precipita- 
tion yielded a higher cholesterol level (126 
mg/100ce) in the peroxidized sample. Evi- 
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dently the peroxide had attacked some choles- 
teryl esters and produced more polar deriva- 
tives, which were eluted from the column with 
the free cholesterol. The cholesterol in these 
escaped precipitation by digitonin when hy- 
drolysis was omitted, but was precipitated by 
digitonin after hydrolysis. The increase in 
cholesterol (14 mg/100cc)  concentration due 
to these peroxidized esters in the free fraction 
was slightly less than the decrease in concen- 
tration (25 mg/100cc)  in the ester fraction 
but the agreement was satisfactory. The results 
of two additional experiments have substan- 
tiated these relationships. 

With the high density lipoproteins, loss of 
cholesterol was greater than with low density 
lipoproteins. This fact is further evidence that 
the high density lipoproteins were the more 
susceptible to degradation by H202. In the un- 
fractionated extract of these lipoproteins, the 
concentrations of cholesterol measured by the 
FeC13 method applied directly to the extract 
were higher than the level measured after hy- 
drolysis and precipitation by digitonin. Never- 
theless, the cholesterol loss, indicated by the 
differences between the levels in control and 
peroxidized samples, was the same by both 
procedures. This loss was approximately equal 
to the sum of the losses in cholesteryl ester 
and free fractions eluted from the column. In 
contrast with the less drastic effects with the 
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low density lipoproteins, the peroxidized cho- 
lesteryl esters from high density lipoprotein 
were not eluted with the free cholesterol frac- 
tion. Probably the degraded esters were so 
polar that they remained on the column and 
thereby escaped detection while free cholesterol 
was eluted. Essentially these same relationships 
were found in a replicate experiment with an- 
other high density lipoprotein sample. 

In some experiments, gas chromatography 
of the methylated fatty acids present in the 
fractions eluted from the columns was carried 
out. The results are presented in Table IV. As 
would be predicted, the highly unsaturated 
fatty acids were most affected by H202. The 
per cent loss was greatest with aracbidonate 
and decreased as the number of double bonds 
decreased until, with the fully saturated C~6 
and C~8 acids, there was no loss (compare 
mg/100cc of 16:0 and 18:0 in various frac- 
tions from C and P aliquots). As was ob- 
served in the quantitative studies with lipopro- 
teins and with lipids separated on columns, 
the extent of loss was greatest in the high den- 
sity lipoproteins. 

DISCUSSION 

The data presented above demonstrate that 
H,_,O~ added to isolated lipoproteins in vitro 
caused degradation of lipoproteins; the high 
density fraction being most extensively affected. 
This degradation was reflected in loss of lipids 
extracted from the lipoproteins. Phospholipids 
and triglycerides were not affected much, but 
cholesteryl esters were extensively peroxidized 
by contact with HzO._, for 4 hr. The observa- 
tions on the cholesteryl esters indicated that 
HzO2 caused formation of derivatives (hydro- 
peroxides of fatty acids or modified choles- 
terol?) which required a more polar solvent 
to bring about their elution from silicic acid 
columns. When the lipid extracts of peroxi- 
dized lipoproteins were separated by chroma- 
tography over silicic acid and the eluates ana- 
lyzed by GLC, the loss of fatty acids, listed 
in order of decreasing loss, was arachidouic > 
linoleic > oleic > stearic and palmitic. In 
fact, there was little or no loss of stearic or 
palmitic acid even under conditions where all 
arachidonic and linoleic acid were lost. 

The loss of unsaturated fatty acids is con- 
sistent with the hypothesis that they were 
peroxidized and polymerized into ceroid or 
ceroid-like pigments. Since the treatment of 
the extracts included evaporation to dryness 
at one point and since at that point the peroxi- 
dized sample extract always turned brown 

whereas the control extract did not, the ceroid 
was apparently formed at that point in the 
peroxidized extract. This assumption is con- 
sistent with the fact that the peroxidized lipid 
fractions suffered selective losses of polyunsat- 
urated fatty acids, while the saturated acids 
were much less affected. These facts suggest 
that H20,, caused formation of hydroperoxides 
from the unsaturated fatty acids, and that these 
were polymerized into ceroid pigment under 
the conditions of evaporation of the aliquot of 
the filtrate. Since ceroid is not soluble in the 
usual lipid solvents, the peroxidized unsat- 
urated lipids would be missing from subsequent 
hexane extracts of the residue. 

The effects of H20~. addition to serum were 
much less marked than the effects on solutions 
of isolated lipoproteins. These effects, however, 
were measured with the ultracentrifuge. Rob- 
inson and Nelson (18) have shown this meth- 
od to be much less sensitive than absorption 
spectra as an indicator of lipid peroxidation. It 
is assumed that the differences in susceptibility 
of individual serum samples to degradation by 
H~O._, reflect the fact that serum contains pro- 
teins, glutathione, ascorbic acid and tocoph- 
erols. This assumption is supported by the re- 
suits of preliminary experiments which indicate 
that addition of ascorbic acid to isolated lipo- 
proteins protect them from degradation by 
H20._,, as previously reported by Ray et al. 
(10).  

Since the fat soluble vitamins are associated 
with the lipoproteins (19),  their protective ac- 
tion should not be lost in the isolated lipo- 
proteins. However, since the low density 
lipoproteins were isolated before the high 
density lipoproteins, the latter may have been 
deficient in this biological antioxidant. If so, 
the greater degradation effected by peroxide 
treatment of the high density fraction would be 
expected. 

The experimental data show that in vitro 
H~O., is capable of effecting changes in unsat- 
urated lipids and a decrease in the mutual af- 
finity of protein and certain lipids, particularly 
cholesterol esters. With isolated lipoproteins 
at 23 C. these effects were apparent, hut with 
serum they were minim'ft. The question there- 
fore arises whether this process occurs in vivo 
and causes loss of affinity between lipid and 
protein components of the serum lipoproteins. 
If so, it could be a mechanism in plaque for- 
mation in vivo. If excess peroxide does indeed 
play a role in vivo, this peroxide would have 
to act on serum lipoproteins in order to ac- 
count for the separation of cholesterol from the 
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sertrm lipoprotein complex. The most likely 
places for such a reaction would appear to be 
where the oxygen tension is highest in the 
lungs, in the blood soon after it leaves the 
lungs, or in the cells lining the arterial vascula- 
ture. The separation of lipid from lipoprotein 
could then deposit lipid in or on the vascula- 
ture. Such a mechanism is consistent with the 
observation that atherosclerosis is almost ex- 
clusively a phenomenon of the arterial system 
and is rarely found in the venous system. 
Various other lines of evidence suggest an 
association of atherosclerosis with lipid per- 
oxidation. The finding of lipid peroxides and 
ceroid pigment in atherosclerotic plaques has 
been cited above. The protective effect of ad- 
ministration of peroxidase reported by Cara- 
vaca et al. (8) could be interpreted to mean 
that peroxide destruction helped prevent ather- 
osclerosis. 

Evidence provided by Cohen and Hochstein 
(20) shows that the primary mechanism for 
the reduction of H202 in erythrocytes utilizes 
reduced glutathione and is linked to glucose 
metabolism through N A D P H  (DPNH)  pro- 
duced in the hexosemonophosphate shunt. The 
supply of reduced cofactor, NADPH,  was 
therefore critical to maintenance of the supply 
of reduced glutathione, which in turn func- 
tioned as a cofactor in the reduction of H202. 
Consequently, if H202 accumulation were to 
cause lipoprotein oxidation in vivo, this effect 
should be exacerbated under conditions which 
reduce the supply of NADPH.  In this connec- 
tion it may be significant that Kirk  (21) found 
a decrease in glucose-6-phosphate dehydro- 
genase activity of arteriosclerotic vs. normal 
tissue in both aorta and coronary artery. Ac- 
tivity of this enzyme is inhibited in liver and 
red blood cells by long chain fatty acid CoA 
derivatives (22) and in the liver by diabetes 
(22) and fat feeding (23).  The level of long 
chain acyl CoA derivatives is elevated in both 
heart and liver of rats by alloxan diabetes or 
fat feeding (24).  Since both diabetes and a 
high fat diet are associated with increased risk 
of atherosclerotic heart disease, the tentative 
working hypothesis is entertained that in vivo a 
relative excess of peroxide, probably linked to 
a relative deficiency in N A D P H ,  may cause 
oxidative changes in lipoproteins, decrease 
lipid-protein affinity and thereby contribute to 
the development of atherosclerosis. 

While much more experimental evidence is 
required to evaluate the role of this postulated 
mechanism in vivo, the results of in vitro per- 
oxidation studies reported above are compati- 
ble with the hypothesis. 
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Characterization of Naturally Occurring 
a-Hydroxylinolenic Acid' 
C. R. SMITH, JR. and I. A. WOLFF, Northern Regional Research Laboratory, 2 
Peoria, Illinois 61604 

ABSTRACT 

The seed oil of Thymus vulgaris L. 
(Labiatae) contains 13% of a new un- 
saturated hydroxy fatty acid which has 
been characterized as a-hydroxylinolenic 
acid. This oil also contains the previously 
unknown norlinolenic (all-cis-8,11,14-hep- 
tadecatrienoic) acid ( 2 % )  and linolenic 
acid ( 5 5 % ) .  The co-occurrence of these 
three acids suggests that the C17 acid is 
biosynthesized by a-oxidation of linolenic 
acid. 

INTRODUCTION 

During a survey of seed oils of the Labiatae 
(mint family) ,  Hagemann et al. (1)  detected an 
unfamiliar hydroxy acid in oils of three Thymus 
species. According to their GLC data, the 
methyl ester of this acid had equivalent chain 
length (EEL)  values of 18.7 (Apiezon L) and 
23.8 (Resoflex). These E e L  values led Hage- 
mann et al. to suggest a Car-hydroxy acid on 
the basis of  the parameters of Miwa et al. (2).  
Apparent ly  no such acid had been described 
in the literature. The present paper describes 
the isolation and characterization of the new 
hydroxy acid from Thymus vulgaris seed oil 
and shows that it is an 18-carbon compound. 

T. vulgaris (common thyme) is a small 
shrub, native to the Old World. I t  has been 
used as a garden ornament and as a sweet 
herb in cookery (3) .  

EXPERIMENTAL PROCEDURES AND RESULTS 

General Methods 

Esterifications and transesterifications were 
carried out as follows. Samples were refluxed 
1 hr in a large excess of methanol containing 
1% sulfuric acid (v /v ) .  In each case, resulting 
mixtures were diluted with water, chilled in an 
ice bath, and then extracted repeatedly with 
petroleum ether (bp 30-60 C) .  Combined ex- 
tracts were dried over sodium sulfate and 
evaporated in vacno. GLC analyses were per- 

aPresented at the AOCS-AACC Joint  Meeting, Washing- 
ton, D. C., April  1968. 

ZNo. Utiliz. Res. Dev. Div., ARS, USDA. 
~ln this context, S----saturated, 1----one double bond, 

II ~ t w o  double bonds, I I I =  three double bonds. 

formed as described by Miwa et al. (2) .  
Analytical TLC was performed on plates 

coated with Silica Gel G. The solvent system 
hexane-diethyl ether-acetic acid (70 :30 :1)  was 
used. Spots were visualized by charring the 
plates with sulfuric acid-chromic acid, or by 
viewing them under ultraviolet (UV) light after 
spraying with dichlorofluorescein. For  prepara- 
tive TLC work, layers 1 mm thick were used. 

Infrared ( IR)  spectra were determined with 
a Perkin-Elmer Model 137 or Model 337 in- 
strument on 1% solutions in carbon tetra- 
chloride unless otherwise specified. Optical  ro- 
tatory dispersion (ORD)  curves were recorded 
with a Cary Model 60 spectropolarimeter. Nu- 
clear magnetic resonance (NMR)  spectra were 
obtained with a Varian HA-100 spectrometer 
on 1% deuteriochloroform solutions. Melting 
points were determined with a Fisher-Johns 
block and are uncorrected. 

Preparation of Mixed Methyl Esters 

Coarsely ground seeds of T. vulgaris L. (41.4 
g) were extracted overnight in a Soxhlet ap- 
pa ra tus  with petroleum ether (bp 30-60 C) .  
Upon evaporation of solvent, 11.9 g of oil was 
obtained. The residual meal was dried, ground 
finely and reextracted. An additional 1.21 g 
of oil was thus obtained. 

A 12.0 g portion of the oil was converted to 
a mixture of methyl esters by transesterification. 
According to GLC analysis, these esters had 
the following composition 3 (expressed as area 
per cent) :  C16S, 4.8; C17III, 2.1; C18 S, 1.8; 
Clf l ,  7.7; CzslI, I2.4; Cz8III, 57.4; and hydroxy 
ester, 13.3. The hydroxy ester had equivalent 
chain length (EEL)  values of 18.7 (Apiezon L 
column) and 23.8 (Resoflex column).  The 
component designated CI~III had E e L  Values 
of 16.6 (Apiezon L) and 18.8 (Resoflex). TLC 
analysis of these esters revealed a component 
with approximately the same Re as methyl 
ricinoleate. 

Countercurrent Distribution of Methyl Esters 

Countercurrent  distribution (CCD) of  T, 
vulgaris mixed methyl esters was carried out 
with an acetonitrile-hexane system by the gen- 
eral procedure of  Scholfield et al. (4) ,  A 10.8 
g portion of the mixed esters was distributed 
among the first 4 tubes of a 200-tube Craig- 
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FIG. I. IR spectrum of methyl a-hydroxylin- 
olenate (Ib). 

Post apparatus. Ten milliliters of upper phase 
and 40 ml of lower phase were used through- 
out the distribution. After  the 200 fundamen- 
tal transfers had been completed, upper phases 
were decanted into a fraction collector; two 
transfers were combined per tube in this cot- 
lector. A total of 700 transfers was applied. 

The hydroxy ester ( Ib) ,  a colorless liquid, 
was concentrated in tubes 60 to 110 of the 
fundamental tubes of the machine with the 
peak at tube 85; G L C  analyses indicated that 
it was obtained at least 9 9 %  pure. The IR 
spectrum of Ib appears in Fig. 1. Its N M R  
spectrum is summarized in Table I and repro- 
duced in Fig. 2, and its ORD curve is seen in 
Fig 3. 

The C~7- and Cls-trienes were isolated from 
appropriate tubes in the decant series; pertinent 
data concerning selected tubes are summarized 
in Table II. The C17-triene (VIII)  was obtain- 
ed as a colorless liquid; its N M R  spectrum is 
summarized in Table I. The IR spectrum of 
VII I  showed neither trans C = C  absorption 
(965 cm -1) nor hydroxyl absorption. 

T A B L E  I 

N M R  Spectra  of Methyl  2-Hydroxy-cis-9,cis-12,cis-15- 
Octadeca t r ienoate  ( I b )  and Methyl  cis-8,cis-11,cis-14- 

Heptadeca t r ienoa te  ( I I I )  

N u m b e r  of 
r -Value,  protons  

Ass ignment  ppm Ib I I I  

CH3, fl to  double bond  ( tr iplet)  9.04 3 3 
CH2, shielded (s inglet)  8.68 10 8 
CHz, a to double bond  7.96 4 4 
CH2, a to carboxyl ( t r iplet)  7.71 2 
CH~, diallylic (apparen t  t r iplet)  7.26 "'4 4 
OCHa (s inglet)  6.3-6.4 3 3 
C H - O H ,  proton at tached to carbon,  

a to carboxyl (apparen t  s inglet)  5.97 1 
Olefinic H (mult iple t )  4.6--4.7 6 "6 

31 a 30 Tota l  protons  

a D o e s  not include hydroxyl  proton.  

Ln, ms, VOL. 4, NO. 1 

Catalytic Hydrogenation of Unsaturated 
Hydroxy Ester (Ib) 

Ester Ib (0.190 g) was hydrogenated at 
ambient temperature and atmospheric pressure 
in 50 ml of methanol with platinum oxide 
catalyst. The saturated product ( I I ) ,  0.184 g, 
nap 51-52 C, was recrystallized from hexane. 
The product (0.079 g) had mp 52-53 C and 
ECL values of 19.2 (Apiezon L) and 22.3 
(Resoflex). The IR spectrum of II  was very 
similar to that of Ib, except in the C-H stretch- 
ing region. The ORD curve of II had the fol- 

25 o lowing characteristics: [ ]~so -2.1 , [~]55o -3.2~ 
[~]~oo-4-3~ [~]4oo-9.8~ [a]~5o-18.8~ [5]300 
-41:2  ~ (c. 0.93, chloroform).  

Reductive Deoxygenation of Saturated 
Hydroxy Ester (11) 

Saturated ester I I  (70.0 nag) was refluxed 
24 hr with 6 ml of 48% hydriodic acid and 50 
mg of red phosphorus. The mixture was di- 
luted with water and extracted repeatedly with 
petroleum ether. After  having been dried with 
sodium sulfate, the combined extracts were 
evaporated. The oily residue was refluxed 1 
hr with 5 ml of methanol, 1 ml of concen- 
trated hydrochloric acid and 0.20 g of granu- 
lated zinc. Evaporation of extracts provided 
a product  (23.3 nag) that was shown by GLC 
analysis to be essentially pure methyl stearate 
(HI) .  

Lithium Aluminum Hydride Reduction 
of Saturated Hydroxy Ester (11) 

The saturated hydroxy ester II  (45.0 rag) 
was reduced with excess lithium aluminum hy- 
dride in ethyl ether. Excess hydride was de- 
stroyed with wet ether and precipitated matter 
was brought into solution with hydrochloric 
acid. The organic layer afforded 31.5 mg of 

T A B L E  I I  

Compos i t ion  of Selected C C D  Frac t ions  (De te rmined  by 
G L C  and expressed as area  percent)  

Transfers  Weight ,  
completed m g  % C l d l l  % C~sII'I 

400 6.0 
420 21.1 
440 80.5 
460 150.7 
480 145.1 
500 86.1 
520 36.1 
540 15.0 
560 7.7 
580 5.1 
602 2.0 
620 1.2 
640 0.8 

14.3 85.7 
78.2 21.2 
89.5 10.1 
85.0 8.5 
33.3 16.7 
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FIG. 2. 100 MHz. NMR spectrum of methyl a-hydroxylinolenate (Ib). 

amorphous, glassy material ( IV) .  Attempts to 
crystallize IV were without success. 

Permanganate-Periodate Oxidations 

Oxidative cleavages were carried out by yon 
Rudloff's permanganate-periodate method, spe- 
cifically the modification in which t-butyl al- 
cohol is used as a cosolvent (5).  

Hydroxy Ester (lb). A 40.0 mg portion of 
Ib yielded acidic cleavage fragments, which 
were analyzed per se by GLC. Propionic acid 
(VI)  was the major monocm'boxylic acid de- 
tected. The cleavage products were converted 
to methyl esters (13.0 mg) which were ana- 
lyzed by GLC. The major cleavage product 
(VII )  identified had ECL values of 12.7 (Apie- 
zon L) and 20.5 (Resoflex). 

1,2-Diol (IV). Oxidation products derived 
from IV were converted to methyt esters and 
analyzed by GLC. Heptadecanoic acid (V) 
was revealed as the major cleavage product 
isolated; small amounts of C16S and of some 
unidentified components also were noted. 

Cl<Triene (VIII). A 22.1 mg portion of 
VIII,  85-90% pure by GLC, was oxidized to 
acidic cleavage products, which were analyzed 
by GLC. Propionic acid was the principal 

fragment identified. The acidic cleavage prod- 
ucts were converted to methyl esters. Accord- 
ing to GLC analyses, the esterified product 
was 82.7% octanedioate and 15.3% non- 
anedioate. 

Hydrogenation of C~7-Triene 

Ester VIII,  90% CaTIII by GLC, was hydro- 
genated essentially as described for Ib. The 
product, a low melting solid, was 91.2% 
methyl heptadecanoate. 

0 
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-40 

( 

-60 
I L I I 

300 350 400 450 500 550 
Wavelength, nip 

Fro. 3. ORD curve of methyl a-hydroxylinolen- 
ate (Ib) (c. 4.5, methanol). 
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Chromium Trioxide Oxidation of Saturated 
Hydroxy Ester (Ill 

Ester II was oxidized by the method of Boast 
and Polgar (6) ,  except that a longer reaction 
time was used. II  (114 mg) was dissolved in 
2 ml of glacial acetic acid and was treated 
with a solution of 77.5 mg of chromium triox- 
ide in 1 ml of acetic acid-water (1 :1) .  The 
mixture was heated I hr at 65 +_ 5 C, then 
poured into ice water and extracted repeated- 
ly with petroleum ether. The combined extracts 
were dried over sodium sulfate. The product 
(101 rag) was obtained by evaporating the 
solvent in vacuo. The IR spectrum of this prod- 
uct showed maxima at 1710, 1730 and 1750 
em -1 as well as features in the carbon-hydrogen 
stretching region that indicated free carboxylic 
acid. This product was subjected to prepara- 
tive TLC. Two bands were visualized and were 
removed from the plate with a Goldrick-Hirsch 
aspirator. Samples were eluted from the re- 
spective silica bands with ethyl ether. F rom 
the slower moving band was obtained 15.7 rag, 
62.6% C,~S and 34.5% C~,S as shown by GLC 
of the corresponding methyl esters. The faster 
moving of the two bands (44.2 mg) had IR 
maxima at 1740, 1760 and 1780 cm-L 

Sodium Borohydride Reduction of Fraction 
From Preparative TLC 

The faster moving of the two TLC fractions 
from oxidation of ]I (preceding paragraph) 
was dissolved in 10 ml of methanol. Sodium 
borohydride (0.15 g) suspended in 5 ml of 
methanol was added and the mixture was re- 
fluxed 2 hr, then chilled, acidified with hydro- 
chloric acid, and extracted repeatedly with pe- 
troleum ether. Upon evaporation of solvent, 
29.6 mg of material was obtained which was 
treated under esterification conditions with 
I% sulfuric acid in methanol. The product 
thus provided was chromatographed on a pre- 
parative silica plate. Two bands were visualized 
and were eluted from the silica with ethyl ether. 
The faster moving of these two bands yielded 
3.7 rag. mp 60-64 C, whose IR spectrum was 
identical with that of I1. The slower moving 
fraction yielded 7.8 mg whose IR spectrum (in 
CHCI:~) had strong hydroxyl absorption at 
3590 and 3630 cm -x, but no carbonyl peak. 
This material was not characterized further. 

DISCUSSION 

When analyzed by GLC, the methyl ester 
( Ib)  of the hydroxy acid from T. vulgaris seed 
oil had ECL values such that Hagemann et al. 
(1)  suggested a C ,  structure. Similarly, the 

ECL values for II, our hydrogenation product 
from Ib, seemed too low for a C1~ hydroxy 
ester. However, when Ib was hydrogenated 
and then reduced with hydrogen iodide-phos- 
phorous, the product was methyl stearate ( I I I ) .  
Thus, it was proved that Ia and II have a nor- 
mal C1~ carbon skeleton. Tulloch (7) com- 
pared the GLC retention times of the entire 
series of isomeric methyl hydroxyoctadecano- 
ates on both polar and nonpolar liquid phases. 
He found that the 2 isomer had shorter reten- 
tion times than any other of the series, especial- 
ly on a polar column (ethylene glycol suc- 
cinate).  In the light of his data, the observed 
ECL values were consistent with an a-hydroxy 
ester structure for Ib and II. 

The IR and N M R  spectra of Ib (Fig. 1 and 
2) and of its hydrogenation product ( I I )  like- 
wise indicated an a-hydroxy ester structure. The 
IR spectra of Ib and II  have pronounced maxi- 
ma at 1110, 1210, and 1265 cm -1 that are in 
accord with those of known a-hydroxy esters, 
but differ markedly from IR spectra of "typical" 
methyl hydroxy esters, e.g., methyl ricinoleate. 
The hydroxyl absorption which occurs as a 
single, sharp peak at 3550 cm -1 is distinctive. 
The N M R  spectra of Ib and I showed a signal 
at 75.97 (broad singlet), associated with the 
proton attached to carbon in a CHOH group ,~ 
to a carboxyl (8) ,  but lacked the triplet at 
r7.7, characteristic of a CH~ group a to a 
carboxyl (9).  Both IR and N M R  spectra of 
lb have features that indicate the presence of a 
series of c/s-double bonds with methylene in- 
terrupted spacing. In the IR spectrum there 
is no maximum at 965 cm -1 that would indi- 
cate a trans double bond. The NMR spectrum 
(Table I) shows four protons in methylene 
groups flanked by double bonds (77.26). 

Catalytic hydrogenation of Ib provided sat- 
urated methyl ester II. Failure of Ib to under- 
go oxidative cleavage at the a carbon with per- 
manganate-periodate is not entirely unexpected 
since a-hydroxy acids are oxidized only very 
slowly by periodic acid ( I 0 ) .  In contrast, 
ester IV, the lithium aluminum hydride reduc- 
tion product of II, was readily degraded by 
permanganate-periodate. Heptadecanoic acid 
(V) was the major isolable cleavage product. 
This transformation further supported the ~- 
hydroxy formulation for Ia. 

Oxidation of Ib with permanganate-periodate 
afforded propionic acid (VI)  and a-hydroxy- 
nonanedioic half ester (VII) .  These cleavage 
products place double bonds at positions 9 
and 15. Since the sharp triplet centered at 
79.04 is characteristic of a methyl group fl to 
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a double bond, as in methyl linolenate, the 
N M R  spectrum of Ib likewise indicates a 
double bond in the 15 position. The apparent 
triplet at r7.96, which has an area equivalent 
to four protons, established the presence of 
two methylene groups flanked by double bonds. 
Consequently, Ib is a 9,12,15-triene and Ia may 
be termed a-hydroxylinotenic acid. 

Unsaturated ester Ib in methanol solution 
showed a plain negative ORD curve, as did its 
saturated counterpart  ( I I )  in chloroform solu- 
tion. Apparently,  the rotation of an optically 
active methyl 2-hydroxyoctadeeanoate has not 
been recorded in the literature, except in a 
paper by Horn  et al. (11).  Even in this case, 
their compound (derived from wool wax) was 
mixed with a branched-chain isomer. However, 
Horn et al (11,12) isolated pure, optically ac- 
tive methyl esters of 2-hydroxytetradecanoic 
and 2-hydroxyhexadecanoic acids; the observed 
rotation for each was [aid --3.6~ in chloroform, 
a value close to that of II. On this basis, we 
make a strictly tentative assignment of the D- 
configuration to Ia and Ib. Morris and Hall 

(13) recently assigned the D-configuration to 
naturally occurring 2-hydroxysterculic acid on 
similar grounds. The assignment of absolute 
configuration to compounds with weak optical 
activity can be hazardous, since the sign of 
rotation may not be the same in different sol- 
Vents (12,14-16) .  The rotations of some of 
these compounds show a concentration depend- 
ence such that they may change sign even 
with the same solvent (15).  

GLC analyses of the mixed methyl esters of 
T. vulgaris oil indicated the presence of 2% 
of an unfamiliar component  with ECL values 
that were compatible with a Car homolog of 
methyl linolenate. Such an ester was indeed 
isolated from appropriate CCD fractions, Be- 
cause of its shorter chain length, a C17-triene 
would be expected to be slightly less mobile in 
the hexane-acetonitrile solvent system than 
linolenate. In actual practice, the peak for 
linolenate occurred at 470 transfers, and for 
the C17-triene at 560 transfers. 

Hydrogenation of the C17-triene (VIII )  pro- 
duced methyl heptadecanoate and thus demon- 
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strated that VII I  has a normal C17-skeleton. 
Permanganate-periodate oxidation of VII I  yield- 
ed propionic acid and octanedioic acid half 
ester. These observations, together with the 
IR and N M R  spectra of VIII,  supported the 
conclusion that VI I I  is the methyl ester of all- 
cis-8,11,14-heptadecatrienoic acid. Particularly 
important  features of the N M R  spectrum of 
VII I  were the sharp triplet at 79.04 (3 protons, 
methyl group/~ to double bond) ,  and the trip- 
let at 77.26 (4 protons, methylene groups flank- 
ed by double bonds).  VIII  may be termed 
"norlinolenic" acid to emphasize its relationship 
to linolenic. 

a-Oxidation of fatty acids in higher plants is 
now a well established biochemical process 
(17).  Working with solutions of dried pea- 
leaf powder, Hitchcock et al. (18) have just 
demonstrated that the preferred intermediate 
a-hydroxy acid has the L-configuration. The 
corresponding D-isomer also is formed, but  is 
not readily degraded by enzymes in this system 
and, consequently, accumulates. In contrast, 
the L-isomer disappears rapidly as the a-oxida- 
tion reaction proceeds (19).  Although a-hy- 
droxy acids occur generally as components of 
cerebrosides and other sphingolipids, only re- 
cently have any been found as a glyceride con- 
stituent in a seed oil. Morris and Hall (13) 
isolated appreciable amounts of 2-hydroxyster- 
culic acid from seed oils of Pachira insignis and 
Bombacopsis glabra. These workers pointed 
out that if malvalic acid is formed by a-oxida- 
tion of sterculic, an a-hydroxy acid would be 
expected as a biosynthetic intermediate. Al- 
though sterculic and malvalic acids commonly 
occur together, such an intermediate had not 
been detected previously. The co-occurrence 
of linolenic, ~-hydroxylinolenic and norlinolen- 
ic acids in Thymus seed oil suggests an analo- 
gous degradation which involves Ia (or its 
optical antipode) as an intermediate. 

To our knowledge, the melting point of an 
optically active methyl 2-hydroxyoctadecanoate 
has not been reported. Our optically active 
sample of II  has mp 52-53 C, substantially be- 
low the value reported for the corresponding 
racemate, mp 65.7-65.9 C (20). In  order to 
clarify these melting point relationships, steps 
were taken to convert II to a racemate by an 

oxidation-reduction sequence. II  was oxidized 
with chromium trioxide in acetic acid, and the 
resulting oxidation product was reduced with 
sodium borohydride The oxidation step was 
not straightforward and products had to be 
purified by preparative TLC at two stages in 
the reaction sequence. Although the overall 
yield was low, a dramatic increase in melting 
point was demonstrated since the racemic ester 
isolated had mp 60-64 C. 
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Cis-11-Hexadecenoic Acid From Cytophaga hutchinsonii kipids 1 

ROBERT W. WALKER, Institute of Agricultural and Industrial Microbiology, Department of En- 
vironmental Sciences, University of Massachusetts, Amherst, 01002 

ABSTRACT 

The principal fatty acid ( 9 0 + % )  of 
the monoene fraction of Cytophaga hutch- 
insonii has been identified as cis-ll-hexa- 
decenoic acid. This fatty acid, which con- 
stitutes 29% of the total lipid fatty acids, 
is located principally in the phosphatidyl 
ethanolamine fraction. 

INTRODUCTION 

T HE LIPIDS OF THE MYXOBACTERIA have been 
little investigated (1,2).  During the course 

of studies characterizing the lipids of Cyto- 
phaga hutchinsonii (2) ,  a novel unsaturated 
fatty acid was found. This communication de- 
scribes the characterization of this fatty acid. 

METHODS 

Growth of Cytophaga hutchinsonii 

Cytophaga hutchinsonii, obtained from Kath- 
erine Middleton, San Francisco State College, 
was cultivated in a salts, glucose medium (Ta- 
ble I ) .  The medium was dispensed in 3 liter 
Fernbach flasks and sterilized. Sterile glucose 
and a 10% inoculum of rapidly growing cells 
in growth medium were added to the sterile 
medium. Flasks Were incubated at 27 C for 
four to five days on a rotary shaker (G-52 New. 
Brunswick Scientific Co., N. J.) .  Cells were 
harvested by centrifugation and stored frozen 
at -20 C until lyophilized. 

Extraction 

Freeze-dried cells (40 g) were extracted with 
500 ml chloroform-methanol (2:1 v /v )  with 
shaking at room temperature for 2 hr (2x),  for 
3 hr ( l x )  and for 18 hr ( l x ) .  The residue was 
then extracted with 600 ml chloroform-metha- 
nol 7:1 ( v / v ) - - 7 %  ammonium hydroxide (sp 
gr 0.9) with shaking for 4 hr. 

Isolation of Fatty Acids 

The crude lipid extract (2.56 g) was re- 
fluxed 2 hr with 220 ml methanol-benzene- 
H~SO4 (cone) (20:10:1 v / v / v ) .  After remov- 
al of a portion of the solvents by evaporation, 
the methyl esters were extracted with petroleum 

~Contribufion from the Agricultural Experiment Statiog, 
University of Massachusetts, Amherst. 

ether (bp 37-51 C) and washed twice with dis- 
tilled water and once with 0.1M NaHCO3. The 
crude methyl ester preparat ion obtained (0.8 
g) was streaked on silver nitrate impregnated 
silica gel plates (Adsorbosil  1 t Applied Science 
Labs. Inc., State College, Pa., slurried in 5% 
AgNO3, spread to a thickness of 0.5 mm, ac~ 
tivated at 120 C for 45 rain).  The plates were 
developed with petroleum ether-diethyl ether 
(85:15 v / v )  and then sprayed with a dilute 
solution of fluorescein. The monoene fraction, 
located with an ultraviolet light, was scraped 
from the plates and eluted from the adsorbent 
with diethyl ether. 

The C16 monoene (94% of the monoene 
fraction) was purified to 99% purity by pre- 
parative GLC. (An A90-P3 instrument was 
used Varian Aerograph, Walnut  Creek, Calif.)  
equipped with a 5 ft • tA in. column, Chromo- 
sorb W, 60-80, 20% SE-30, at 210 C, helium 
flow 120 ml/min.  
Location of the Double Bond 

The purified C16 monoene was oxidized 
with von Rudloff oxidant (3) .  Methyl esters 
of the cleavage products were prepared accord- 
ing to the method of Schlenk and Gellerman 
(4).  Dimethyl hendecanedioate was prepared 
from vaccenic acid ( 9 0 % )  (K. & K. Labs., 
Inc., Plainview, NY, prepared by yon Rudloff 
oxidation and preparative GLC)  and was ob- 
tained from Lachat Chemicals, Inc., Chicago, 
Illinois. 

TABLE I 
Cultivation Medium 

Medium Amount 

g/liter 

Na~ttPO4 2.84 
KHzPO4 2.72 
MgSO4 0.5 
CaCI~ 0.01 
(NHO 2SO~ 1.0 

add I ml solution C/liter 
glucose a 

adjust to pH 7.2 with NaOH 5.0 
solution C 

mg/liter 

ZnSO4e7H20 50 
FeCh 30 
MnC12 50 
CuSO4 10 
CoCb 10 
( N H 0  8MOTO~4,4H20 200 
H~BO3 10 

aAdded aseptically to sterile medium. 
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Saturation of the Double Bond 

Ten milligrams of C16 monoene were placed 
in a flask containing 10 ml 90% ethanol and 
20 mg 5% platinum on charcoal (Matheson, 
Coleman and Bell, Norwood, Ohio) which had 
been purged with Hz for �89 hr. After  a 1 hr 
reaction period the saturated methyl ester 
was separated from the catalyst and analyzed 
by GLC. 

Isolation of Phosphatidyl Ethanolamine 

Crude lipid extract (830 mg) was fraction- 
ated On 80-200 mesh silicic acid (prepared 
from Mallinckrodt silicic acid, Malinckrodt  
Chem. Works, St. Louis, Mo., 100 mesh, ac- 
tivated at 120 C overnight),  in a 30 x 150 
mm column. Chloroform (600 ml) eluted 14 
mg of dark red material, acetone (1300 ml)  
eluted the glycolipid fraction (355 mg) and 
methanol (800 ml) eluted a fraction (443 mg) 
composed almost entirely of  phosphatidyl eth- 
anolamine (PE) .  This fraction, which con- 
stituted over 50% of the '  crude total lipid 
extract, was purified by preparative TLC on 
Adsorbosil  1 plates developed with chloroform- 
methanol-water (65:25:4  v / v / v ) .  The puri- 
fied PE (3.9% P, 2.5% N)  was deacylated 
(5) .  The water soluble phosphate ester had 
R~'s identical with those of purified egg glyc- 
erophosphorylethanolamine in two solvent sys- 
tems Isopropanol-ammonium hydroxide (sp 
gr 0.9)-water (35:9:6  v / v / v )  n-butanol acetic 
acid-water (5:3:1 v / v / v ) :  

Phospholipase A Hydrolysis of PE 

PE was hydrolyzed with Crotalus adaman- 
teus venom (Ross Allen's Reptile Institute, Sil- 
ver Springs, Fla.)  and with Naja naja venom 
(Sigma Chemical Co., St. Louis, Mo.)  ac- 
cording to the method of Van Golde and Van 
Deenen (6) .  The C. adamanteus experiments 
were incubated overnight at 27 C with shak- 
ing, the N. naja experiments were incubated 
6 hr at 2 7 C  with shaking. Incomplete hy- 
drolysis was observed with C. adamanteus ven- 
om at shorter incubation times. Methyl esters 
of total PE, lyso PE and liberated fatty acids 
were prepared by heating lipid with dry meth- 
anol containing 5% dry HC1 (w/v)  at 60 C 
overnight. The methyl esters, extracted with 
petroleum ether, were analyzed by GLC. 

Gas Chromatography 

Analyses were performed on an A-600 C 
gas chromatograph equipped with linear tem- 
perature programmer (Varian Aerograph, Wal- 
nut Creek, Calif.) .  The columns were a 12 
ft x ~ ft stainless steel column packed with 

TABLE II  
Fatty Acid Compositiona 

Phosphatidyl Ethanolarnine Total Lipid 

Total 1 positionb 2 position e Extract 

n14 a 1.0 0.9 0.4 0.9 
i15 21.1 21.0 14.0 16.6 
a15 2.1 2.0 0.5 1.3 
n15 1.8 2.6 0.9 1.7 
n16 19.8 19,0 24.0 17.6 
a17 8.0 13.0 25.7 
16:1 45.0 37.0 5910 29.2 
n17 1.2 3.8 0.9 3.0 
unidentified tre 0.7 0.3 4.0 

aTentative identification based on retention time data 
obtained on a polar and nonpolar column at several tem- 
peratures, as weight per cent. 

bFrom lyso-PE liberated by phospholipase A hydrolysis. 
eFrom free fatty acids liberated by pbospholipase A 

hydrolysis. 
an=normal, a=anteiso, i=iso, 16:1 = hexadecenoic 

acid. 
eTrace. 

acid washed Celite 545 (60/80 mesh) coated 
with 15% diethylene glycol succinate and a 
15 ft x 1/16 in. stainless steel column (Varian 
Aerograph, Walnut  Creek, Calif.) packed with 
Aeropak (100/120 mesh) coated with 3% 
SE-30. Monocarboxylic acid esters were an- 
alyzed on the Degs column at 65 C (N~ pres- 
sure 7 psi) ,  dicarboxylic acid esters at 212 C 
(N2 pressure 14 psi) and fatty acid esters at 
187 C (N2 pressure 14 psi).  On the SE-30 
column, fatty acid esters were analyzed at 
200 C and with temperature programming 
from 200-270 C at 2 C / m i n  (N,  pressure 54 
psi). 

RESULTS AND DISCUSSION 

One hundred and forty-seven grams of 
freeze-dried cells were obtained from 370 liter 
of growth medium, a yield of approximately 
0.4 g/ l i ter  (dry weight).  Neutral  solvent ex- 
traction of 40 g of freeze-dried cells yielded 
8.30 g of lipid and extraction with basic sol- 
vents yielded an additional 0.88 g of lipid for 
a total crude lipid yield of 9.18 g (22.9% 
yield from lyophilized cells). 

The C16 monoene comprised 29% of the 
fatty acids of the total lipid extract, 45% 
of the purified phosphatidyl ethanolamine frac- 
tion (Table I I ) .  Most of this fatty acid was 
located in the PE fraction. 

The infrared spectrum of the purified C16 
monoene showed no unusual features and the 
absence of an absorption band between 960 
and 970 cm -~ (trans C-H out of plane de- 
formation) (7) indicates the double bond is 
of cis configuration. Spectra were made on a 
Perkin-Elmer model 331 spectrophotometer 
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(Perkin-Elmer Corp., Norwalk, Conn.) .  The 
sample was analyzed as the neat methyl ester 
between NaC1 plates using a micro-beam con- 
denser. 

Gas-liquid chromatographic analysis of the 
C. hutchinsonii monoene before and after cata- 
lytic hydrogenation was performed. The re- 
tention time of the monoene after saturation 
was identical to that of  methyl palmitate, 
proving a straight-chain C1~ skeleton for the 
acid. Retention time relative to the retention 
time of methyl palmitoleate (Applied Science 
Labs., State College, Pa.) is 1.06. 

Oxidation of the monoene with von Rud- 
loft oxidant yielded a 5 carbon monocar- 
boxylic acid and an 11 carbon dicarboxylic 
acid locating the double bond between the 11 th 
and 12th carbons of the monoene. Thus the 
C-16 fatty acid monoene from C. hutchinsonii 
is cis-11-hexadecenoic acid (cis palmitvaccenic 
acid). 

No palmitvaccenic acid was found in the 
glycolipid fraction. Most of this fatty acid 
was found in the PE  fraction where it was 
located principally at the 2 position (Table I I ) .  

The distribution of the 16:1 fatty acid at 
the 2 position of the PE  molecule is similar 
to the monoene distribution found in the PE 
fractions of other gram-negative bacteria. Van 
Golde and Van Deenen (6) found, in studies 
of an extracellular PE from Escherichia coli, 
that the 16:1 and 18:1 fatty acids were located 
principally at the 2 position. 

Hildebrand and Law (8) ,  and Lennarz (9) 
found the unsaturated and cyclopropane fatty 
acids of Azotobaeter agilis, E. coli and Serra- 
tia marcescens PE to be located at the 2 posi- 
tion. In the case of Clostridium butyricum 
PE, however, the unsaturated and cyclopro- 
pane fatty acids were on the 1 position, and 
in Agrobacterium tumescens PE these fatty 
acids were randomly distributed. 

Okuyama et al. (10) found the 16:1 and 
18:1 fatty acids to be randomly located in 
PE from Mycobacterium tuberculosis (BCG) ,  
M. phlei and M. butyricum. Walker and How- 
ard (11) observed essentially the same dis- 
tribution in the case of PE isolated from M. 
smegmatis. In the mycobacteria,  location of  
the saturated fatty acids and 12-methy1-stearic 
acid are more specific than the unsaturated 
acids. 

Palmitvaccenic acid has been found t hus  
far in very few organisms. M. E. de Tomas 
et aL (12) reported the first occurrence in 
nature where palmitvaccenic acid was found 
as a major fatty acid. This acid, present in 

the seed fats of Gevuina avellana, comprised 
22% of the unsaturated fatty acids. Gunstone 
et al. (13) confirmed the findings of de Tomas 
et al. They found palmitvaccenic acid ac- 
counted for 24 mole % of the total seed fatty 
acids and was located principally on the 2 
position of the triglycerides. 

With the exception of the seed fat of G. 
avellana (12, 13), palmitvaccenic acid gen- 
erally is present only as a minor portion of 
the hexadecenoic acid fraction. Hofmann and 
Tausig (14) found palmitvaccenic acid com- 
prised about 10% of  the 16:1 fraction of the 
fatty acids of a group C Streptococcus species. 
Korn (15) has found the 11, 12 isomer con- 
stitutes about 10% of the 16:1 acids of 
Euglena gracilis. 

Gellerman and Schlenk (16) found pal- 
mitvaccenic acid to be a minor component of 
the fatty acids obtained from nuts of Ginkgo 
biloba. 

Scheuerbrandt and Bloch (17) found pal- 
mitvaccenic acid in the 16:1 fraction of Clos- 
tridium pasteurianum. This acid, comprising 
1% of the total fatty acids, made up about 
25% of the 16:1 acids. 

The presence of major amounts of palmit- 
vaccenic acids in the lipids of C. hutchinsonii 
is of interest. This organism, which is classi- 
fied apart  from the true bacteria, possesses a 
gliding type of motility and cellular morphol- 
ogy differing greatly from the true bacteria. 
That  the fatty acids of this organism differ 
from those of the true bacteria is therefore 
not surprising and may reflect the existence 
of different biosynthetic pathways and different 
orientation of  these compounds in cell wall 
(18) and membrane. 
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Studies on Liver Phosphatidyl Cholines: I. Effects of Fatty Liver 
Induction on Phosphatidyl Cholines From Liver 
Mitochondria and Microsomes 

JAMES E. MILLER and W. E. CORNATZER, The Guy and Bertha Ireland Research Laboratory, 
University of North Dakota School of Medicine, Grand Forks, North Dakota 58201 

ABSTRACT 

Protein, total phospholipid, phospha- 
tidyl cholines and phosphatidyl choline 
fractions from liver mitochondria and mi- 
crosomes of female rats were analyzed 
after treatment with CCI~ (0.3 ml of CC1, 
suspended in corn oil) or ethionine (50 
mg in 0.9% saline) or after feeding a 
choline deficient, low protein diet for 
seven days. Phosphafidyl cholines were 
separated into four fractions differing in 
the degree of fatty acid unsaturation. Over 
50% of total phosphatidyl choline phos- 
phorus was present in fraction 3 of liver 
mitochondria and microsomes. The major 
fatty acid in fraction 1 was docosahexaeno- 
ic acid. Fraction 4 contains oleic and 
linoleic acids. Arachidonic acid occurs 
in fraction 2 and 3. Ethionine decreased 
the amount of microsomal protein and 
phosphatidyl choline fraction 1 of mito- 
chondria. Microsomal protein was de- 
creased by CC14. The choline deficient, 
low protein diet caused a decrease in 
mitochondrial and microsomal phospho- 
lipids. The amount of the mitochondrial 
phosphatidyl choline decreased. Corn oil 
increased the level of phosphatidyl cho- 
line fraction 3. Choline deficiency de- 
creased the amount of phosphatidyl cho- 
line fraction 3, increased fraction 4 of 
mitochondria and microsomes and in- 
creased fraction 1 of microsomes. 

INTRODUCTION 

I T HAS BEEN SHOWN that fat accumulation 
in the liver results from the administration 

of carbon tetrachloride (CC14), ethionine or 
dietary production of a choline deficiency 
(1,2). One of the difficulties in understanding 
the production of  a fatty liver is the large 
number of mechanisms which may cause this 
defect. Carbon tetrachloride causes damage 
to the endoplasmic reticulum (3,4) within 
several hours after administration and later 
to mitochondria (5,6). Ethionine induces a 
fatty liver in the female rat (7), inhibits liver 

protein synthesis (8), and decreases fatty 
acid oxidation (9). The ethyl group of this 
compound is incorporated into the normal 
acceptors of  the methionine methyl group 
(10). CC14 (11) and ethionine (11,12) de- 
crease ATP Ievels in the liver. Administration 
of ATP (13) can alleviate the fat accumula- 
tion induced by these agents. Choline defi- 
ciency causes hepatic triglyceride accumula- 
tion (14), decreased fatty acid oxidation (15), 
and an alteration of phospholipid fatty acids 
without changing the concentration of phos- 
pholipid within the liver (16). 

The total liver phospholipid levels are un- 
changed during fat accumulation but the fatty 
acid composition is altered by CCI~ (17) or 
choline (16) deficiency. However, this does 
not exclude the possibility that the phospha- 
tidyl cholines may be altered. Phosphatidyl 
cholines from liver microsomes and mitochon- 
dria of the female rat have been separated 
into fractions differing in the degree of fatty 
acid unsaturation and the amount of each 
fraction measured after treatment of female 
rats with CC14 or ethionine or a choline de- 
ficient-low protein diet. 

MATERIALS AND METHODS 

Protein standard albumin was obtained from 
Armour Pharmaceutical Company. Silica gel 
H was purchased from Brinkmann Instru- 
ments. DL-ethionine was obtained from the 
California Foundation for Biochemical Re- 
search, Los Angeles. Corn oil, Mazola, was 
obtained from Best Foods Division, Corn Prod- 
ucts Company. Safflower oil was obtained from 
General Mills, Incorporated. Casein, cod liver 
oil, non-nutritive bulk, salt mixture and vita- 
mins were purchased from the Nutritional 
Biocbemicals Corporation. Chloroform, meth- 
anol, petroleum ether, and hexane were either 
nanograde or spectranalyzed reagents. Triton 
X-100 was obtained from Sigma Chemical 
Company, and 1-amino-2-naphthol-4-sulfonie 
acid was purchased from Matheson, Coleman 
and Bell. All other chemicals were analytical 
reagents. 
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Female rats of the Sprague-Dawley strain 
were used to study phosphatidyl choline levels 
during fat accumulation in the liver. Wire- 
bot tom cages were used to house individual 
rats, and the rats were allowed free access to 
food and water. All  rats were fed a standard 
laboratory chow (Purina Laboratory Chow) 
obtained from the Ralston Pur ina  Company, 
St. Louis, Mo. The female rats were di- 
vided into six groups, three of which were 
experimental animals and three were controls. 
Group 1 was maintained on normal laboratory 
chow and received no injections. These ani- 
mals served as a base for all experiments and 
as controls for rats fed a choline deficient, 
low protein diet for seven days (18).  The 
components of the diet and fatty acids com- 
position have been described by Glende and 
Cornatzer (18).  Group 2 of the experimental 
rats received intraperitoneally 0.3 ml of CC14 
in 0.7 ml of  corn oil while a control group 
received corn oil. The dose of CC14 is sim- 
ilar to that reported by Maling et al. (19).  
These rats were killed 7 hr later. Group 3 of 
the experimental rats received an intraperi- 
toneal injection of 50 mg of DL-ethionine in 
0.9% NaC1 (20) while a control group was 
given 0.9% NaC1, and these rats were killed 
12 hr later. 

The rats were killed by decapitation. The 
livers were removed, rinsed with cold water, 
blotted, weighed and homogenized with ice 
cold 0.25 M sucrose in a Potter-Elvehjem 
homogenizer with a teflon pestle. The mito- 
chondrial and microsomal fractions were iso- 
lated by differential centrifugation (21).  The 
nuclear fraction was separated from the ho- 
mogenate by centrifuging for 10 rain at 800 
x g. The nuclear pellet was homogenized and 
the nuclear suspension centrifuged. The su- 
pernatant  solutions were combined and cen- 
trifuged for 10 min at 14,500 x g to sediment 
the mitochondrial  fraction. The mitochondrial 
pellet was washed twice. The combined su- 
pernatant  solutions from the mitochondrial 
preparation were centrifuged at 78,450 x g for 
45 min to sediment the microsomal pellet. 
Protein was determined by a modified Biuret 
method (22, 23) .  The method of Folch et al. 
(24) was employed to extract and purify 
lipids from mitochondria and microsomes. 
Lipids were stored in a dilute chloroform so- 
lution under dry nitrogen at -18  C. The total 
phospholipid phosphorus (25,26) was deter- 
mined on an aliquot of the chloroform solu- 
tion. Phosphatidyl cholines were isolated from 
the lipid extract by TLC (27). Phospholipids 
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were identified by comparison with purified 
phospholipid standards. Plates were sprayed 
with a 0.008% rhodamine 6G solution and 
viewed under ultraviolet light to identify and 
outline the band of gel containing the phos- 
phatidyl cholines. After  the silica gel con- 
taining the phosphatidyl choline had been 
scraped into a flask containing 20 ml of 
chloroform-methanol (2:1 v / v ) ,  the phos- 
phatidyl cholines were eluted from the gel 
by filtration of the chloroform-methanol solu- 
tion with the aid of a sintered glass funnel 
(medium porosity).  The gel was washed twice 
with chloroform-methanol-water (200:97:3)  
and once with methanol. Quantitative recov- 
ery of phosphatidyl choline was possible with 
this elution procedure. Recovery values rep- 
resented 94% of the total phosphorus. The 
filtrate was washed with 0.2 volumes of 0.04% 
CaC1 v A dilute solution of the phosphatidyl 
choline extract in CHC13 was stored under dry 
nitrogen at -18  C. On an aliquot of the 
chloroform solution the total phosphatidyl 
choline phosphorus (25,26) was determined 
and the percentage of total lecithin phosphorus 
per total phospholipid phosphorus calculated. 
Separation of the phosphatidyl choline frac- 
tions was carried out, the TLC on silica get H 
impregnated with silver nitrate (28). The 
phosphatidyl choline fractions were identified 
by spraying with a 0.01% methanolic solution 
of 2,7-dichlorofluorescein and under ultraviolet 
light (28). Each phosphatidyl chol ine  frac- 
tion gave a positive test for choline (29).  

Phosphorus was determined by the method 
of Fiske and Subbarow (26) after elution of 
the phosphatidyl choline from silica gel or 
silica gel impregnated with silver nitrate by 
the following series of solvents: Chloroform- 
Methanol (2:1 v / v ) ;  Chloroform-Methanol- 
Water  (200:97:3 v / v / v ) ;  Methanol-water 
(97:3 v / v ) ;  and Methanol. Recovery values 
represented 98% of the phosphorus applied 
to silica gel impregnated with silver nitrate. 
The percentage of total lecithin phosphorus in 
each phosphatidyl choline fraction is similar 
to that reported (30).  

Methyl esters of  the phosphatidyl choline 
fatty acids were prepared by the method of 
Morgan et al. (31).  Fat ty  acids were analyzed 
using a Barber-Colman Model 10 Gas Chroma- 
tograph with a 9~ detector as described by 
Glende and Cornatzer (18). Identification of 
the methyl ester derivatives of the fatty acids 
were made by comparing the retention ratios 
(relative to methyl palmitate) to those obtained 
with standards (Applied Science Laboratories 
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TABLE I 

Effect of Choline Deficiency, Carbon Tetrachloride and Ethionine on Body and Liver Weights and 
Liver Mitochondrial and Microsomal Protein and Total Phospholipid Concentrations of Female Rats 
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Treatment a 

Normal Choline Corn Carbon 
female deficient oil tetrachloride Saline Ethionine 

Number of Rats 6 6 6 6 6 4 

Body weight (g) 183+8 b 192-+7 191-+12 195-+12 201 _+7 1944-8 

Liver weight (g) 7.3__+0.5 8.5_+0.4 7.5-+0.9 7.5-+-0.1 7.3-+0.5 7.1-+0.4 

Mitochondria 
nag Prot . /g liver 46.4-+4.4 43.9-+4.6 39.1 -+1.2 39.0+5.8 43.2-+3.0 40.6-+6.0 
ag  TPL-pt /mg Prot. 6.4-+0.6 5.4+1.1 a 7.5-+1.2 7.5-+1.1 6.7-+0.4 7.3-+0.9 

Microsomes 
mg Prot. /g liver 55.3.4-_5.9 63.1+9.0 41.6+3.7 33.7__+5.6 e 38.7+2.5 35.3-+2.8 d 
#g TPL-p/mg Prot. 12.2-+1.5 6.0+0.8 e 15.0-+2.4 17.4+2.20 17.1-+1.5 17.9-+1.8 

aCCh (0.3 ml in corn oil) was given 7 hr before killing. Ethionine (50 mg in 0.9% saline) was given 12 hr before 
killing. A choline deficient, low protein diet was fed for seven days prior to killing. 

bNumbers preceded by -+ are standard deviations. 
Test of significance was applied to the difference between mean values for the experimental and the control rats for 

that group. The probability for chance occurrence of this difference was: 

ep<0.01; dp<0.05; ep<0.005. 

e(TPL-p) total phospholipid phosphorus. 

Inc., State College, Pa.) .  The linearity of 
the detector was verified by quantitating a 
mixture of fatty acid methyl esters. The fatty 
acid composition of each phosphatidyl choline 
fraction is similar to that reported (30).  

RESULTS 

Table I shows the body and liver weights, 
protein and total phospholipid levels of liver 
mitochondria and microsomes following fatty 

liver induction. An attempt was made to use 
rats of the same weight for all experiments.  

A statistically significant decrease in con- 
centration of microsomal protein (mg /g  liver) 
occurred in the animal administered CCl4 dis- 
solved in corn oil compared to control re- 
ceiving corn oil. The administration of ethio- 
nine produced a decrease in concentration of 
microsomal protein compared to control ani- 
mals receiving saline. The concentration of 
mitochondrial  protein was unaffected. A sta- 

TABLE II  

Effect of Choline Deficiency, Carbon Tetrachloride and Ethionine on Phosphatidyl Cholines and Phosphatidyl Choline 
Fractions From Liver Mitochondria and Microsomes of Female Rats a 

Phosphatidyl choline fractions 

Number of Per cent total lecithin-P/total (Per cent total phosphatidyl choline phosphorus) 

Treatment rats phosphoHpid-P Fraction 1 Fraction 2 Fraction 3 Fraction 4 

Mitochondria 

Normal females 6 36.3--+2.71' 13.7-+1.7 7.9--+0.8 52.7-+3.2 25.7-+3.6 
Choline deficient 6 27.2~4.0 e 14.6--+3.3 8.0+_0.8 35.5-+7.0 ~ 41.0+2.5 e 
Corn-oil 6 34.9+--2.9 9.7_+0.6 5.6+1.1 65.9_+7.0 19.0-+5.5 
Carbon tetrachloride 6 38.1-+2.7 9.1-+1.6 4.7-+1.0 60.3-+4.0 e 26.1+_2.2 e 
Saline 4 34.2-+0,5 9.7-+1.4 5.5-+1.5 57.7-+2.6 27.3+__1.3 
Ethionine 6 34.6-+2.8 7.8+1.2 e 5.1-+1.1 57.9-+2.1 29.3-+2.2 

Microsomes 

Normal females 6 44.9-+2.7 7.5-+1.4 6.6+2.0 53.3-+5.0 32.5_+6.9 
Choline deficient 6 42.4-+4.3 12.4-+2.1e 7.5-+1.0 32.7-+6.0e 46.0-+4Ae 
Corn oil 6 50.7-+6.2 9.7-+1.1 4.6+0.6 59.3-+7.1 26.3-+7.3 
Carbon tetrachloride 6 46.9-+2.7 9.0-+1.1 3.7 +0.8 e 52.2-+4.6 e 35.4_+3.9 a 
Saline 4 50.1-+1.7 6.9-+1.2 4.8-+0.5 58.0-+3.8 30.7-+3.0 
Ethionine 6 51.5-+2.3 6.9-+0.8 4.4-+0.6 55.6-+5.3 33.2--4-_5.1 

aExperimcntal details are given in Table 1. 

bNumber preceded by + are standard deviations. 
The probability for chance occurrence of difference between mean value for the experimental and the control rats of 

that group 
cp<0,05; dp<0.01; ep<0.005 
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TABLE I l i  

Fatty Acid Composition of Mitochondrial Phosphatidyl Cholines From Liver of Female Rats Accumulating Fat a 

Choline deficientb Carbon tetrachlorideb Ethionineb 

Fatty acid Control (6) a Treated (6) Control (4) Treated (4) Control (3) Treated (5) 

14:0 e t 0.4~0.2 0.1• 0.1• 0.2~0.1 0.2~0.1 
15:0 t 0.2• 0.1~0.0 0.1~0.1 0.1~0.1 0.1~0.0 
16:0 13.6• 21.0~2.2 10.4• 11.6~0.6 9.8~0.7 11.3~0.4 
16:1 1.0• 1.6• 0.6• 0.8~0.1 0.6~0.2 0.7~0.2 
17:0 0.5• 0.3• 0.5~0.1 0.6• 0.3~0.1 0.5~0.1 
18:0 30.1• 18.2• 29.7~0.5 29.2~0.8 33.8~1.3 31 .1~2~ 
18:1 6.9• 12.7• 5.7• 7.6~0.2 5.4~0.5 6.5~0.8 
18:2 11.9• 9.4• 6.7• 9.0~0.8 9.4~0.9 11.2• 
18:3 ........ 0.1 0.3• 0.1 t 0.5~0.2 
20:3 0.8• 0.7• 1.4~0.3 1.9~1.1 0.9~0.1 
20:4 26.1• 18.9• 33.2• 28.8~1.1 31.0~2.9 30.9~1.3 
20:5 t 2.1 0.6 1.4~0.8 t 0.5~0.5 
22:5 0.2 
22:6 7.5~1.3 12.7• 10.2• 8.4~0.1 7.4~0.9 5.7~1.8 
Others ........ 1.5 ........ 0.7 0.2 t 

aExperimental details are given in Table L 
b Per cent of total fatty acid by weight. 
eNumber of carbon atoms: Number of double bonds. 
aRepresents the number of determinations. 

tistically significant decrease in the total phos- 
pholipid phosphorus per milligram of protein 
of microsomes occurred in the choline de- 
ficient animals compared to controls. An  in- 
crease in microsomal total phospholipid phos- 
phorus per milligram of protein occurred in 
the animals administered CC14 compared to 
controls receiving corn oil. The concentra- 
tion of the total phospholipid (txg P / g  liver) 
of mitochondria of the control and choline 
deficient was 294+39 ,  232-+30 respectively. 
Similar data were observed for the microsomes 
of the controls, 677-+116 and 353---27 for 
the choline deficient. If the test (t) of sig- 
nificance was applied to the difference between 
the controls and choline deficient mean values, 

the probability (P) for chance occurrence of  
this difference was P <  .01. Cornatzer and 
Walser (32) have reported a decreased con- 
centration of total lecithin in mitoch0ndria of 
animals fed the similar choline-deficient diet 
used in the present experiments. 

Table II  shows the results of the percentage 
of total lecithin phosphorus per total phospho- 
lipid phosphorus and the percentage of the 
various fractions of phosphatidyl cholines 
phosphorus per total phosphatidyl choline 
phosphorus of mitochondria and microsomes. 
With respect to the  phosphatidyl choline frac- 
tions, fraction 3 represented 50% of the total 
phosphatidyl choline in the normal rat in 
agreement with the findings of Collins (33).  

TABLE IV 
Fatty Acid Composition of Microsomal Phosphatidyl Cholines From Livers of Female Rats Accumulating Fat a 

Choline deficient 1' Carbon tetrachlorideb Ethionineb 

Fatty acid Control (6) Treated (6) Control (5) Treated (6) Control (4) Treated (5) 

14:0 0.2~0.0 0.2~0.1 0,1~0.0 0.1~0.0 0.1~0.0 0.1~0.0 
15:0 0.1~0.0 0.2• 0.1~0.0 0.1~0.0 0.1~0.0 0.1~0.0 
16:0 14.7~0.8 21.3• 11.7• 12.5~1.2 11.3~0.6 12.5~0.7 
16:1 1.2~0.4 1.7• 0.7• 0.9~0.2 0.9• 1.0~0.3 
17:0 0.5~0.1 0.2~0.1 0.5~0.1 0.5~0.1 0.4~0.1 0.5~0,1 
18:0 29.9• 18.2• 29.7~2.3 30.4~0.9 34.3~3.0 31.6~1.5 
18:1 7.2• 12.4• 6.3~0.5 7.7~0.4 6.2~0.9 7.3~0.7 
18:2 14.1• 9.8• 9.6• 10.3~0.8 10.3~1.4 13.1~1.6 
18:3 ........ 0.1 0.3~0.3 0.6~0.4 0.2~0.3 0.6~0.3 
20:3 0.7~0.5 0.8• 0.5• 1.2~0.5 1.0~0.2 0.6~0.4 
20:4 25.5• 18.5• 30.5• 26.3~1.2 29.2~2.1 26.2~1.1 
20:5 0.9 2.7 1.3 0.5 t t 
22:5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
22:6 6.7~1.1 11.9• 7.8~1.3 8.5~0.7 6.3~2.2 6.4~0.7 
Other ........ 2,1 0.2 0.5 0.3 0.1 

a Experimental detaiIs are given in Table I lL  
b Per cent of total fatty acid by weight. 
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T A B L E  V 

Fa t ty  Ac id  Composi t ion of Mi tochondr ia l  Phosphat idyl  Choline 
F r o m  Livers of Female  Rats  Accumula t ing  Fa t  

Fractions 
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Controla Choline deficient a 

Fa t ty  acid F-1 F-2 F-3 F-4 F-I  F-2 F-3 F-4 

14:0 0.1 0.3 0.2 0.1 0.2 0.4 0.2 0.4 
15:0 0.1 0.1 t 0.1 0.1 0.2 0.2 0.2 
16:0 17.4 12.9 13.3 16.8 20.5 14.9 16.9 29.2 
16:1 t 1.8 0.8 1.0 0.5 1.4 1.2 2.6 
17:0 0.6 0.5 0.4 0.5 0.2 0.5 0.9 1.9 
18:0 28.3 23.6 33.1 31.5 17.6 19.9 22.8 16.3 
18:1 1.4 10.8 4.1 19.7 4.2 9.3 5.8 26.2 
18:2 3.5 7.5 9.8 24.7 1.8 5.4 5.7 19.5 
18:3 . . . . . . . . . .  0.3 0.3 0.3 1.5 0.7 0.6 
20:3 "' t t 0.2 1.6 0.9 4.8 1.2 1.0 
20:4  3.8 24.0 38.1 3.4 2.9 12.4 43.4 1.9 
20:5 1.0 10.3 . . . . . . . . . . . .  1.4 10.9 . . . . . . . . . . . .  
22: 5 ...... 6.2 . . . . . . . . . . . .  _ 10.2 . . . . . . . . . . . .  
22:6 0.1 1.8 ...... "'t'" 2.3 8.6 1.2 0.3 
Others 0.I 1.8 ...... t 2.3 8.6 1.2 0.3 

aPer  cent of total  fatty acid by weight. 

The major fatty acid in fraction 1 is docosa- 
hexaenoic acid. Fraction 4 contains oleic and 
linoleic acids. Arachidonic acid occurs in frac- 
tion 2 and 3. The fatty acids in the various 
phosphatidyl choline fraction are similar to 
that reported by Rytter et al. (30).  A sig- 
nificant decrease occurred in the percentage 
of total lecithin per total phospholipid in  mito- 
chondria during the production of choline de- 
ficiency, similar to that reported by Cornatzer 
and Walser (32).  Ethionine decreased the 
level of fraction 1 from mitochondria. Corn 
oil increased the amount of fraction 3 while 
CC14 administered in corn 0il retarded or 
prevented this increase in addition to causing 
a small change in fraction 2 of liver micro- 
somes. Choline-deficient rats had a marked 
decrease in fraction 3 from mitochondria and 

microsomes with an increase in fraction 1 
especially in microsomes. A marked increase 
in fraction 4 occurred in mitochondria and 
microsomes during the production of choline 
deficiency. The phosphatidyl choline fractions 
from choline deficient female rats were similar 
to those from the normal male rat  (34).  

Data for the fatty acid composition of 
phosphatidyl choline after various treatments 
are presented in Table I I I  and IV. The palmi- 
tate-stearate ratio in the mitochondria of con- 
trol animal was 0.45 and ratio increased to 
1.1 in the choline deficient. Similar increase 
in the ratio was observed in the microsomes. 
This is in agreement with previous findings f o r  
whole liver (16).  A decrease in concentra- 
tion of arachidonic acid occurred in both mito- 
chondria and microsome in the choline deft- 

T A B L E  V I  

Fat ty  Acid Composit ion of Microsomal  Phosphat idyl  Choline 
F r o m  Livers of Female  Rats  Accumula t ing  Fa t  

Fract ions 

Control  a Choline deficient a 

Fat ty  acid F-1 F-2 F-3 F-4 F-1 F-2 F-3 F-4 

14:0 0.I 0.5 0.2 t 0.2 1.5 0.4 0.6 
15:0 0.2 t 0.2 t 0.2 2.1 0.2 0.1 
16:0 13.6 10.7 16.9 16.7 18.0 11.5 18.0 26.9 
16:1 0.6 1.9 0.6 1.6 0.4 0.3 1.5 2.9 
17:0 0.5 0.5 0.4 0.4 0.3 2.1 0.4 0.3 
18:0 28,8 28.2 28.1 36.1 19.2 27.3 21.5 18.9 
18:1 3,2 8.2 4.4 24.7 2.9 8.6 5.9 26.8 
18:2 3.5 6.7 14.5 20.5 1.8 1.9 6.5 18.9 
18:3 0,3 0.5 ...... 1.9 0.2 0.6 
20:3 1.3 t t ...... 1.7 4.3 1.6 1.3 
20:4 3,2 19.7 34.7 ...... 2.3 10.6 43.5 2.3 
20:5 4.1 12.6 . . . . . . . . . . . .  1.5 4,2 . . . . . . . . . . . .  
22:5 . . . . . . . . . . . .  6.8 . . . . . . . . . . . .  11.1 . . . . . . . . . . . .  
22:6 43,4 4.0 . . . . . . . . . . . .  51.6 ...... 
Others 0.9 . . . . . . . . . . . . . . . . . . . . . . . .  12']i" "t'" �9 ..... 

aper  cent of  total  fatty acid by weight. 
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T A B L E  VII  

Composi t ion  of Mitochondr ia l  Phosphat idyl  Choline Fract ions 
F r o m  Liver  of Female Rats  Accumulat ing  Fat  

Fat ty  acid F-1 

Corn oil  a Carbon tetrachloridea 

F-2 F-3 F-.4 F-1 F-2 F-3 F--4 

14:0 0.1 
15:0 0.2 
16:0 12,8 
16:1 0.3 
17:0 0.5 
18:0 29.1 
18:1 1.7 
18:2 3.9 
18:3 ...... 
20:3 
20:4 4,0 
20:5 t 
22:5 
22:6 47.2 
Others 0.1 

0.I 0.1 0,1 0.2 0.2 0.2 0.4 
0.1 0.2 0.1 0.1 0.2 0.1 0.2 
7.6 10.7 15.3 11.2 6.8 10.6 19.0 
1.5 0.6 1.1 0.2 1,7 0.6 1.0 
0.3 2.3 0.8 0.3 0.3 0.5 1.2 

22.9 33.4 31.9 31.0 22~7 31.8 29.2 
14.5 2.9 20.8 1.5 11.7 3.7 24.3 

6.0 b. I 20.7 2.5 5.6 7.2 19.5 
0.3 0.6 0.4 0.2 1.1 0.3 0.4 
0.7 0.4 2.2 t 1.0 0.7 0.6 

25.2 44.0 4.4 3.6 20.6 44.1 4.0 
3.4 . . . . . . . . . . . .  1.9 6.7 . . . . . . . . . . . .  
9.2 . . . . . . . . . . . .  ...... 9.6 . . . . . . . . . . . .  

46.0 1.5 
7.5 0.1 0.3 0.9 7.1 0.1 0.2 

a Per cent  of  total  fatty acid by weight. 

cient. Choline deficiency produced an in- 
crease in oleic and docosahexaenoic acid in 
mitochondria and an increase in oleic acid 
of microsomes. CCI~ decreased the amount 
of arachidonic acid found in phosphatidyl 
choline from mitochondria and microsomes. 
This is in agreement with previous results for 
whole liver (17). CC1, administration re- 
sulted in a decrease in docosahexaenoic acid 
Of mitochondria. Tables V and VI depict the 
fatty acid composition of phosphatidy| choline 
fractions from liver mitochondria and micro- 
somes of normal female rats and those on a 
choline-deficient low protein diet for seven 
days. The alteration of the palmitate-stearate 
ratio occurs in fraction 4. 

The data in Table VII and VIII give the 
fatty acid composition of phosphatidyl choline 

fractions from liver mitochondria and micro- 
somes of control animals receiving corn oil 
and those administered CCI 4 in corn oil. The 
fatty acid pattern for the CC14 treatment ani- 
mals are similar to those of the control rats. 
The concentration of arachidonic in fraction 
3 of mitochondria and microsomes of animal 
administered corn oil (Tables VII and VIII) 
is greater than those of control animals fed 
stock diet (Tables V and VI).  Docosahex- 
aenoic acid concentration in fraction 1 is great- 
er in mitochondrial and microsomes in ani- 
mals administered corn oil as compared to 
those fed stock diet. The data in Table IX 
and X give the fatty acid composition of 
phosphatidyl choline fractions from liver mito- 
chondria and microsomes ,of control animals 
receiving saline and those administered ethio- 

T A B L E  V I I I  

Fat ty  Acid  Composi t ion  of Microsomal  Phosphat idyl  Choline Fract ions  
From Livers of Female Rat  Accumulat ing  Fa t  

Corn oil  a Carbon  tetrachloridea 

Fa t ty  acid F-1 F-2 F-3 F-4 F-1 F-2 F-3 F-4 

14:0 0.1 0.1 0.1 0.2 0.1 0.2 0.2 0.2 
15:0 0.1 0.5 0.1 0.2 0.2 0.1 0.1 0.2 
16:0 12.3 7.1 10.1 19.2 9.5 7.3 10.7 19.5 
16:1 0.2 1.7 0.5 1.2 0.3 1.6 1.0 1.2 
17:1 0.5 0.4 0.6 0.6 0.5 0.3 0.5 0.6 
18: 0 32.0 24.0 34.2 31.0 34.5 32.5 31.9 28.8 
18:1 1.8 14.2 3.0 19.0 1.5 9.1 3.1 21.5 
18:2 1.8 3.9 7.1 23.3 1.6 3.0 7.8 20.7 
18:3 0.2 0.4 0.4 0.4 0.2 0.3 
20:3 0.4 3.1 0.2 1.3 0.5 1.0 0.9 1.6 
20:4 2.5 22.3 43.2 2.9 1.1 16.7 43.3 ,*.3 
20:5 0.7 7.2 . . . . . . . . . . . . . . . . . .  6.0 . . . . . . . . . . . .  
22:5 ...... 9.1 . . . . . . . . . . . . . . . . . .  13,8 . . . . . . . . . . . .  
22:6 46.7 . . . . . . . . . . . . . . . . . .  49.9 . . . . . . . . . . . . . . . . . .  
Others t 8.2 0.2 0.4 0~ 1 6.2 0.2 (1.4 

a Per cent  o f  total  fatty acid by  we ight .  

LIPIDS, VOL.  4 ,  NO.  1 
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T A B L E  l X  

Fatty Acid Composi t ion  of Mitochondr ia l  Phosphat idyl  Choline Fract ions 
F r o m  Liver  of Female  Rats  Accumula t ing  Fa t  

25 

Saline a Ethionine  a 

Fatty acid F-1 F-2 F-3 F-4 F-1 F-2 F-3 F..4 

14:0 0.1 0.2 t 0.2 0.1 0.2 0.2 0,2 
15:0 0.i  t t t 0.1 0.1 0.1 0,2 
16:0 11.3 7.2 8.3 14.8 10.9 6.9 10.4 16.6 
16:1 0,1 1.1 0.4 1.1 0.3 1.3 0,8 0.9 
17:0 0.4 0.4 0.6 0.6 0.6 0.4 0.5 0.3 
18: 0 33.8 25.7 35.2 32.3 30.5 23.9 32.4 31.4 
18:1 2,0 13.1 2.8 17,4 1.4 12.1 3~3 20.1 
18: 2 4.0 5.2 4.4 26.5 3.7 6.6 7.5 24.3 
15:3 0.1 0.2 0.2 1.1 t 0.5 0.2 0.4 
20:3 0.4 3.2 2.0 3.2 1.3 1,8 1,0 1.6 
20~4 4.6 21.4 45.9 2.6 4.4 20.0 43.5 3.8 
20:5 ...... 5.8 . . . . . . . . . . . .  0.5 4.1 . . . . . . . . . . . .  
22:5 . . . . . . . . . . . .  10.I . . . . . . . . . . . .  9.6 . . . . . . . . . . . .  
22:6 43,1 2.5 - 44.8 5.3 
Others 0.2 4.1 0.2 "'t'" 1.4 7.7 0.1 0 . i  

aper  cent of total  fatty acid by weight, 

nine. Arachidonic acid concentration was de- 
creased in fraction 1, 2 and 3 following ad- 
ministration of ethionine, similar to that re- 
cently observed by Lyman et al. (35).  

DISCUSSION 

Artom and Cornatzer (36) have demon- 
strated that the incorporation of inorganic 
phosphate (~2Pi) into liver phospholipids in 
animals fed a stock diet was 384 c / m  com- 
pared to 373 c / m  in animals fed the 5% 
casein - 5 %  fat (choline deficient) diet for 
seven days. Thus it can be concluded that 
the liver phospholipids synthesis is similar in 
the animal fed stock diet compared to the 
animal fed the 5% casein - 5 %  fat diet for 
seven days to produce a fatty liver. Liver 
phospholipid synthesis does not decrease in 

the fatty liver until the histological picture 
changes to cirrhosis (32,37).  The ratio of liver 
phospholipid P /pro te in  N is unchanged in rats 
fed the 5% casein - 5 %  fat diet compared 
to a stock diet, 25% casein - 5 %  fat diet (36).  

Glende and Cornatzer (18) have shown 
that in the animal fed the 5% casein diet for 
seven days the total liver lipids increased from 
37 to 61 mg /g  liver. The increase in total 
liver lipids was due to the increase in neutral 
lipid fraction (5 to 38 m g / g  liver). Maling 
et al. (19) have shown that CC14 produces 
a three-fold increase in liver triglycerides (11 
to 37 m g / g  liver).  The total liver lipids in 
the control animals of group 3 (Table I)  re- 
ceiving saline were 8.0 _+ 0.8 g/100 g liver 
and animals receiving DL-ethionine (50 mg 
in 2 ml of  saline) were 10.0 +- 0.5. This in- 

T A B L E  X 

Fat ty  Acid  Composi t ion  of Microsomal  Phosphat idyl  Choline Fract ions  
F r o m  Livers of Female  Rats  Accumula t ing  Fa t  

Saline a Ethionine a 

Fa t ty  acid F-1 F-2 F-3 F-4 F-1 F-2 F-3 F-4 

I4 :0  0.1 t 0.1 0.2 0.I 0. l  0.1 0.1 
15:0 0.2 t 0.2 0.1 0,1 0.1 t 0.1 
16:0 10.8 6.7 9.4 19.0 10,0 7.1 10.7 16.9 
16:1 0.2 1 A 0.8 1.8 0.1 1.3 0.7 1.1 
17:0 0.4 0.6 0.5 0.5 0.5 0.4 0.6 0.5 
18:0 32.5 26.1 34.1 31.2 31.1 27.3 32.9 30,5 
18:1 1.9 12.2 3.4 17.1 1.4 10.1 3.0 17.9 
18:2 1.8 3.4 6.7 27.1 2.1 4.1 9.0 24.2 
18:3 .... .. 0.1 0.4 0.7 0.3 0.6 0.9 1.3 
20:3 t 1.3 0.3 1.0 1.8 5.7 2.0 1.7 
20:4  3.1 19~7 44.4 1.2 2.9 16.2 40.1 $.3 
20:5 t 6.6 . . . . . . . . . . . . .  2.3 9.0 . . . . . . . . . . . .  
22:5 . . . . . . . . . . . .  14.4 . . . . . . . . . . . .  8.0 . . . . . . . . . . . .  
22 :6  49.4 46.5 .... r . . . . . . . . . . . . . . . . . . . . . . . . .  
Others t 7.4 "'t'" 0.2 0.8 9.7 0.1 0.3 

aPer  cent of total  fatty acid by weight. 
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crease of total lipids is similar to that reported 
by Jensen et al. (20) with Sprague-Dawley 
female rats receiving DL-ethionine (50 mg in 
2 ml of saline). 

To assure that the choline deficient animals 
fed the 5% casein - 5 %  fat diet (Table I)  did 
not have a deficiency of unsaturated fatty acids, 
the 5% fat diet consisted of 4% safflower oil 
and 1% cod liver oil. These dietary lipid 
concentrations are similar to those used by 
Glende and Cornatzer (18) who studied the 
liver lipids fatty acid in choline deficiency 
and concluded that there was no essential dif- 
ference in the fatty acid patterns of liver 
lipids from the choline-deficient animals when 
compared with those receiving a choline sup- 
plement. The fatty acid composition of the 
stock diet, safflower oil and cod liver oil used 
in the present experiments of Table I has 
been reported (18).  

Excessive liver triglyceride observed in a 
fatty liver may arise from the diet, from 
adipose tissue in the form of unesterified fatty 
acids, and from triglyceride synthesis within 
the liver. The functions of liver cells are re- 
lated to organization of cellular organelles, 
each of which has a characteristic morphology 
and contains phospholipids. Phosphatidyl 
cholines are the major lipid components of 
these cellular membranes (38) and plasma 
lipoproteins of the cellular organelles (38,39).  
Numerous studies (33,41,44) have demon- 
strated that phosphatidyl cholines are metabol- 
ically heterogeneous. It has been suggested 
that choline deficiency may result in an im- 
paired methylation of phosphatidyl ethanola- 
mine to form phosphatidyl-choline (16,45).  

Ethionine administration produces a fatty 
liver in the female rat in the periportal region 
of the liver (7) ,  inhibits liver protein (8) syn- 
thesis, decreases fatty acid oxidation (9) ,  and 
decreases ATP levels (11, 12). The ethyl 
groups of ethionine is incorporated into the 
normal acceptor of the methionine methyl 
groups (10). Methionine and in most cases 
ATP can prevent or alleviate the ethionine 
effects (11, 12). The data presented indicates 
that ethionine decreased only the concentra- 
tion of fraction 1 in mitochondria. This frac- 
tion contains docosahexaenoic acid. The con- 
centration of arachidonic acid in fraction 1, 
2 and 3 was decreased following administra- 
tion of ethionine. 

The concentration of CCI~ in the liver 
reaches a maximum within 2 hr, and the 
amount of triglyceride doubles within 3 hr 
(46).  CC14 has been reported to damage 
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microsomes (3,4) followed by alternation of 
mitochondrial properties (5,6). The arachi- 
donic acid content of liver phospholipid is de- 
creased by CCl. t (17).  Studies reported here 
indicate a decrease in the level of microsomal 
protein. Corn oil administration caused an 
increase in the degree of phosphatidyl choline 
fatty acid unsaturation, especially in fraction 
3. This increase was prevented by adminis- 
tration of CCI~. The change occurred in mito- 
chondria and microsomes. Since only phos- 
phatidyl choline fraction 3 decreased, the bio- 
synthesis of arachidonic acid or its utilization 
or the utilization of linoleic acid may be al- 
tered by CC14 administration. If peroxidation 
induced by CC14 causes changes in lipopro- 
teins (47),  it is difficult to jt, stify why arachi- 
donic acid was affected and not other long 
chain acids unless the other fatty acids are 
buried within the membrane and not subject 
to attack. 

In addition to causing triglyceride accumu- 
lation, choline deficiency results in decreased 
fatty acid oxidation (15) ,  a decrease in arachi- 
donic acid levels of phospholipid (16),  and 
an altered palmitate-stearate ratio f16).  A 
defect in the methylation of phosphatidyl 
ethanolamine to form phosphatidyl choline 
(16,45) has been suggested. Recent work by 
Rytter et al. (30) demonstrated that phos- 
phatidyl choline fraction 1 is labeled to a 
greater extent when x4C-ethanolamine was 
used as the isotope source than when x~C- 
choline was employed. If  impaired methyla- 
tion of phosphatidyl ethanolamine resulted in 
a decrease in the amount of fraction 3 be- 
cause this was the chief source of the phos- 
phatidyl choline, polyunsaturated fatty acids, 
then fractions I and 2 might be expected to 
decrease but this did not occur. If the avail- 
ability of arachidonic acid was limiting in 
choline deficiency or following CCI~ admin- 
istration, then the conversion of phosphatidyl 
ethanolamine to phosphatidyl choline would 
decrease to conserve phosphatidyl ethanola- 
mine. 

The extent of activation of/3-hydroxybutyric 
dehydrogenase has been shown to be related 
to the degree of phosphatidyl choline fatty 
acid unsaturation (48).  Recently, K6gl et al. 
(49) obtained data from erythrocytes of dif- 
ferent species that suggested a relationship be- 
tween phospholipid fatty acid composition and 
membrane permeability. The data presented 
here show that CC14 and a choline deficient- 
low protein diet do affect the level of phos- 
phatidyl choline fractions differing in lhe de- 



PtlOSPHATIDYL CHOLINES 27 

gree of unsaturation of the fatty acids. This 
alteration could change the properties of the 
lipoproteins enough to interfere with triglyc- 
eride binding or modify cell membranes with 
a resultant change in triglyceride metabolism 
or release. This data would further support 
the recent observation of Lombardi et al. (50) 
who give evidence of an impaired release of 
hepatic triglycerides into plasma in choline 
deficiency. These authors injected intravenous- 
ly, 1-~4C-palmitate and studied the incorpo- 
ration of the isotope into the triglycerides of 
liver and plasma of the choline deficient animal. 
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Melting Points of Synthetic Wax Esters 

B. T. R. IYENGAR and H. SCHLENK, The Hormel Institute, 
University of Minnesota, Austin, Minnesota 55912 

ABSTRACT 

Saturated, monoenoic and dienoic wax 
esters, C~6-C40, have been synthesized 
from even-numbered fatty alcohols and 
acids. In homologous series of saturated 
esters, the increments of melting points 
follow a regular trend except for those 
esters which have an acid moiety two car- 
bon atoms shorter than the alcohol moiety. 
These wax esters have melting points high- 
er than interpolation would predict. Mon- 
oenoic wax esters with the double bond 
in the alcohol chain have melting points 
about 1 0 C higher than their isomers with 
the double bond in the acid chain. 

INTRODUCTION 

E STERS OF S T R A I G H T - C H A I N  fatty alcohols 
with straight-chain fatty acids are often 

encountered in natural lipids but they have 
been investigated much less than other non- 
complex lipids. For  example, melting points 
and crystal structure of fatty acids, methyl 
esters and glycerides have been studied exten- 
sively, but data on wax esters are incomplete 
and partly in discrepancy. Pure wax esters 
have been prepared for physical chemical 
studies and as reference compounds for analy- 
ses. We are reporting here on their synthesis 
and melting points. 

EXPERIMENTAL PROCEDURES 

Materials 

Methyl esters of laurie, arachidic, behenic 
and oleic acids were purchased from The Hor- 
reel Institute Lipid Preparations Laboratory. 
Pure methyl myristate and stearate were pre- 
pared in this laboratory from commercial 
products by distillation. Methyl palmitate and 
palmitoleate were prepared from olive oil and 
mullet body oil, respectively, by distillation of 
the fatty acid methyl esters and repeated 
crystallization. Al l  esters used for syntheses 
were checked by GLC. Their purity was 
> 9 9 %  except for methyl palmitoleate which 
was contaminated with 1.0% C15 and 0.8% 
polyenoic C1~ esters. The structure of oleate 
and palmitoleate was checked by ozonolysis. 

Fat ty  alcohols were prepared from the above 
esters by reduction with LiA1H 4 (7).  They 
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were recrystallized and their purity was 
checked by TLC. 

Synthesis of Wax Esters 

Fatty acid chlorides (8) were reacted with 
alcohols in the presence of pyridine using di- 
ethyl ether as solvent. Procedures are exempli- 
fied with the preparation of myristyl palmitate. 

A wide test tube equipped with a magnetic 
stirrer was placed in a silicone bath and con- 
nected by a ground glass joint with a con- 
denser carrying a drying tube with CaCI 2. 
Palmitic acid, 1,240 mg (4.85 mmole) in 4 
ml benzene, was warmed in the test tube to 
65 C. Oxalyl chloride 0.4 ml (4.4 mmole) was 
added through the condenser and the mixture 
stirred at 60-65 C for 1 hr. Further  0.2 ml 
(2.2 mmole)  of oxalyl chloride was added at 
room temperature and the reaction was com- 
pleted by resuming the above conditions for 
another hour. Volatiles were then removed by 
connecting the reaction vessel first to an aspir- 
ator and then to an oil pump by a glass tube, 
40 X 1 in., packed with KOH pellets. The mix- 
ture was stirred to prevent frothing while the 
pressure was reduced slowly. Finally, vacuum 
of about 1 mm was applied for 1/2  hr. 

The vacuum adapter was replaced by the 
condenser, and myristyl alcohol, 856 mg (4.0 
mmole) ,  dissolved in 8 ml of anhydrous diethyl 
ether was added to the chloride, followed by 
anhydrous pyridine, 0.5 ml. After  gentle reflux 
under stirring for 3 hr, the product was trans- 
ferred with diethyl ether, water and dilute 
sulfuric acid into a separatory funnel. The 
ethereal solution of the ester was washed free 
of pyridine with mineral acid. After  further 
washing with aqueous alkali and water, and 
drying over anhydrous sodium sulfate, the sol- 
vent was evaporated leaving a residue of 2 g 
of crude myristyl palmitate. TLC revealed 
traces of contaminants which were removed 
by column chromatography. 

A column, 32 • 2.3 cm, was packed with 55 
g of activated silicic acid (Mallinckrodt, 100 
mesh),  slurried in  Skellysolve B which con- 
tained 3% diethyl ether. Myristyl palmitate, 
2 g, was chromatographed with the same sol- 
vent mixture. Pure ester was eluted in the 
volume from 100 to 260 ml and was followed 
by  a smaller amount of slightly contaminated 
ester. The pure fraction was crystallized from 
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TABLE I 
Melting Points of Saturated Wax Esters 

Abbreviated M.P. 
Ester alc-acid in C 

Myristyl laurate 14-12 40.0-40.4 
Palmityl laurate 16-12 41.2-41.6 

Myristyl rnyristate 14-14 44.4-45.4 
Palmityl myristate 16-14 51.7-52.0 
Stearyl myristate 18-14 52.0-52.2 
Araehidyl myristate 20-14 54,5-54.9 

Myristyl palmitate 14-16 49.2-49.7 
Palmityl !aalmitate 16-16 53.6-54.0 
Stearyl palmitate 18-16 59.6-59.9 
Arachidyl palmitate 20-16 60.6-60.9 

Myristyl stearate 14-18 52.5-52.8 
Palmityl stearate 16-18 58.5-59.0 
Stearyl stearate 18-18 61.6-61.9 
Arachidyl stearate 20-18 67.4-67.8 
Behenyl stearate 22-18 67.4-67.6 
Myristyl arachidate 14-20 54.8-55.2 
Palmityl araehidate 16-20 61.1-61,3 
Stearyl arachidate 18-20 65.8-66.3 
Arachidyl arachidate 20-20 68.9-69,2 

diethyl ether and recrystallization did not 
change the melting point. The yield was 1.5 
g pure myristyl palmitate (83% in reference 
to myristyl alcohol). 

Other wax esters were synthesized in the 
same manner  with only minor modifications. 
Saturated wax esters C3s and C40 are rather 
insoluble and were applied to the columns by 
impregnating silicic acid with them and then 
transferring this mixture to the top layer of the 
adsorbent. The upper part of these columns 
was heated to about 40 C. The outflow drip 

TABLE lI  
Melting Points of Unsaturated Wax Esters a 

Abbreviated M.P. 
Ester ale-acid in C 

Monounsaturated 
Myristyl palmitoleate 14:0-16:1 2.5- 3.0 
Palmityl palmitoleate 16:0-16:1 10.5-11.0 
Stearyl palmitoleate 18:0-16:1 17.8-18.3 
Arachidyl palmitoleate 20:0-16:1 28.5-28.8 

Myristyl oleate 14:0-18:1 7.9- 8.5 
Palmityl oleate 16:0-18:1 16.5-17.0 
Stearyl oleate 18:0-18:1 23.8-24.2 
Arachidyl oleate 20:0-18:1 31.5 

Palmitoleyl myristate 16:1-14:0 13.8-14.3 
Palmitoleyl palmitate 16:1-16:0 22.3-22.6 
Palmitoleyl stearate 16:1-18:0 26.8-27.2 
Palmitoleyl arachidate 16:1-20:0 35.0-35.5 

O1eyI myristate 18:I-14:0 19.7-20.4 
Oleyl palmitate 18:1-16:0 28.0 
Oleyl stearate 18:1-18:0 34.0-34.5 
Oleyl araclaidate 18:1-20:0 39.5-40.0 

Diunsaturated 
Palmitoleyl palmitoleate 16:1-16:1 -18,0 to -17.0 
Oleyl palmitoleate 18:1-16:1 -12,0 to -I1.0 
Palmitoleyl oleate 16:1-18:1 -I1,0 to -10.0 
Oleyl oleate 18:1-18:1 - 4.0 to - 3.5 

~Double bonds are in position 9. 

70 20-20 
0 22-18 
2 0 - 1 8 @ ~ 0  

/ 
,8-2Oo la-,ao 2o_-16 

60 / 16180 / 18-16"/u / ?  / 
�9 :-" 20o,, 

14-20 / 16-160 / 
{ 0 / 16-14 ^ /  

s o  / 
0 

14-14 
16-12 

4 0  1 4 - 1 2 1 / 0  

I I I 1 , I  I I I 

-6 -4  - 2  0 +2 *4 +6 
Carbon  A t o m s  D i f fe rence  

A l c o h o l  minus A d d  

Fro. 1. Melting points of saturated wax esters. 
Melting points higher than interpolation would 
predict are marked by filled circles. 

tip and the siphon to the fraction collector 
were washed periodically with chloroform to 
remove any crystals that may have formed. 
Precautions against autoxidation were taken in 
preparing unsaturated wax esters. Some of 
the purified unsaturated wax esters crystallized 
from Skellysolve B or from diethyl ether only 
at low temperature, -30  to -65 C. 

The purity of the wax esters was checked by 
TLC and GLC. To test the sensitivity of these 
methods, fatty alcohol, acid and methyl ester, 
1% of each, were added to one of the prepara- 
tions. The mixture was chromatographed on 
Silica Gel G, which had been activated at 120 
C for 4 hr. Skellysolve B--diethyl e ther - -  
glacial acetic acid (85:15:1)  was the solvent. 
All components were easily detected. Similarly, 
it was ascertained that GLC would detect 1% 
of a contaminating homologous wax ester. 
GLC conditions were as previously described 
(9-11). In reference to these tests the purity 
of the wax esters was > 9 9 % ,  except esters 
containing palmitoleyl chains where purities 
were > 9 8 % .  

Melting Points 

The melting points of all saturated wax 
esters were determined on a Kofler Micro Hot 
Stage (A. H. Thomas Co.) by raising the 
temperature at a rate of 1-2 C/min .  The 
thermometer was corrected according to melt- 
ing points of standard substances (A. H. 
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Thomas Co.) .  Melting points of unsaturated 
wax esters were usually taken in small tubes 
which were attached to a thermometer and 
cooled slowly in a stirred water bath. Small 
pieces of ice were added until the substance 
solidified completely. The bath was kept at 
that temperature for 1-2 hr and was then al- 
lowed to warm up gradually. Acetone and 
dry ice were used as coolant with diunsatu- 
rated wax esters. 

DISCUSSION 

Even-numbered saturated and monoun- 
saturated components, C12-C20 have been used 
for the syntheses. Accordingly, the bis-ho- 
mologous series of wax esters, C26-  C40, con- 
tains saturated, monounsaturated and diun- 
saturated esters, including numerous isomers. 
In the following, the common abbreviated 
nomenclature is used for alcohol and acid 
moieties, listing the former first: 14:0-16:0 
stands for myristyl palmitate, 16:1-18:1 for 
palmitaleyl oleate, and so on. 

Melting points of the synthetic wax esters 
are listed in Tables I and II. Melting points 
for some of these compounds have been re- 
ported in the literature and have been quoted 
in reviews (1-3) as well as in more current 
publications (4,5).  Discrepancies among liter- 
ature data or between them and our data prob- 
ably are due to impurities which were not 
recognized at the time when analytical methods 
were less sensitive than now. The purity of 
our preparations is, according to GLC and 
TLC, better than, or close to 99%. The esters 
were crystallized from one or more of the 
solvents, diethyl ether, Skellysolve B (essentially 
n-hexane, bp 60-70 C) and acetone and the 
melting points remained unchanged within 
---0.3 C. Polymorphism, as it has been report- 
ed from some x-ray diffraction studies (4,6),  
was not indicated by melting points. 

Increments of melting points in the satu- 
rated serie, are approximately 5 C for homologs 
of the shorter chain lengths. They decrease to 
about 3 C for the longer chain homologs. There 
is, however, one exception which appears in 
each of the even-numbered homologous series. 
It is seen in Fig. 1 that  pairs such as 14:0- 
12:0 and 16:0-12:0, 16:0-14:0 and 18:0-14:0, 
and others, have melting points equal or much 
closer than other pairs of the respective homol- 
ogous series. Expressed in general terms, the 

melting points of saturated esters, Alce -Acidcn J 

are higher than predicted by interpolation from 
melting points of other members of that homol- 
ogous series. Such a rule had not became ap- 
parent from earlier investigations. The excep- 
tions are consistent in several series, and this 
makes it unlikely that contaminants are the 
cause. 

Examination of the data  in Table I shows 
that among saturated wax esters, isomers hav- 
ing equal or close to equal chain lengths of al- 
cohol and acid moieties have the highest melt- 
ing points. This is, of course, not valid for 
extreme differences of chain length. For  ex- 
ample, methyl hentriacontanoate with a total 
of 32 carbon atoms and its isomer, ethyl tri- 
acontanoate, melt at 74.5 C and 69 C, re- 
spectively (3) .  Both melting points are higher 
than those of typical wax esters having 32 car- 
bon atoms. 

Monoenoic wax esters (Table II)  which are 
unsaturated in the alcohol moiety have higher 
melting points than their isomers with the 
double bond in the acid moiety. I t  was ob- 
served that regardless of solvent, monoenoic 
esters of the former type crystallize in heavy 
thick clusters, whereas the latter esters crystal- 
lize in flaky leaflets similar to those of satu- 
rated wax esters. 
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Fatty Acid Composition of Adult Schistosoma mansoni 
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ABSTRACT 

The fatty acid composition of triglycer- 
ide and total phospholipid fractions of 
adult Schistosoma mansoni has been ex- 
amined. Both triglyceride and phospholip- 
id contained fatty acids varying in chain 
length from 12 through 24 carbons; trace 
amounts of shorter chain components 
were found in the triglyceride fraction. 
A docosahexaenoic acid in the triglycer- 
ide fraction represented the highest de- 
gree of unsaturation e n c o u n t e r e d .  
Branched chain fatty acids of 16 and 18 
carbons were found in both phospho- 
lipid and triglyceride. Examination of 
fatty acids from fluke total lipid revealed 
the presence of small amounts of odd 
numbered carbon fatty acids varying in 
chain length from 13 through 23 carbons. 

INTRODUCTION 

S CHISTOSOMIASIS IS A pARASITIC disease of 
considerable medical and economic im- 

portance. Throughout the world nearly 200 
million people are currently infected with 
one of the three species of blood flukes (1);  
the disease is particularly prevalent in the 
Orient (2). In the Western Hemisphere, 
schistosomiasis mansoni is widely distributed 
in Brazil, certain of the Caribbean Islands and 
in some areas of Puerto Rico (3). The ac- 
cumulation of eggs from this blood fluke in 
the human liver and gut produces extensive 
fibrosis. Prognosis is poor in chronic cases 
with advanced cirrhosis of the liver (3). 

Carbohydrate and protein metabolism of 
Schistosoma mansoni have been investigated 
(4, 5) but the lipid composition of this im- 
portant blood fluke has received little atten- 
tion (6). The purpose of this paper is to iden- 
tify the fatty acids found in the triglyceride 
and phospholipid fractions of S, rnansoni total 
lipid as an aid to the future understanding 
of lipid metabolism which may stimulate the 
development of new chemotherapeutic, pro- 
phylactic or suppressive agents. 

MATERIALS' AND METHODS 

White Swiss mice or DBA/2  mice were 
maintained on a diet of Purina rat chow (Ral- 
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ston Purina Company, St. Louis, Mo.) and 
water ad lib. Mice infected for 6 to 10 weeks 
with the Puerto Rican strain of S. mansoni 
were killed by skull fracture and the mature 
flukes dissected from the mesenteric venules. 
Prior to extraction with chloroform-methanol 
(2:1, v /v)  (7), these trematode parasites were 
washed in three changes of physiological saline 
and counted. 

Tissue lipid was separated into classes by 
ascending TLC on 20 x 20 cm glass plates coat- 
ed with a 250 F silica gel G adsorbent layer 
(E. Merck AG, Darmstadt, Germany).  Nor- 
mal hexane-diethyl ether-acetic acid (70:30:1,  
v / v / v )  was used as the developing solvent (8). 
Reference mixtures for lipid class separations 
by TLC and methyl ester standards were ob- 
tained from the Hormel Institute, Austin, 
Minn. 

Prior to the application of lipid samples 
all chromatoplates except those coated with 
a 250/~ layer of silica gel HR (E. Merck AG, 
Darmstadt, Germany) were washed with 
methanol-diethyl ether (80:20, v /v )  to re- 
move impurities in the silica gel layer (9). 
All solvents were routinely examined for con- 
taminants by dissolving any residue remaining 
after evaporation of 100 ml in 10 /tl of n- 
hexane and injecting this solution into a gas 
chromatograph. Operating conditions were al- 
ways those used in subsequent analyses of 
fluke lipid. Contaminated solvents were puri- 
fied by appropriate procedures detailed else- 
where(10).  When necessary, 2,7-dichloro- 
fluorescein and UV light were used to vis- 
ualize standard class separations. 

Silica gel bands containing the separated 
components were scraped into individual 5 ml 
round bottom flasks. About 2 ml of 6% sul- 
furic acid in anhydrous methanol was added 
to lipid class or total lipid samples and each 
mixture refluxed for 6 hr at 80 ~ C. 

Methyl esters were routinely extracted into 
hexane and separated from other extractable 
reaction products by TLC using an n-hexane-  
diethyl ether-acetic acid (90:10:1,  v / v / v )  de- 
veloping solvent (11). S. mansoni phospho- 
lipid components were further studied by re- 
chromatographing the phospholipid fraction 
from above in chloroform-methanol-water 
(65:25:4,  v / v / v )  and spraying the developed 
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FIG. 1. GLC recording of fatty esters from 
adult S. mansoni phospholipid f r o m  470 pair. 
Glass column 4 ft • 4 mm i.d., packed with 
5% DEGS on Diatoport S. 
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FIG. 2, GLC recording of fatty esters from 
adult S. mansoni triglyceride from 470 pair. 
Column specifications detailed in Fig. 1 legend. 

Fro. 3. Photograph of fractionation of fatty ester adducts by TLC according to 
number of double bonds. A, D, 1-6, standard mixture, in progressive order, from the 
origin: 1) docosahexaenoate and eicosapentaenoate, 2) arachidonate, 3) linolenate, 
4) linoleate, 5) oleate, 6) stearate. B, C, adducts of fatty esters from adult S. 
mansoni total lipid, 1-6, in progressive order from the origin: 1) hexaenes and 
pentaenes, 2) tetraenes, 3) trienes, 4) dienes, 5) monoenes, 6) saturates. 
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plates with either ammonium molybdate-per-  
chloric acid reagent or ninhydrin and compar- 
ing calculated Rr values with recorded values 
for phosphatides (12).  

Fat ty  acid methyl esters were separated and 
qualitatively identified by two GLC proce- 
dures. In the first, methyl esters from fluke 
total lipid or lipid classes were chromato- 
graphed on either an F and M model 400 or 
402 gas chromatograph equipped with hydro- 
gen-flame ionization detectors. Results are 
shown in Figs. 1 and 2. The column used 
in both instruments was a 4 ft x 4 mm i.d. 
glass tube packed with 5% polydiethylenegly- 
colsuccinate (DEGS)  coated on 80-100 mesh 
Diatoport  S. Operating conditions were helium 
flow rate 75 ml/min,  temperature program- 
ming from 100-210 C at 3~  and 400 
attenuation of signal. Identification in this in- 
stance was made by comparison of unknown 
peak relative elution temperatures with those 
of standard methyl esters as previously des- 
cribed (8,13). In the two column technique 
used as the second GLC procedure, the prob- 
lem of overlapping components so evident in 
Figs. I and 2 was resolved by collecting 
chain length fractions from the effluent port 
of either an F and M model 400 gas chromato- 
graph as described elsewhere (14) or from the 
effluent port  of an F and M model 500 gas 
chromatograph. In the latter chain length 
collection process, an 8 ft. x �88 in. i.d. stain- 
less steel column packed with 20% S. E. 30 
on 60-80 mesh Chromosorb W was used. 
Operating conditions were helium flow rate 
120 ml /min ,  temperature programming from 
250--375C at 4~ and a signal attenua- 
tion of 1. Block temperature was 390C and 
the effluent port  was wrapped with asbestos 
string to a width of 2 in. to prevent condensa- 
tion of higher molecular weight methyl esters in 
the effluent tube during the collection process. 
All  collected chain length fractions were 
analyzed for double bond content by G L C  
on 5% DEGS with either an F and M model 
400 or model 402 instrument as described 
above. 

To further aid in establishing degrees of 
unsaturation in individual fatty acids from 
fluke total lipid, phospholipid, or triglyceride, 
a complementary TLC, GLC procedure (15) 
modified by initially separating the methoxy, 
bromomercur i -adducts  on longer (20 x 40 
era) silica gel H R  coated chromatoplates was 
used (Fig. 3). After  adduct decomposition, 
the component chain lengths of  the saturated, 
monoenoic and dienoic fatty acids were de- 
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FIG. 4. GLC recording of hydrogenated fatty 
esters from adult S. mansoni total lipid. Column 
specifications detailed in Fig. 1 legend. 

termined by GLC of recovered methyl esters 
on 5% DEGS using operating conditions de- 
tailed above. 

Hydrogenated methyl esters from fluke total 
lipid, phospholipid and triglyceride (16) were 
analyzed by GLC on 5% DEGS to assist in 
resolving the complex general composition of 
each mixture, to verify chain length composi- 
tion and to help in detecting the presence of 
branched chain fatty acids (Fig. 4) .  

Peak areas were determined by multiplica- 
tion of peak height by width at half-height. 
Percentages listed in Tables I and II  repre- 
sent the mean of the percentages of the total 
area under the curves contained in the peaks. 

RESULTS AND DISCUSSION 

The first larval stages of all digenetic trema- 
todes develop in molluscan intermediate hosts. 
This fact distinguishes this group of parasitic 
flatworms from all others. These original mol- 
luscan parasites apparently later developed an 
association with vertebrate hosts (17).  

Initial larval stages of S. mansoni develop in 
fresh water snails and this fresh water origin 
of these blood flukes is reflected in the large 
amounts of C16 and C1~ acids (18) found by 
us in adult S. mansoni tr iglyceride,  phospho- 
lipid and total lipid (Table I ) .  Indeed, the 
predominance of  C1~ and Cis fatty acids in 
man, monkeys and wild rodents may be par- 
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T A B L E  I 

Fat ty  Acid Composi t ion  of Adul t  Schistosoma mansoni Tissue Lipids  

Tota l  Lipid  a Triglyceride b Phosphol ipid e 

Fa t ty  Mean S.D. Min. Max. Mean S.D. Min. Max. Mean S.D. Min. Max. 
Acid Area % Area % Area % 

12:0 0.1 0.1 0.1 0.2 0.2 0.1 0.1 0.2 Traced 
13: 0e Trace Trace Trace 
14:0 0.7 0.5 0_5 1.2 0.8 0.4 0.4 1.2 0.7 
15:0 0.3 0.1 0.2 0.4 Trace Trace 0.1 0.4 
16:0Br Trace 0.2 Trace 0.2 1.2 
16:0 i 17.6 1.4 16.3 19.5 14.5 6.0 7.9 19.5 28.6 
16:1 1.1 0.0 1.0 1.1 2.2 0.9 1.1 2.9 0.6 
17:0 0.5 0.5 0.5 0.4 Trace 0.4 0.4 
18:0Br 0.3 Trace 0.3 0.2 0.2 0.1 0.4 0.6 
18:0i 11.8 0.3 10.7 13.2 5.3 1.4 3.6 6.3 21.8 
18:1 i 22.2 1.5 21.0 24.8 32.4 1.0 31.2 33.9 17.2 
18:2 i 9.4 0.3 9.1 9.8 14.7 1.1 13.4 15.8 2.7 
18:3 Trace Trace Trace 
19:0 0.6 0.4 0.8 0.4 0.1 0.4 0.5 0.4 
20:0 0.6 0.1 0.4 0.7 0.4 0.1 0.3 0.5 0.8 
20: I i 10.7 0.8 9.9 11.9 8.8 3.0 6.6 12.2 11.6 
20:2 4.3 0.4 3.7 4.7 3.1 f 3.1 3.2 2.1 
20:3 1.1 r 1.0 1H 
20:Unsa t .  0.6g 

Unid .  
20:4 9,5 h 0.4 9.4 10.0 5.7f 5.6 5.9 Trace 
20:5 0,4 0.1 0.3 0.6 OAf 0.1 0,3 0.5 
21 : 0 Trace Trace Trace 
22:0 0.9 0.1 0.8 1.0 1.3f 1.i 0.9 1.8 0.4 
22:1 0.9f 0.8 1.1 4.0 
22: Unsat .  2.1g 

Unid .  
22: 2 0.2e 0.2 0.2 
22:3 0.8 0.4 0.3 1.2 Trace 
22:4 1.9f 1.7 2.2 
22:5 0.3f 0.3 0.4 
22:6 1.6 0.9 0.7 2.5 1.0f 0.9 1,2 
23: 0 Trace Trace Trace 
24:0J 5.0 0.5 4.3 5.5 0.4 0.2 0.3 0.5 0.6 
24: lJ 0,2 0.1 0.2 0.3 2.9 1.1 2.0 4.3 3.2 
Unid.  1,4 1.2 0.1 2.5 0.3 0.1 0.3 0.4 

0.3 0.4 1.2 
0.1 0.2 0.5 
0.3 0.7 1.6 
5.1 22.6 36.1 
0.1 0.5 0.9 
0.1 0.3 0.4 
0.1 0.5 0.8 
2.8 19.0 ~ . 4  
6.1 12.8 34.2 
1.5 1.4 5.1 

0.1 0.4 0~5 
0.2 0.5 1.2 
1.5 9.4 14.0 
1.2 0.8 4.0 

0.5 0.6 

Trace 0.4 

0.I 0.3 0.5 
3,0 1,3 8.4 

2 , l  2.2 

0,2 0.4 0.8 
3,2 0.6 7.6 

a Six determinations on two samples (145 pair  and 205 pair  + 2 male flukes).  
b F ive  determinations on two samples (243 pair  and 200 pa i r ) .  
e Nine  determinations on four  samples (243 pair,  1088 pair, 1087 pair  + 180 males and 360 pair  + 28 males) .  
d Trace ~-~ less than  0.1% of total  area. 
e Odd chain length data  f rom hydrogenated samples. 
r Three determinat ions on one sample (243 pa i r ) .  
g F o u n d  in three determinat ions on 360 pai r  + 28 males only. 
h 20:4  and 22:1 in to ta l  l ipid.  
i Major  fatty acids composing 10% or more of to ta l  or either fraction. Unid.  = unidentified. Unsat .  

unsaturated fatty acid. Br - -b ranched  chain fatty acid. 
J May represent a mixture with 22:3 or 22:4. 

tially responsible for their selection as definitive 
hosts. An examination of S. mansoni cercarial 
total lipid fatty acid composition revealed a 
similar prevalence of C16 and Cls fatty acids in 
the larval stage which penetrates the skin to es- 
tablish the parasite in the mesenteric venules 
and liver of primates and rodents (8). 

The fluke phospholipid fraction was found 
to contain materials corresponding in Rf to 
amino acids, lysolecithin, sphingomyelin and 
cardiolipin. Results of analyses of fatty acid 
moieties from S. mansoni total lipid, triglyc- 
eride and phospholipid are shown in Tables I 
and II. The triglyceride fraction contained 
31 fatty acids varying in chain length from 12 
through 24 carbons. Occasionally traces of 
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shorter chain fatty acids were seen in GLC 
strip chart recordings. A similar chain length 
composition was found among the 27 fatty 
acids from S. mansoni total lipid and the 26 
fatty acids of the phospholipid fraction (Tables 
I and II) .  A fatty acid composition nearly 
as complex has been reported for neutral 
lipid from female Moniliformis dubius, a 
thorny headed acanthocephalan parasite of 
rats which contained some 29 fatty acids dif- 
fering in chain length from 10 through 22 
carbons (19). A study of neutral lipid from 
the female swine acanthocephalan Macracan- 
thorhyncus hirudenaceus revealed 16 fatty 
acids varying in chain length from 10 through 
20 carbons (19). Analyses of major fatty 
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T A B L E  I I  

Hydrogena ted  Fa t ty  Acid  Methyl  Esters  f r o m  Adul t  S c h i s t o s o m a  m a n s o n i  Tissue Lipids  
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Fa t ty  
Acid  

Tota l  L ip id  Triglycerided Phosphol ip id  e 

Swiss D B A  
Mice Mice  f Swiss Mice Swiss Mice 

(1 )a  (2)b  (1)e  M e a n  S.D. Min.  Max .  Mean  S.D. Min.  Max.  
A r e a  % A r e a  % A r e a  % 

Less than  
14:0 Traceg  T race  1.0 Trace  Trace  

14:0 1.0 0.5 0.4 0.8 0.2 0.7 1.0 0.4 0.1 0.4 0.5 
15:0 0.5 0.3 T race  Trace  0.3 0.1 0.2 0.4 
16:0Br  0.9 Trace  T race  Trace  
16:0 h 24.7 28.6 19.8 17.0 0.2 16.8 17.2 21.6 0.6 21.1 21.4 
17:0 0.5 0.5 0.7 0.4 Trace  0.4 0.4 0.1 0.3 0.4 
18:0Br  0.6 Trace  Trace  Trace  
18:0 h 46.8 44.6 40.1 54.2 0.6 53.4 54.7 37.4 0.9 36.6 38.3 
Unid .  0.5 0.9 0.8 0.1 0.7 0.9 
19:0 0.4 0.8 0.5 0.4 0. l  0.4 0.5 0.4 0.1 0.4 0.5 
20:0h 18.0 18.9 20.1 21.6 0.8 20.8 21.7 23.4 0.2 23.2 23.7 
21 :0  Trace  Trace  Trace  Trace  Trace  
22 :0  5.5 3.8 7.0 4.5 0.1 4.1 5.0 13.3 0.2 12.6 13.9 
23 :0  Trace  Trace  Trace  Trace  Trace  
Unid .  0.5 
24 :0  1.I 1.5 9.0 1.1 0.1 1.1 1.3 2.0 0.1 1.9 "2.0 

a O n e  d e t e r m i n a t i o n  o n  total  l ipid f r o m  330 pair .  
b One  de te rmina t ion  on total  l ipid f r o m  863 pair .  

One  de te rmina t ion  on total  l ipid f r o m  229 pair  q- 26 males .  
a F o u r  de terminat ions  on tr iglyceride f r o m  722 pa i r  q- 13 males .  
�9 F o u r  de terminat ions  on phosphol ipid  f r o m  328 pai r .  
t Di lu te  Brown  Agout i  mice.  
g Trace  ~ less than  0.1% of  total  area. 
h M a j o r  fa t ty  acids compos ing  10% or  more  of  the  total  o r  ei ther  f ract ion.  Unid .  = unidentified.  Br  

b ranched  cha in  fat ty  acid. 

acids from Spirometra mansonoides sparganum 
larval lipid resulted in the detection of 15 
acids varying in chain length from 14 through 
22 carbons in the total lipid (20). The 14 
fatty acids detected in the sparganum neutral 
lipid and the 15 fatty acids from its phos- 
pholipid exhibited a similar chain length con- 
stitution. In adult S. mansonoides, a tape- 
worm from domestic cats, 16 fatty acids vary- 
ing in chain length from 14 through 22 car- 
bons were identified in both neutral lipid and 
phospholipid. As in adult S. rnansoni, the C1~ 
and C18 acids were found to be generally pre- 
dominant in lipid from each parasite men- 
tioned above, however, the C~4 acids detected 
in adult S. mansoni represent the longest chain 
length detected in lipids from any of these 
parasites (19,20). 

A comparison of adult S. mansoni triglycer, 
ide and phospholipid fatty acid components 
with the same fractions from normal unin- 
fected white Swiss mouse blood revealed a 
more complex fluke triglyceride fatty acid 
constitution but a very similar fatty acid com- 
position for fluke and mouse blood phospho- 
lipid except that the predominant 20 carbon 
unsaturated fatty acid in fluke phospholipid 
was 20:1 in contrast to 20:4 in mouse blood 

phospholipid (21,22). S. mansoni thus ap- 
pears to be capable of synthesizing its own 
triglyceride. It has been reported that S. man- 
sonoides is able to synthesize triglyceride, ster- 
ol ester and phospholipid from exogenously 
supplied fatty acids and sterols (20). 

Branched chain fatty acids of 16 and 18 
carbons were found in fluke total lipid, phos- 
pholipid and triglyceride along with small 
amounts of odd numbered carbon fatty acids 
differing in chain length from 13 through 23 
carbons (Tables I and II) .  Trace amounts of 
13 carbon branched chain fatty acids were 
identified in neutral lipid from M. hirudena- 
ceus while M. dubius neutral ~ lipid contained 
traces of a 14 carbon branched chain acid. 
Small quantities of odd numbered carbon fatty 
acids differing in chain length from 11 through 
17 carbons in M. dubius and 13 through 17 
carbons in M. hirudenaceus have been re- 
ported (19). Neither branched chain nor odd 
numbered carbon chain acids were detected 
in lipid from the larvae or adult stage of S. 
mansonoides (20). 

The presence of highly unsaturated eicosate- 
traenoic acids in S. mansoni phospholipid and 
triglyceride and eicosapentaenoic and docosa- 
hexaenoic acids in the fluke triglyceride frac- 
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tion at least suggests that pathways for fatty 
acid interconversions could exist in adult S. 
mansoni. 
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Two Synthetic Phosphonate Analogs of Lecithin 
ARTHUR F. ROSENTHAL and MANUEL POUSADA, Department of Laboratories, The Long Island 
Jewish Hospital, New Hyde Park, New York 11040 

ABSTRACT 

The diether-phosphonate lecithin analog 
DL - 2 - h e x a d e c o x y- 3 - octadecoxypropyl- 
phosphonylcholine was prepared in 55% 
overall yield by reaction of 2-hexadecoxy- 
3-octadecoxypropylphosphonic acid with 
choline iodide and p-toluenesulfonyl chlo- 
ride, and purified chromatographically. 

The diester-phosphonate lecithin analog 
1,2-dipalmitoyl-sn- glycero-3-[2'-trimethyl- 
ammonium) ethylphosphonate] was pre- 
pared from sn-glycerol-l,2-dipalmitate and 
2- (trimethylammonium) ethylphosphonyl 
dichloride, and the reaction mixture puri- 
fied chromatographically. The lecithin 
analog was obtained in an anhydrous 
form. 

INTRODUCTION 

D UR1NG T H E  PAST F E W  YEARS the synthesis 
of phosphatide analogs of several new 

types, containing as a common feature the re- 
placement of a P-O-C moiety by the non- 
hydrolyzable C-P group, has been reported 
(1-12). This interest in what until recently 
would have been considered the biologically 
exotic phosphonate group in lipids appears to 
have been stimulated from two directions: the 
finding of phosphonate-containing lipids in 
nature (13-16), and the aim of synthesizing 
biologically stable inhibitors of phosphatide- 
degrading enzymes (17,18). 

Syntheses of two phosphonate-containing le- 
cithin analogs (I and II) are described below. 

CHeOClsH~z 

CHOC16Hs3 
! + 

CH2~-OCH2CH2N (CHa) 3 
! 

-O  
I 

CH2OCOC~sHal 
I 

C~H31COOCH 
I + 
CH2OI~CH~CH2N (CHa) a 

! 
-O 

II 

The first of these, DL-2-hexadecoxy-3-octadec- 
oxypropylphosphonylcholine (I), was prepared 
from the corresponding phosphonic acid (8) 
by condensation with choline iodide in the pres- 
ence of p-toluenesulfonyl chloride. Purification 
of the product was accomplished in its free acid- 
trifluoroacetate form by chromatography on a 
silicic acid-celite column. It was possible to use 
trichloroacetonitrile as the condensing agent, 
but a very dark product was obtained which 
was difficult to free from traces of pigment 
even chromatographically. 

The product was obtained as a white powder 
considerably more soluble in chloroform and 
other organic solvents, and more dispersible in 
water, than the corresponding phosphonate- 
cephalin (4). The lecithin analog was analyzed 
correctly for a monohydrate form. It was found 
to be a powerful inhibitor of the phospholipase 
C reaction (19). 

1,2- Dipalmitoyl- sn - glycero-3-[2'- (trimethyl- 
ammonium)ethylphosphonate] (II), has pre- 
viously been synthesized by Baer and Stanacev 
(7), who also prepared the corresponding di- 
myristoyl and distearoyl homologs. These au- 
thors reacted 1,2-diacyl-sn-glycerols with the  
monoacid chloride of 2-bromoethylphosphonic 
acid, and treated the products with trimethyl- 
amine to give the phosphonate lecithins. 

It seemed of interest to investigate whether 
the same compounds could be formed by direct 
reaction of the 1,2-diacyl-sn-glycerol with the 
acid chloride of the zwitterionic 2-(trimethyl- 
ammonium)-ethylphosphonic acid (20). Ac- 
cordingly, the acid chloride (presumably di- 
chloride) was prepared from the zwitterion by 
treatment with phosphorus pentachloride and 
reacted in the presence of pyridine with sn- 
glycero]-l,2-dipalmitate. The crude reaction 
product on chromatographic separation yielded 
among a number of substances a compound ap- 
parently identical to that •repared by Baer and 
Stanacev (7) on the basis of its melting point 
and infra-red spectrum. 1 A second product, 

~The specific rotation found for this compound (+9 .6  ~ 
is considerably higher than that reported by Baer ( + 7 . 5 ~  
The reason for this discrepancy is not definitely known; 
however, our rotation was obtained in much more dilute 
solution than Baer's, in a different solvent [chloroform vs. 
chloroform-methanol (3:1)],  and on a photoelectric instru- 
ment (Bendix Automatic polarimeter; Bendix Corp., Cin- 
cinnati, Ohio) rather than an optical polarimeter. 

37 
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eluted from this column just before the lecithin 
analog, had properties very similar to the 
latter, including the same elemental analysis. 
The structure of this by-product is not known 
at present; it is evidently not an sn-l ,3-diacyl- 
lecithin analog, since it was optically active, 
nor a tr imethylammonium salt of a diglyceride 
vinylphosphonate (potentially formed via an 
elimination reaction),  since treatment with tri- 
chloroacetic and trifluoroacetic acids, as well 
as Amberli te IR-120(H+),  failed to remove any 
nitrogen. The yield of the by-product is sharp- 
ly increased if thionyl chloride, rather than 
phosphorus pentachloride, is used to form the 
acid chloride. 

The desired lecithin analog, on careful and 
extensive drying, could be obtained in an anhy- 
drous form on the basis of elemental analysis. 
On standing in air for a few hours the melting 
point was lowered a few degrees (but remained 
sharp) and a correct analysis for a monohy- 
drated form was obtained. Another phos- 
phonate-containing lecithin analog, 2-octadec- 
yleicosylphosphonylcholine, previously has also 
been obtained in an anhydrous form (11).  

E X P E R I M E N T A L  P R O C E D U R E S  ~ 

2 - H e x a d e c o x y - 3 - o c t a d e c o x y p r o p y l p h o s p h o n y l c h o l i n e  

2-Hexadecoxy-3-octadecoxypropylphosphonic 
acid (ref 8; 317 mg, 0.50 m mol) and choline 
iodide (600 mg) were stirred together in a 
mixture of dimethylformamide (25 ml)  and 
anhydrous pyridine (10 ml) at 43C for 20 
rain. To the almost clear solution was added 

:TLC was per formed on silica gel G plates; phosphorus-  
containing spots as well as all organic substances were vis- 
ualized with the spray reagent  of Di t tmer  and Lester  (21) ,  
which has previously been shown to stain phosphonate-  
containing compounds  (8) .  Microanalyses were pe r fo rmed  
by Schwarzkopf  Microanalyt ical  Labora tory ,  Woodside,  
New Y o r k  11377. 
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p-toluenesulfonyl chloride (2.0 g) and the mix- 
ture was stirred at 40C for 48 hr. 

The reaction mixture was concentrated in 
vacuo to about 4 ml (bath temperature, 35- 
40C) ; the product was precipitated by addition 
of acetonitrile (35 ml) and filtered. The yel- 
lowish solid was dissolved in a minimal volume 
of chloroform and reprecipitated with 15 vol. 
of acetone. The yield of product at this point 
was 320 rag. In chloroform-trifluoroacetic acid 
(9:1)  on silica gel G plates the material was 
found to consist mainly of the desired product 
(Rf 0.33) with traces of the starting phosphonic 
acid and of unidentified phosphorus-containing 
contaminants. 

The crude product (290 rag) was dissolved 
in chloroform (10 ml) and trifluoroacetic acid 
(0.5 ml) was added. The solution was evapo- 
rated to dryness, redissolved in chloroform, and 
reevaporated thoroughly. The product was dis- 
solved in 5 ml of  chloroform and applied to a 
20 • 190 mm 3:1 silicic acid-celite (30 g) 
column, which had previously been activated 
by washing with methanol followed by an ex- 
cess of chloroform. 

The column was washed with 300 ml of 
chloroform, 300 ml of chloroform-methanol 
(9 :1 ) ,  and 600 ml of chloroform-methanol 
(3 :1) ,  all of which eluted only impurities. 
Further washing with 2100 ml chloroform- 
methanol (3:1)  eluted the product in an al- 
most pure form; yield, 208 mg (68% of crude 
product applied to column).  This material was 
dissolved in chloroform (10 ml) ,  pyridine (0.5 
ml) was added, and the solution evaporated 
thoroughly to dryness. The residue was dis-J 
solved in chloroform (5 ml) containing one 
drop of pyridine, filtered through a medium- 
porosity sintered glass funnel, and warm acetone 
(10 ml) was added. The solution was boiled 
for 5 rain, allowed to crystallize slowly at room 
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temperature and then at 5C, and finally filtered 
off and dried in vacuo. The product was re- 
crystallized once more to give 197 mg (55%)  
of analytically pure white product, m.p. 193.5- 
194.5C. To obtain a correct analysis for the 
monohydrate form it was necessary to dry the 
product  at 40C at 1 mm over  P_~O5 for 48 hr. 
Found:  C, 68.41; H, 12.48; N, 1.83; P, 3.99. 
Calculated for C42HssNOsPH20(736.163) : C, 
68.52; H, 12.32; N, 1.90; P, 4.21. 

The product was chromatographically homo- 
geneous in chloroform-trifluoroacetic acid (9:1 ; 
Rf 0.33) and in chloroform-methanol-water 
(65:25:4;  Rf 0.53). Its infrared spectrum is 
shown in the figure. 

1,2- Dipalmitoyl-sn-glycero-3- 
[2'-(trimethylammoniurnlethylphosphonate] 

2-(Trimethylammonium)ethylphosphonic acid 
monohydrate (ref 20; 0.74 g, 4 mmole) was 
added to a stirred suspension of phosphorus 
pentachloride (2.50 g, 12 mmole) in anhy- 
drous alcohol-free chloroform (5 ml) .  The 
mixture was heated to reflux for 10 min and 
then stirred at room temperature for 30 rain. 
Volatile material was removed in vacuo at 30-  
35C and the crystalline residue kept <0.1  mm 
at 50C for 1 hr to remove traces of phosphorus 
oxychloride. 

The dried residue was suspended with stirring 
in a mixture of anhydrous pyridine (2.5 ml) 
and chloroform (15 ml) and stirred at 0-5C 
while a solution of sn-glycerol-l ,2-dipalmitate :~ 
(ref 22; [~]]~-3.0~ 1.12 g, 2 mmole) in chloro- 
form (10 nal) and pyridine (2.5 ml) was added 
dropwise during 1 hr; residual dipalmitin was 
washed in with chloroform (3 • 4 ml) .  After 
1 hr at 0-5C the mixture was stirred at room 
temperature for 20 hr. 

The reaction mixture was again cooled to 
0 -5C and water (1 ml) was added with vigor- 
ous stirring, which was continued a t  room tem- 
perature for 2 hr. Solvents were removed in 
vacuo at 40C. The residue was extracted .first 
with 0.15N HC1 (120 ml) ,  chloroform (25 ml) 
and isopropanol (50 ml) .  The aqueous layer 
was washed with 3 • 100 ml chloroform; the 
combined chloroform extracts were dried over 
MgSO4, filtered and evaporated. The residual 
material was dried overnight at 35C < 1 mm. 

A silicic acid-celite (3 :1)  column (4 • 26 
cm tube) was prepared, containing 130 g of ad- 
sorbent previously activated by washing with 
methanol on a Buchner funnel (3 • 100 ml) 
and then freed of methanol by repeated wash- 

3 D-a/~-Dipalmitin according to the older Fisher-Baer 
nomenclature. 

ing with chloroform. The crude phosphonate 
lecithin in chloroform (25 ml) was applied to 
the column, which was washed successively with 
350 ml chloroform, 1.6 liters chloroform-meth- 
anol (9:1 ), and 2.5 liters chloroform-methanol 
(4: 1). The column effluents were monitored by 
TLC in chloroform-methanol-water (65 :25 :4 ) .  
After about 1.3 liters chloroform-methanol 
(4 :1)  had been collected, the pure product 
began to appear and was completely eluted 
after 2.5 liters. Prior elutes contained unre- 
acted dipalmitin, chlorodipalmitin, a variety of 
low-MW phosphorus-containing compounds, 
and the isomeric compound of unknown struc- 
ture discussed above. [This substance had Rf 
0.53 in chloroform-methanol-water (65:25:4)  ; 
calculated for the anhydrous phosphonate leci- 
thin: C, 66.72; H, 11.47; N, 1.94; P, 4.30. 
Found:  C, 66.81; H, 11.30; N, 1.94; P, 4.10; 
m.p. 200-201 C, [a]~ + 6.1 ~ Its infrared spec- 
trum is very similar to that of the product but  
differs in having a moderately weak but sharp 
absorption at 1620 cm-1.] 

The slightly off-white product, obtained by 
evaporation of the 1.3-2.5 liters of chloroform- 
methanol (4:1 ) eluate, was dissolved in a mix- 
ture of  tetrahydrofuran (25 ml) ,  chloroform 
(10 ml) ,  methanol (6 ml) and water (4.5 ml) 
and decolorized by passage through a short 
column of Amberlite MB-3 previously equili- 
brated with the same solvent. The product, 
after evaporation of solvent, was obtained in 
an analytically pure form by a final crystalliza- 
tion from warm chloroform-acetone; its infra- 
red spectrum was virtually identical with that 
given by Baer and Stanacev (7) for the dimy- 
ristoyl compound. After  drying at 40C and 

0.1 mm over phosphorus pentoxide over- 
night, the m.p. was 201.5-202 C; [~]~ + 9.6 ~ 
(c, 0.3 in alcohol-free chloroform).  Calculated 
for anhydrous 1,2-dipalmitoyl-sn-glycero-3-[2'- 
(trimethylammonium)e t h y 1 p h o s p h o n a t el: C, 
66.72%; H, 11.47%; N, 1.94%; P, 4.30%. 
Found:  C, 66.42%; H, 11.36%; N, 2.16%; P, 
4.03 %. After  exposure to air at room tempera- 
ture overnight, or on mixing with acetone con- 
taining a few drops of water and drying < 0.1 
mm at room temperature overnight over sul- 
furic acid, the m.p. was 196.5-197C. Found:  
C, 65.44; H, 11.47. Calculated for monohy- 
drate, C, 65.27; H, 11.23. 

The material was chromatographically homo- 
geneous on TLC in chloroform-methanol-water 
(65 :25 :4 ) ;  Rf, 0.48. The compound was 
readily separable from the Rf 0.53 substance 
in an artificial mixture. The yield of pure prod- 
uct eluted from the column was 9 .9%; how- 

LIPIDS, VOL. 4, No. I 



40 ARTHUR F. ROSENTHAL AND MANUEL POUSADA 

ever, another 17.3% could be obtained from 
intermediate fractions (contaminated with the 
Rf 0.53 product) by rechromatography. The 
Rf 0.53 product was formed to the extent of 
4.1%. About 38% of unreacted dipalmitin 
was recovered from the column. 
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Metabolism of Lipids in Rat Testes: Interconversions and 
Incorporation of Linoleic Acid Into Lipid Classes 

MASAMI NAKAMURA and O. S. PRIVETT, The Hormel Institute, 
University of Minnesota, Austin, Minnesota 55912 

ABSTRACT 

Studies are reported on the mode of in- 
corporation of linoleic acid into lipid clas- 
ses of testicular lipids. 1-1'~C-linoleic acid 
was injected into the testes of adult rats 
of  the Sprague-Dawley strain. Groups of 
animals were killed at 1, 3, 6, 12, 24 and 
48 hr after injections of the radioactive 
linoleic acid. The testes of each animal 
and livers of some animals were excised. 
Fatty acid and lipid class composition of 
the extracted lipids of the testes of each 
animal were determined as well as the dis- 
tribution of radioactvity in these com- 
pounds. Radioactive linoleic acid and 
fatty acids derived from it by interconver- 
sion and catabolism were incorporated in- 
to all the lipid classes. Incorporation of 
linoleic acid into the lipid classes was 
much faster than its interconversion or 
catabolism to other fatty acids. The im- 
portance of the fatty acid pool in the 
mode of incorporation of the fatty acids 
into the lipid classes is demonstrated. 

INTRODUCTION 

I NTERRELATIONSIIIPS IN LIPID synthesis in 
mammalian tissue have received a great 

deal of attention and enzymatic steps in path- 
ways for the net synthesis of common phos- 
phatides and triglycerides have been fairly 
well defined (3,11,I4,29).  Not so clear is 
the mode by which fatty acids are preferen- 
tially incorporated into these compounds. Di- 
glycerides per se have been shown to be 
intermediates in the synthesis of triglycerides 
arid phosphatides (14);  fatty acids appar- 
ently may be preferentially incorporated into 
phosphatides via acyl transferases (15,16,17, 
18.24). Patton et al. (21, 22, 23) postulated 
that in lactating mammary tissue phosphatidyl- 
choline serves as an intermediate in triglyc- 
eride synthesis in order to explain the pref- 
erential incorporation of short chain fatty 
acids into milk triglycerides. However, fatty 
acid composition and positional arrangement 
(structure) of individual lipids generally do 
not conform to patterns that are common to 
each other as might be expected from con- 
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sideration of synthetic pathways defined 
through studies on the mode of their inter- 
conversions (3,7,11,14,29). Recently (13) we 
demonstrated that relatively large changes may 
occur in fatty acid composition and lipid 
classes more or less independently of each 
other in testicular lipids indicating that turn- 
over of acyl chains and skeletal moieties of 
triglycerides and phospholipids occur at dif- 
ferent rates. Studies on the metabolism of 
testicular lipids have been devoted mainly to 
the mode of interconversion of fatty acids 
(1,4,5,12,19) and the effect of nutritional 
(1,8,13) and hormonal deficiencies (9,10,20) 
on lipid class and fatty acid composition. The 
present study was undertaken to provide basic 
data for further studies along these lines as 
well as for general information on the mode 
of lipid synthesis in the testes. 

EXPERIMENTAL PROCEDURES 

Materials and Methods 

1-14C-Linoleic acid was obtained from 
Tracerlab Inc., Waltham, Mass., methylated 
with diazomethane (27) and purified by ar- 
gentation TLC. Radio gas chromatography 
(6) showed that all the radioactivity was 
associated with methyl linoleate in the final 
preparation. The free acid obtained via saponi- 
fication and acidification had an activity of 3.5 
m C/ raM.  For  injections, the free acid was 
emulsified with a mixture of equal paris saline 
and rat serum; a 50 /d aliquot of this emul- 
sion, the amount used for injections, had an 
activity of 1.4 • 105 c.p.m. Analysis of the 
radioactive linoleic acid in the emulsion showed 
that it remained unchanged and was stable 
at least for the period of the experiment. 

Radioactivity was measured by scintillation 
counting with a Packard Tri-Carb Model 3002 
dual channel scintillation spectrometer with 
a scintillation solution consisting of PPO- 
POPOP in toluene or in dioxane-water solu- 
tion described by Snyder (28).  The latter 
solution was used for analysis of material re- 
covered from chromatoplates in radio TLC. 
Counting efficiency for carbon-14 was 85% 
in the toluene solution and 71% in the di- 
oxane-water solution. Values were not cor- 
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Fro. 1. TLC of rat testicular lipids. Plate 1 developed with petroleum ether-ethyl ether-acetic 
acid (80:20:1); plate 2 with petroleum ether-ethyl ether-methanol-acetic acid (90:20:5:2); plate 3 
with chloroform-methanol-acetic acid (65:25:4:8); plate 4 with chloroform-water-acetic acid (25:15:- 
2:4). CE = cholesteryl esters. GEDE = glyceryl ether diesters. TG = triglycerides, FA = fatty 
acids, DG = diglycerides. PL = polar lipids. NL = neutral lipids, PE = phosphatidyl-ethanolamine, 
PS =- phosphatidylserine, PI = phosphatidylinositol, PC = phosphatidylcholine, SPH = sphingo- 
myelin, LPC = lysophosphatidylcholine, O = origin (unknown). 

rected to 100% efficiency because results ob- 
tained in the different solutions were not com- 
pared. 

Distribution of radioactivity among the lipid 
classes was determined by scintillation count- 
ing of bands of the components separated 
by TLC. The bands were scrapped directly 
from plates into vials of scintillation solution 
for counting. Fractionation of the lipids was 
'carried out on four separate 5 X 20 cm 
chromatoplates containing a 0.25 cm layer of 
Silica Gel H (Brinkman Instruments Inc., Des 
Plaines, Illinois) as illustrated in Fig. 1. The 
positions of the bands were detected by ex- 
posing the plate to iodine vapors for just 
sufficient time to make them visible. The 
bands were marked and then the plates were 
placed in a chromatographic jar in a current 
of nitrogen for about 10 rain to evaporate 

most of the iodine. Four different solvent 
systems were employed in order to separate 
the major components completely from each 
other and provide duplicate checks on all 
components. Plate 1 in Fig. 1 was developed 
in petroleum ether-ethyl ether-acetic acid 
(80:20:1)  for analysis of cholesteryl esters 
(CE),  glyceryl ether diester (GEDE),  triglyc- 
erides (TG),  free fatty acid (FFA) ,  choles- 
terol (CH),  diglyceride (DG) and polar lipids 
(PL) as a group. Plate 2 was developed with 
petroleum ether-ethyl ether-methanol-acetic 
acid (90:20:5:2) .  It was used mainly for 
separation of the diglyceride fraction, but it 
also provided a check on the total of TG + 
CE + GEDE, FA and the PL fraction. Chol- 
esterol separated with the diglyceride in this 
plate, but generally it had little activity, as 
measured on Plate 1, and could be disre- 

LIPIDS, VOL. 4, No. i 



INCORPORATION OF L1NOLEIC ACID INTO TESTICULAR LIPIDS 43 

garded. Plate 3 was developed with chloro- 
form-methanol-water-acetic acid (65: 25: 4: 8). 
This plate was used mainly for phosphatidyl- 
ethalolamine (PE) which separates complete- 
ly in this solvent system; it also served to 
check Plate 4. The system used in Plate 4 
consisted of chloroform-methanol-water-acet- 
ic acid (25:15:2 :4) .  It has been described 
by Skipski et al. (25, 26) and its widely used 
for the separation of polar lipids. 1 Overall 
recoveries of radioactivity of approximately 
96% were consistently obtained by the above 
technique. Specific activities were calculated 
from the amount of each lipid class deter- 
mined on another aliquot of the sample by 
quantitative TLC by the charring-densitometry 
technique (2,13,20). 

Fatty acid composition was determined with 
an F & M Scientific Corp. Model 1650 flame 
ionization gas chromatograph on methyl esters 
of the total lipid and lipid classes prepared 
by interesterification with methanol-HCI. Ni- 
trogen was used as the carrier gas, and sep- 
arations were carried out on 6 ft. • ~/~ in. 
column packed with Gas Chrom P containing 
16% EGSS-X (Applied Science Laboratory, 
State College, Pa.). Percent composition was 
determined on the basis of the direct propor- 
tionalities of the peak areas measured by 
triangulation. The average of triplicate an- 
alyses of standard mixtures of reference fatty 
acids of composition similar to those dis- 
tributed by the NIH (purchased from the 
Lipids Preparation Laboratory of The Hormel 
Institute) agreed with the known composition 
within a maximum of _+ 2.6% and 4-5.4% 
relative error for the maior and minor com- 
ponents, respectively. 

Radio gas chromatography of methyl esters 
was carried out essentially by the collection 
technique described by Dutton (6) with an 
F & M Model gas chromatograph equipped 
with a thermal conductivity detector and a 
6 ft. X 1A in. column packed with Gas Chrom 
P containing 16% EGSS-X (applied Science 
Lab, State College, Pa.). The collected samples 
were counted with a Packard Tricarb Model 
3002 scintillation counter. Recoveries of ra- 
dioactivity by this technique were approxi- 
mately 80%. Specific activities were calcu- 
lated from the amount of each component de- 
termined by GLC via pentadecanoic acid added 
to the esterification mixture as an internal 
standard. Application of this technique to a 
number of standard radioactive fatty acids 
gave values that agreed within +-1.5% be- 
tween duplicate analyses. 

Animals 

Adult male rats of the Sprague-Dawley 
strain of 200-225 g were obtained from the 
Hormone Assay Laboratory, Chicago, IlL The 
animals were housed in individual metal cages 
and fed ad lib. a semi-synthetic diet consisting 
of 30% vitamin test casein, 50% sucrose, 4% 
cellulose 2, 4% mineral mix 3. 2% vitamin mix 4 
and 10% safflower seed oil. At the end of 
three weeks the animals were divided into six 
groups and one testicle of each animal in each 
~zroup was injected with 50 M of the 1-1~C-lino- 
leic acid emulsion (1.4 • 105 c.p.m.) in a 
sequential experiment. The animals were 
killed by exsanguination by withdrawal of the 
blood from the aorta, and the testes and livers 
were excised and frozen on dry ice. Groups 
were killed at 1. 3, 6, 12, 24 and 48 hr after 
injection of radioactivity. The testes of each 
animal in each group were decapsulated and 
weighed. The lipid was then extracted twice 
with chloroform-methanol ( 2 : I )  and once 
with a 1:2 ratio of these solvents, recovered 
in the usual manner as previously described 
(2,13,20). The distribution of the radioac- 
tivity and analyses of the lipid classes and 
fatty acids were determined as described above. 

RESULTS 

The percent distribution of radioactivity 
among the lipid classes of the testes and gen- 
eral data on the different groups of animals 
are presented in Table I. These results show 
that 53.1% of the injected radioactivity were 
recovered in the testicular lioids of the animals 
in the first group and 30,2% were recovered 
from the testes of the last group of animals 
(48 hr after the injections of radioactive lino- 
leic acid). In an accessory experiment, it was 
found that 80% of the injected radioactivity 
could be recovered in the testicular lipids of 
animals killed 15 min after injection of radio- 
active linoleic acid. No radioactivity was 

a:PC = phosphatidylcholine, PI = phosphatidylinositol, 
PS ~ phosphatidylserine. SPH = sphingomyelin, LPC ~ly- 
sophosphatidylcholine, DPG = diphosphatidylglycerol, NL 
= neutral lipid, PL = polar lipid. 

2Non-nutritive cellulose, alphacel from Nutritional Bin- 
chemicals Corp., Cleveland, Ohio. 

aWesson modified, Osborne-Mendel salt mix, from Gen- 
eral Biochemicals, Chagrin Fails, Ohio. 

~Vitamin mix, consisting of 0.25% vitamin A acetate 
crystals, 0.017% vitamin D: concentrate (400,000 U.S.P. 
#/g), 1.70% alpha-tocopherol. 0.06% i-inositol. 5.0% 
choline chloride 0.0085% menadione. 0.0325% p-aminoben- 
zoic acid, 0.43% niacin, 0.13% riboflavin, 0.035% pyri- 
doxine HCI, 0.13% thiamine HCI, 0.43% calcium panto- 
thenate, 0.001% biotin, 0.045% folic acid, 0.0002% vitamin 
B~., and 90.77% casein diluent. 
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TABLE I 

Percent Distribution of Radioactivity Among the Testicular Lipids Of Animals Injected 
Intratesticularly With 1-~4C-Linoleic Acid 

Time period (hr) 1 3 6 12 24 48 
No. of animals 5 5 5 6 6 6 

Testis wt. (g) 1.49• a 1.57• 1.51_.+_.0.03 1.64• 1.59__0.03 1.534--0.07 
% Lipid 2.7 4-0.1 3.0 4-0 1 3.1 -4-0.1 3.2 -4-0.1 3.2 -+-0.04 3.3 4-0.1 
Recovery of 
radioactivity % 53.1 4-1.0 48.5 4-1.4 46.7 4-0.5 47.5 4-3.2 43.8 4-2.4 30.2 4-1.4 

Neutral lipids (% distribution of radioactivity) 
Composition b 

(wt. % ) 
CE .... tr e tr 0.5 4-0.04 0.6 4-0.04 0.9 +0.1 1.0 4-0.2 
GEDE tr tr tr tr 0.7 4-0.1 0.9 +0.1 
TG 915 5.7 4-0.2 5.0 4-0.04 7.9 4-0.8 6.1 4-0.6 12.2 4-0.5 11.0 4-1.5 
FA 3.0 20.2 4-1.1 20.6 4-0.9 19.0 4-0.9 20.0 4-1.0 19.5 •  16.0 +0.8 
DG 1.8 8.0 4-0.4 6.9 4-0.3 6.4 4-0.2 7.1 4-0.3 6.3 +0.4 6.0 +0.4 
Chol . . . . . . .  tr tr tr  tr tr tr 
Total 
Neutral lipids (NL) 35.9 4-1.2 34.4 4-1.7 33.5 4-1.5 35.2 4-1.5 40.4 4-0.7 36.2 4-0.6 

Polar lipids (% distribution of radioactivity) 
DPG 1.4 4-0,2 2.4 4-0.2 1.5 4-0,3 1.5 4-0.2 1.4 +0.3 1.6 ___0.1 
PE 2714 11.7 +0.3 14.2 4-0.3 16.3 4-0.5 19.1 4-0.6 17.6 4-0.5 18.6 +0.4 
P I + P S  4.3 3.2 __+0.2 4.2 4-0.1 5.2 4-0.6 7.6 4-0.4 8.0 4-0.2 9.3 4-0.3 
PC 27.4 44.3 4-1.0 42.1 __+1.6 40.7 +__0.3 33.2 4-0.5 30.3 4-0.6 31.4 +__0.6 
Sph .... 0.6 4-0.02 0.8 4-0.02 0.5 4-0.1 0.6 4-0.1 1.1 +0.1 1.4 4-0.1 
Lyso 1.8 +_0.2 0.6 4-0.1 0.5 -4-0.1 0.5 4-0.1 0.3 4-0.3 0.6 4-0.1 
Total 
polar lipids (PL) 64.0 4-l.2 65.5 4-1.7 66.5 4-1.5 62.8 -+-1.5 59.3 4-0.7 63.8 4-0.6 

a M + S E .  

bMajor radioactive components. 

eTrace = under 0.4%. 

found in the lipids of the livers or testicle 
not injected with 1-14C-linoleic acid during 
the course of the experiment. Thus, no data 
are reported on these organs and it may be 
concluded that the radioactive linoleic acid 
was metabolized in the testicle into which it 
was injected. Further evidence to this effect 
was the relative constancy of the percentage 
distribution of the radioactivity among the 
lipid classes in view of the fact that approxi- 
mately 70% of it was dissipated over the 
course of the experiment. This observation also 
indicates that linoleic acid undergoes transfor- 
mations among the lipid classes in a very order- 
ly pattern, because the percentage composition 
(by weight) of the components does not change 
during the period of  the experiment. The 
changes that did occur in the percentage dis- 
tribution of the radioactivity among the lipid 
classes were probably due primarily to con- 
version of linoleic acid to other fatty acids that 
were transformed among the lipid classes and 
catabolized at different rates. More informa- 
tion of the mode of transformations of the 
fatty acids among the lipid classes was obtained 
from a consideration of the data on the speci- 
fic activities of the lipid classes presented in 
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Figures 2 and 3. 
The fatty acid fraction had the highest 

specific activity, as expected. The specific 
activity of this fraction gradually decreased 
as the fatty acids were catabolized and new 
fatty acids entered the pool to dilute the 
radioactivity. The concentration of the ra- 
dioactivity (specific activity) in PC and D G  
followed the same pattern as the fatty acid 
fraction but since these compounds contained 
no radioactivity originally, the specific activity 
apparently reached a maximum at some time 
prior to 1 hr, the time at which the first group 
of animals was killed. The concentration of 
radioactivity in PE appeared to reach a maxi- 
mum next among the lipid classes at between 
6 and 12 hr. The peaks in the concentrations 
of the radioactivity of the other lipid classes 
came at approximately 24 hr. Analyses were 
not made at short enough time intervals to 
indicate the maxima of the specific activities 
with great precision. Nevertheless, it was ap- 
parent the specific activities reached maximal 
values first in D G  and PC, then in PE and 
later in the other lipid classes. 

The percentage distribution of the radio- 
activity among the fatty acids in the different 
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FIG. 2. Specific activities of neutra l  lipids of  the  test icular  lipids of an imals  injected intra-  
test icularly with 1-1~C-linoleic acid. CE = cholesteryl  esters, G E D E  = glyceryl e ther  diester, 
T G  = triglycerides, F F A  = free fat ty acids, D G  = diglycerides. 
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FIG. 3. Specific activities of polar  lipids of the  tes t icular  lipids of an imals  injected intra-  
test icularly with 1-"C-linoleic acid. PC ~ phosphat idylchol ine ,  P E  ---- phospha t idy le tha-  
nolamine,  PI  --  phosphat idyl inosi to l ,  PS ---- phosphat idylser ine .  
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FIG. 4. Specific activities of fatty acids in total lipid. Shorthand designation for fatty acids; 

number before colon ---- number of carbon atoms in chain; number after colon - number 
of double bonds. 
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5 

groups is summarized in Table II. As the per- 
centage distribution of radioactivity of linoleic 
acid decreased that in the other fatty acids 
increased showing that linoleic acid under- 
went interconversion to other members of this 
family of acids. However, linoleic acid still 
contained the highest percentage of radioac- 
tivity even in the last group of animals in 
which all but approximately 30% of the radio- 
activity had been dissipated. The radioactivity 

in patmitic acid may be presumed tO arise 
by de novo synthesis from radioactive acetate 
produced in the catabolism of radioactive 
acids. 

More information on the interconversion 
and catabolism of the fatty acids was indi- 
cated from the plot of their specific activities 
in the total l i p id  (Fig. 4).  Figure 4 shows 
the specific activities of the major fatty acids 
determined in the total lipid. No results were 

TABLE II  
Per Cent Distribution of Radioactivity Among the Fatty Acid of the Testicular Lipids of Animals 

Injected Intratesticularly With 1-14C-Linoleic Acid 

% Radioactivity 

l ime  period (hr) 1 3 6 12 24 48 
Composition 

(wt %) 

16:0 29,1-:-2.6 2.8 a 3.4• b 4.5 a 6.0-+0.2 11.2-+1.1 13.0+0.8 
18:2 6.1 ~0.4 81.8 75.2--'0.5 71.5 60.1 ~0.9 42.7~ 1.8 35.3~3.5 
20:3 1,54-0.1 3.9 4.1• 4.9 5.8___+0.2 5.9• 6.0-+-0.5 
20:4 15.34-I.6 3.5 8.5_+0.3 8.7 12.84-0.5 17.04-1.1 20.I•  
22:4 2.7-4-0.02 0.6 0.9• 0.9 1.6-+0.1 3.2-+0.3 4.3-+0.3 
22:5 20.8___1.8 0.2 0.3-+-0.1 0.4 0.9-+__0.1 2.3_+0.3 4.1_+0.3 

a Pooled samples. 
bM -~ SE. 
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FIG. 5. Specific activities of linoleic acid (18:2) in the lipid classes. DG ---- diglycerides, 
FFA = free fatty acids, TG = triglyceride, PC = phosphatidylcholine, PE = phosphatidyl- 
ethanolamine. 

obtained on 18:3 (gamma linolenic) or 20:2 
( l l ,14-e icosadienoic  acid) members of the 
linoleic acid family, because in addition to 
being in small concentrations they could not 
be separated quantitatively for counting. Spe- 
cific activities of the major fatty acids in 
PC, PE, TG and F F A  fractions were also 
determined. These showed the same general 
pattern as for the total lipid except that there 
were some differences in the order of magni- 
tude of the values for the different fatty acids 
in each l ipid class. In general, the specific 
activities of the 22:4, 20:3 and 20:4 were 
highest in the polar lipids, reached maximal 
concentrations and were decreasing by the end 
of the experiment. The 16:0 and 22:5 were 
the lowest and, except for the 16:0 in TG,  
did not exhibit a peak in concentration of 
radioactivity. Conversions to 22:5 were rela- 
tively slow. Linoleic acid exhibited a decay 
curve in all of the lipid classes except PE 
where it appeared to peak at about 12 hr. 
(Fig. 5.) Since there was no radioactive 
linoleic acid in the lipid classes or iginal ly (ex- 
cept in the F A  fraction) its specific activity 

reached a maximum in these compounds be- 
fore the first group of animals was killed. 
Thus, the incorporation of linoleic acid into 
the lipid classes is much faster than its con- 
version to other fatty acids. The fatty acids 
derived from ]inoleic acid probably also were 
incorporated into the lipid classes very quick- 
ly but the rates of incorporation could not be 
determined because the measurement of their 
specific activities depended on their conversion 
from radioactive ]inoleic acid. However, the 
specific activities of all fatty acids containing 
radioactivity in the various lipid classes were 
determined. Typical  of these data are those 
shown for arachidonic acid in Fig. 6. The 
specific activities of all of the fatty acids were 
highest in the free fatty acid fraction and next 
highest in DG (Fig. 6). There were some dif- 
ferences in the order of magnitude of the 
specific activities of the individual fatty acids 
from one lipid class to another but they were 
probably related to the rate of their intercon- 
version; that of arachidonic acid was highest 
in PC of the polar  lipids (Fig. 6). 
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FIG. 6. Specific activities of arachidonic acid (20:4) in the lipid classes. FAA = free 
fatty acids, DG =- diglycerides, TG = triglycerides, PC = phosphatidylcholine and PE = 
phosphatidylethanolamine. 

DISCUSSION 

The distribution of radioactivity among the 
entire spectrum of fatty acids shows that 
linoleic acid undergoes interconversion and is 
also catabolized. Evidence for catabolism is 
the presence of radioactive palmitic acid. The 
radioactivity in this fatty acid must arise by 
de novo synthesis from radioactive acetate de- 
rived from injected linoleic acid. These proc- 
esses (catabolism and interconversion) go on 
more slowly than the incorporation of linoleic 
acid into the lipid classes. Evidence to this 
effect is that, in addition to its rapid incor- 
poration into the lipid classes, linoleic acid 
contained most of the radioactivity ( 3 5 % ) ,  
remaining 48 hr after injection of the animals. 
The relatively slow interconversion of linoleic 
acid is not because this process is performed 
only in the liver. Several reports (4,12,19) 
demonstrate the interconversion of fatty acids 
by testicular tissue. In  the present study the 
amount of radioactivity in the lipid of livers 
and the testicle not injected with radioactive 
1-t4C-linoleic acid was insignificant, even after 
48 hr. Thus, it may be concluded that inter- 
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conversions and catabolism as well as incor- 
poration of radioactive linoleic acid into the 
lipid classes occurs entirely in the testes in the 
present study. 

I t  is well established that lipid in living tis- 
sue is in a dynamic state; turnover measured 
by changes in composition may be a fairly 
slow process varying from several months in 
some tissues to several days or weeks in more 
active metabolizing tissues. In the present 
work no measurable changes in composition of 
the lipid classes would be expected in the 48 hr 
period of the experiment. However, the indi- 
vidual reactions involved in the overall process 
of lipid metabolism appear to be rapid, judging 
by the fact that approximately 70% of the 
radioactivity was dissipated in a period of 48 
hr, and the radioactive linoleic acid was incor- 
porated into all the lipid classes in less than 
1 hr. 

The mode of incorporation of fatty acids 
into the lipid classes is important  in determin- 
ing composition and positional arrangement of 
the fatty acids. The present study indicates the 
importance of the fatty acid pool in these 
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processes.  It may  be calculated that  1 hr  after 
injection of  the radioact ive linoleic acid, 6.1 /~/~ 
curies of  this acid is present  as free fat ty acid 
fin the fa t ty  acid pool ) .  However ,  af ter  48 hr  
13.3 /~/~ c of  fat ty acid derived f rom linoleic 
acid is p resen t  in the lipid classes. If, as gen- 
erally assumed,  in terconvers ions  and catabol ism 
involve fa t ty  ac id-CoA derivatives as obliga- 
tory in termediates  in these processes,  then 
linoleic acid must  have been  released f rom the 
lipid classes to account  for  the synthesis of  
these acids. This, and the general  pa t tern  of 
distr ibution of  radioactivi ty in Table  I, indi- 
cate that  the acyl chains of  the lipid classes 
are in dynamic  equi l ibr ium with  the fat ty acid 
pool. Accordingly ,  fat ty acids may  be taken 
f rom the pool  and directed preferent ia l ly  into 
not  only the lipid classes but  also into specific 
posit ions in the molecules of these compounds .  
Molecular  species as well as fat ty acid com- 
posi t ion of  the lipid classes m a y  be regulated 
via the act ion of  specific enzymes  in these re- 
actions. Changes  in the percentage  of  distribu- 
tion of the radioactivi ty among  the lipid classes 
were re la t ive ly  small c o m p a r e d  to the large 
c h a n g e  in total amoun t  of  radioact ivi ty dur ing 
the course of  the exper iment .  These  changes  
are bel ieved to occur  mainly  as a result  of  con- 
versions of  linoleic acid to o ther  fat ty acids that  
are distr ibuted in a different  m a n n e r  and rate  
f rom that  of linoleic acid. 

The  precise pathways  whereby  fat ty acids 
are incorpora ted  into the lipid classes have  not  
been  comple te ly  elucidated.  Fat ty  acids may  
undergo  t ransformat ions  among  the lipid 
classes in accordance  with the K e n n e d y  path-  
way (14) ,  but  this process  appears  to apply 
more  to the  mode  o f  net  synthesis  of  lipid than 
to a dynamic  state of equil ibrium. Whe the r  the 
greater  incorpora t ion  of  radioact ive linoleic 
acid into phosphat idylchol ine  ra ther  than tri- 
glycerides represents  a deviat ion f rom the Ken-  
nedy  pa thway  or a ramificat ion of  it is not  
known.  It appeared  that diglycerides were  in- 
t ermedia tes  in these react ions because of  their  
high specific activity. However ,  the radio-  
activity in the diphosphat idylglycerol  fract ion 
which should also contain  phosphat id ic  acid 
appeared  to be too low for  phosphat id ic  acid to 
be an in te rmedia te  in these react ions  in accord-  
ance with the K e n n e d y  pathway.  The amount  
and concent ra t ion  of radioact ivi ty in the lyso- 
phosphat idylchol ine  f rac t ion also appeared  to 
preclude it as an in termedia te  for  existence of  
an impor tan t  acyl t ransferase  system (7,1 5,1 7,- 
18) or as a p roduc t  of  the release o f  fat ty 
acids into the fat ty acid pool.  However ,  if the 

incorpora t ion  and equi l ibr ium processes in- 
volved only the 2 posi t ion of  lysophosphat idyl-  
choline,  no  large amoun t  of  radioact ivi ty would 
accumulate  in this molecule.  Thus,  a l though 
the present  s tudy provides  evidence for  the im- 
por tance  of  the fat ty acid pool  in dynamic  
equi l ibr ium with  the lipid classes, m u c h  fur ther  
exper imenta t ion  is requi red  to delineate the re- 
actions involved in the general  process  of lipid 
synthesis in the testes. 
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The Stereochemistry of Enzymic Hydration and of Chemical 
Cleavage of D-(+)-cis-12,13-Epoxyoleic Acid (Vernolic Acid) 
L. J. MORRIS and M. L. CROUCHMAN, Division of Biochemistry, 
Unilever Research Laboratory, Colworth House, Sharnbrook, Bedford, England 

ABSTRACT 

The absolute optical configurations of 
(+)-threo-12,13-dihydroxyoleic acid, de- 
rived by enzymic hydration of endogenous 
vernolic acid in crushed Vernonia an- 
thelmintica seed, and of (-)-threo-12,13 
-dihydroxyoleie acid, derived by acetoly- 
sis-hydrolysis of vernolic acid, have been 
determined. The absolute configuratiorvof- - 
the (+)-enantiomer is L-12,D-13-dihy- 
droxyoteic acid and, as the parent vernolic 
acid is known to be D-12,D-13-epoxy- 
oleic acid, the stereochemistry of the en- 
zymic hydration is thus shown to involve 
attack by hydroxyl at the 12 position with 
inversion at that position. Chemical cleav- 
age of vernolic acid, on the other hand, 
involves preferential nucleophilic attack, 
with inversion, at the 13 position. 

INTRODUCTION 

V ERNOLIC ACID ( (+)-cis-12,13-epoxy- 
oleic acid) has been shown to occur in 

the seed oils of numerous species of the plant 
families Compositae, Euphorbiaceae, Onagra- 
ceae, Valerianaceae and Dipsacaceae (I) .  The 
enantiomer of vernolic acid, namely (-)-cis- 
12,13--epoxyoleic acid, also occurs naturally 
in the seed oils of a number of the Malva- 
ceae (2). In Vernonia anthelmintica seed 
there is an epoxy acid hydrating enzyme which, 
on incubation of the crushed seed under moist 
conditions, cleaves the endogenous ( + )-ver- 
nolic acid to give optically pure ( + ) - t h r e o -  
12,13-dihydroxyoleic acid (3,4). 

The absolute optical configuration of ( + ) -  
vernolic acid was recently established (5) as 
being D, i.e., 12-S,13-R in the Cahn-Ingold- 
Prelog system (6). It was then reasoned that 
(-)-threo-12,13-dihydroxyoleic acid, derived 
as the predominant enantiomer by acetolysis- 
hydrolysis of (+)-vernolic acid, was D-12,L- 
13-dihydroxyoleic acid, i.e., 12-S,13-S. Con- 
sequently, the ( + )-threo-dihydroxy acid pro- 
duced by enzymic cleavage was considered 
to be the L-12,D-13-enantiomer, i.e., 12- 
R,13-R and it was suggested that the en- 
zymic attack must be at the. 12 position, re- 
suiting in inversion at that position. 

This paper describes the direct determina- 
tion of the absolute optical configurations of 

the ( + ) -  and (-)-enantiomers of threo- 
12,13--dihydroxyoleic acid. The reactions in- 
volved in this determination are summarized 
in Figure 1. They consist of the production 
of pairs of positionally isomeric hydroxy,tosyl- 
oxyoleates from vernolic acid, by epoxide 
cleavage with toluene-p-sulphonic acid, and 
from ( + ) -  or (-)-threo-12,13-dihydroxy- 
oleic acid, by partial tosylation with toluene- 
p-sulphonyl chloride. The stereochemistry of 
the starting materials and of these reactions 
is such that the pair of isomers produced from 
vernolic acid must be D-12-hydroxy,L-13- 
tosyloxy- and L-12-tosyloxy,D-13-hydroxy- 
oleic acids, whereas the pair produced from 
the threo-dihydroxy acid must be either D-  
12-hydroxy,L-13-tosyloxy- and D-12-tosyl- 
oxy, L-13-hydroxy-oleic acids or the en- 
antiomeric pair. Thus, each of the positional 
isomers obtained from vernolic acid must be 
optically identical with the corresponding posi- 
tional isomer from one of the threo-dihydroxy 
acids and enantiomeric with the like isomer 
from the other threo-dihydroxy acid. The 
absolute configurations of the two positional 
isomers derived from vernolic acid are known 
so that, if it can be determined which of these 
isomers is which, then the configurational 
problem is solved. Reaction of tosyloxy groups 
with LiAIH4 or LiBH 4 in boiling tetrahydro- 
furan results in the hydrogenolysis of the 
tosyloxy group. When this reaction is applied 
to the individual hydroxy, tosyloxyoleate iso- 
mers the corresponding hydroxyoleyl alcohols 
are produced. These, then, can be character- 
ized by mass spectrometry (7) after conversion 
to the corresponding ketostearates. 

The results obtained by this procedure are 
in accord with our previous deductions (5) 
as to the mechanism and stereochemistry of 
chemical cleavage of vernolic acid and of 
the hydration of vernolic acid by the enzyme 
present in Vernonia seed. 

EXPERIMENTAL PROCEDURES 

Methyl D-(+)-cis-12,13-epoxyoleate (me- 
thyl vernolate) was isolated from the mixed 
esters derived from V. anthelmintica seed oil 
by adsorption column chromatography, as 
described previously (8). (+)-threo-12,13- 
Dihydroxyoleic acid was obtained by incu- 
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FIG. 1. Summary of reactions used in the determination of the absolute optical configuration of 
threo-12,13-dihydroxyoleate. Reactions are: (i) epoxide cleavage with toluene-p-sulphonic acid in 
diethyt ether; (ii) partial tosylation with toluene-p-sulphonyl chloride in pyridine; (iii) reduction with 
LiAIH~ in tetrahydrofuran; (iv) cataIytic reduction followed by oxidation with chromium trioxide in 
acetic acid. 

bation of wetted, ground V. anthelmintica seed 
for three days at 25 C, in an atmosphere 
of nitrogen saturated with water (3). Total 
lipids were then extracted with chloroform- 
methanol (2 :1) ,  recovered, dissolved in ether, 
and free fatty acids were extracted into 10% 
aqueous KOH.  The crude free acid fraction 
was recovered, esterified with diazomethane 
and fractionated by column chromatography 
on silica gel. The pure methyl threo-12,13- 
dihydroxyoleate, eluted with 30% ether in 
light petroleum, had [~] 27~ 546.1 rna = +20"3~ 
(C = 1.0% in EtOH) and was evidently op- 
tically pure (2,3,9). 

(-)-threo-12,13-Dihydroxyoleic acid was 
obtained from methyl vernolate by acetolysis 
with hot acetic acid followed by hydrolysis 
with 10% methanolic KOH,  essentially as 
described by Gunstone (10). After two crys- 
stallizations from acetone, the chemically pure 
dihydroxyoleic acid was esterified with diazo- 
methane and the methyl ester had [c~] 27~ 546.1 m# 
= -7.6 ~ (c = 2.5% in EtOH).  Further 
recrystallization of the acid to o b t a i n  
the pure optical enantiomer ([a]D = --I9~ 

as described by Hopkins and Chisholm (2,9) 
was not attempted and this partially racemic 
ester was used for the subsequent work. 

Preparat ion  of Methy l  Threo-12(13) ,13(12) -  
Hyd roxy,tosyloxyoleates 

Methyl vernolate (1.0/g) was dissolved in 
anhydrous diethyl ether (5 ml) and added to 
a solution of toluene-p-sulphonic acid 
(0.78/g) in anhydrous ether (15 ml).  The 
reaction mixture was shaken for 30 min, al- 
lowed to stand at room temperature overnight, 
diluted with ether, washed twice with 10% 
aqueous K O H  and then with water to neutral- 
ity. The solution was dried and evaporated to 
yield 940 mg (63%)  of a pale yellow oil, 
which consisted almost entirely of hydroxy,tos- 
yloxyoleates, as judged by TLC. 

Methyl ( + ) -  or ( - ) -  threo--12,13-dihy- 
droxyoleate (240 rag) was dissolved in pyri- 
dine ( lml )  a n d  added to a solution of tolu- 
ene-p-sulphonyl chloride (143 rag) in pyri- 
dine (1 ml);  the mixture was shaken for 30 
rain and allowed to stand at room temperature 
overnight. The mixture was diluted with water, 
extracted with diethyl ether and the extract 
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TABLE I 
Characteristics of Products From Methyl Vernolate 

and ( + ) -  and (-)-Threo-12,13-Dihydroxyoleates 

( -  ) -threo- 
Starting (+)- threo-d iOH-  diOH 
material ( + )-vernolate oleate oleate 

[a] 546.1m# +5.4 ~ +20.3* -7.6 ~ 

I-'Iydroxy, 
tosyloxyoleate upper lower upper lower upper lower 

[a] 546.1m/z -6.5 ~ -18.8 ~ -8.0* +15.6 ~ +2.1 ~ -5.8 ~ 

Hydroxyoctadecenol 
In] 546.1m~ +1.6 ~ +2.4 ~ -0.3* +0.8 ~ 

Ketostearate 
isomer 13 12 13 12 

All optical rotations were measured in ethanol except 
that of methyl vern01ate, which was in chloroform. The 
specific rotations of the partially racemic (-)-dihydroxyole- 
ate and its products were all approximately one third of 
the specific rotations of the (+)-dihydroxyoleate and 
the products from it or from methyl vernolate, or both. 

The terms "upper" and "lower" refer to the positionally 
isomeric hydroxy,tosyloxyoleates having, respectively, 
greater and lesser mobility on argentation TLC, as 
described in the text, and to the hydroxyoctadecenol and 
ketostearate products derived from them. 

was washed twice each with water ,  dilute 
HCI,  water,  dilute aqueous K O H  and finally 
with water  to neutrality. The  ether  solution 
was dried and evaporated to yield ca. 300 
mg of a pale yel low oil which, according to 
T L C ,  contained ca. 60% of hydroxy,tosyloxy- 
oleate and also ditosyloxyoleate and un- 
changed dihydroxyoleate.  The  hydroxy,tosyl-  
oxyoleate  fract ion was isolated by preparat ive 
TLC.  

Separation of Hydroxy, Tosyloxyoleate 
Positional Isomers 

On normal  unimpregnated  silica gel layers, 
no appreciable separation of the two position- 
ally isomeric t h r e o - 1 2  (13) ,13 ( 1 2 ) - h y d r o x y ,  
tosyloxyoleates could be achieved, even on 
mult iple  development .  However ,  on silica gel 
impregnated  with siIver nitrate there was clear  
separat ion of the mixture  into two bands, af ter  
double development  with diethyl e ther - l ight  
pe t ro leum ( I : I ) .  As in the case of  cleavage 
with hydrogen halides (5) ,  the two positional 
isomers derived f rom methyl  vernola te  were 
not  formed in equal  amounts  and the less 
mobi le  isomer on a rgen ta t ion -TLC was the 
major  component  ( 6 0 - 7 0 % ) .  The  two posi- 
t ional isomers der ived f rom dihydroxyoleate  
were  in approximately  equal  amounts.  

The  individual isomers f rom each prod- 
uct  mixture  were isolated by prepara-  
tive argentat ion TLC,  approximate ly  30 mg 
of mixture  being separated on each 200 
• 200 • 1 m m  layer. The  plates were 
developed twice with ether-l ight pe t ro leum 
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(1 : 1) ,  the separated components  were lo- 
cated under  ul traviolet  l ight after spraying 
with dichlorofluorescein and were eluted f rom 
the scraped-off adsorbent  with pure  diethyl 
ether. The  separated positional isomers were 
all completely  pure  as judged by analytical 
argentat ion TLC.  

Hydrogenolysis of Hydroxy, Tosyloxyoleate Isomers 
Each  of the pure  hydroxy,tosyloxyoleate 

isomers (10 -50  mg)  was dissolved in anhy- 
drous te t rahydrofuran (3 ml)  and LiA1H4 (50 
rag) was added. The  mixture  was refluxed 
overnight,  cooled and the  complex then de- 
composed by the addit ion of excess dilute sul- 
phuric  acid. The  product  was extracted into 
ether,  washed with water  and the solvent was 
r emoved  to yield a colourless oil. T L C  in- 
dicated that each product  was almost  entirely 
a hydroxyoleyl  alcohol,  having suffered hy- 
drogenolysis of the tosyloxy group and reduc- 
tion of the ester group. 

Preparation of Ketostearates 
T h e  hydroxyoleyl  alcohols were each hy- 

drogenated at a tmospheric  pressure in ethyl 
acetate solution over  Adam's  pla t inum oxide 
catalyst. The  white solid hydroxystearyl  al- 
cohol  products  ( 5 - 1 0  mg)  were each dis- 
solved in a solution of 5% ch romium trioxide 
in glacial acetic acid (1 ml)  and shaken vig- 
orously for 5 min. The  solutions were  then 
diluted with water,  extracted with ether and 
the extracts washed thoroughly with water. 
The  recovered products  were each esterified 
with diazomethane and the ketostearates puri- 
fied by preparat ive TLC.  

Physical Methods 

Optical  rotations were  measured in a 2.0 cm 
cell with an E T L / N P L  Automat ic  Polar imeter  
(Type  143A),  as solutions (concentrat ions 
0 . 5 - 5 . 0 % )  in ethanol.  

Mass spectra were obtained on an A E I  
MS12 instrument using the direct insertion 
sample probe technique and were interpreted 
on the basis of the published work of  Ryhage 
and Stenhagen (7) and in comparison with 
the mass spectra of pure  authentic samples 
of  methyl  12 -  and 13-ketostearates.  

RESULTS 

A summary  of the various products  and 
of  their specific rotat ions is provided in the 
Table  I. 

The  two hydroxy,tosyloxyoleates derived 
f r o m  methyl  vernolate  both had the same 
sign of  rotation, unlike the corresponding 
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FIG. 2. Summary of postulated concurrent reactions and proportions of products in reduction of 
13-hydroxy,12-tosyloxyoleate with LiAIH4, in boiling tetrahydrofuran. 

chlorohydroxyoleate derivatives which had op- 
posite rotations (5). In each case, however, 
one isomer must be the D-12-hydroxy ,L-13-  
tosyloxy- or -chloro-oleate and the other 
isomer must be the D-13-hydroxy,L-12- tosyl-  
oxy-  or chloro-oleate, from the known stereo- 
chemistry of epoxide ring opening by acids 
(11). This is confirmed by the fact that the 
12-  or 13-hydroxyoleyl alcohols, produced on 
hydrogenolysis of the tosyloxy group from 
each isomer, were both dextrorotatory as is 
ricinoleyl alcohol (laid = +3.0 ~ in CHCI:~ 
( 5 ) ) ,  which is known to be D-12-hydroxyol-  
eyl alcohol. 

The methyl ketostearate derived from the 
vernolate hydroxy,tosyloxy derivative of lower 
mobility on argentation TLC was proved by 
its mass spectrum to be almost entirely 12- 
ketostearate, with only a very small propor- 
tion of 13-ketostearate present. The other 
vernolate derived ketostearate, from the upper 
or more mobile hydroxy, tosyloxyoleate, was 
largely 13-ketostearate but it also contained 
a substantial proportion (ca. 20%)  of 12- 
ketostearate. The position of the hydroxy 

group in the two derivatives from ( - ) - 1 2 , 1 3 -  
dihydroxyoleate was determined in the same 
way and with identical results from the mass 
spectra. The presence of these positionally 
isomeric ketostearate impurities in what should 
be pure, positionally homogenous products, is 
discussed below. 

We have therefore now established that the 
less mobile (lower) hydroxy,tosyloxyoleate is 
the 12-hydroxy-isomer and if it is laevorota- 
tory, it is the D-12-hydroxy,L-13- tosyloxy 
enantiomer. Similarly, the more mobile (up- 
per) isomer is 13-hydroxy,12-tosyloxyoleate 
which if it is laevorotatory is the D-13-hy-  
droxy,L-12-tosyloxy enantiomer. 

Thus, of the products derived from ( - )  
threo-12,13-dihydroxyoleate by partial tosyla- 
tion, the less mobile isomer was laevorotatory 
and hence was D-12-hydroxy,L-13-tosyloxy-  
oleate, identical with the corresponding ver- 
nolate product. The more mobile isomer, on 
the other hand, was dextrorotatory and there- 
fore enantiomeric with the corresponding ver- 
nolate product, i.e., it was L-13-hydroxy,  D -  
12-tosyloxyoleate. The configuration of the 
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substituents in both of these derivatives was 
D--12, L-13 and the parent ( - ) -d ihyd roxy-  
oleate was thereby proved to be D - 1 2 , L - 1 3 -  
dihydroxyoleate, i.e., 12-S, 13-S. 

The ( + ) - threo-12,13-dihydroxyoleate  pro- 
duced by enzymic hydration of ( + ) - v e r n o l i c  
acid must be L-12,D-13-dihydroxyoleate ,  i.e., 
12-R, 13-R and this was confirmed by the 
formation from it of D--13-hydroxy,L-12-  
tosyloxyoleate and L-12-hydroxy ,D-13- tosy l -  
oxyoleate, these being respectively laevo-  and 
dextrorotatory and hence identical and en- 
antiomeric with the corresponding derivatives 
from vernolate. 

DISCUSSION 

Although the pair of positionally isomeric 
hydroxy,tosyloxyoleates showed no sign of 
separation on normal silica gel, they were 
quite readily separated from each other on 
silver nitrate impregnated silica gel. This sep- 
aration implies a reduction in the silver ion- 
complexing ability of the double bond of the 
more mobile isomer, shown to be the 13-  
hydroxy,12-tosyloxyoleate. This is probably 
due to steric hindrance toward complexing 
exerted by the bulky tosylate group close to 
the double bond or to delocalization of the 
rr- electrons of the double bond by this group 
or both. 

The nucleophilic attack on the epoxy group 
of vernolic acid during reduction with LiAlH~ 
has been shown (5) to occur predominantly 
at the 13 position to give the 12-hydroxy de- 
rivative. It was then argued that any nucleo- 
philic reagent would likewise preferentially at- 
tack the 13 position. The present work has 
verified this in that the reaction of methyl 
vernolate with toluene-p-sulphonic  acid gave 
unequal proportions of the hydroxy,tosyloxy 
isomers and the major product ( 6 0 - 7 0 % )  
was again the 12-hydroxy isomer. The con- 
figurations previously assigned to the two 
chlorohydrin isomers from methyl vernolate (5) 
are thus confirmed. 

One initially puzzling feature of the present 
work was the presence of the other isomer 
in each of the individual ketostearate8, par- 
ticularly of 12-ketostearate as a substantial 
impurity (ca. 20%)  in the 13-ketostearate 
product. These findings were unexpected be- 
cause each of the separated hydroxy,tosyloxy- 
oleate isomers, from which these products were 
derived by seemingly straightforward reactions. 
was judged to be greater than 95% pure by 
argentation TLC. The reason for this is be- 
lieved to be that the basic conditions of the 
hydrogenolysis reaction caused elimination of 
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toluene-p-sulphonic  acid from some propor- 
tion of the hydroxy, tosyloxyoleate thereby re- 
generating epoxyoleate which was then reduc- 
tively cleaved in the normal way to give both 
12-  and 13-hydroxy isomers in approximate- 
ly a 2:1 ratio. If some 30% of the 13-hy- 
droxy,12-tosyloxyoleate went via this "epox- 
ide pathway" on hydrogenolysis, as summar- 
ized in Figure 2, the product would consist 
of about 80% of the expected 13-hydroxyol- 
eyl alcohol and 20% of the 12-hydroxy isom- 
er. These proportions are close to the actual 
composition obtained, as determined by mass 
spectrometry of the derived ketostearate. On 
the same basis, the 12-hydroxy,13-tosyloxy- 
oleate would give 90% of the desired 12-  
hydroxyoleyl alcohol and only about 10% of 
the 13-hydroxy isomer as impurity. 

This work has demonstrated that the en- 
zymic hydration of endogenous D--cis-12,13- 
epoxyoleic acid in crushed Vernonia seeds 
produces L-12 ,D-13-d ihydroxyole ic  acid. On 
the assumption that the stereochemistry of en- 
zymic and chemical opening of the epoxide 
ring must be the same, namely inversion at 
the position of nucleophilic attack (and it is 
difficult to visualize any other stereochemis- 
t ry) ,  then the site of hydroxyl attack by the 
enzyme must be at the 12 position, as pre- 
viously predicted (5).  This is now being 
verified directly by incubation of crushed V. 
anthelmintica seeds in the presence of H,I~O. 
Preliminary results indicate that the 1~O iso- 
tope is enriched exclusively in the 12-hydroxyl 
group of the ( + ) - th reo-12 ,13-d ihydroxyole ic  
acid product  (13).  
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ABSTRACT 

A comparison has been made of human 
serum lipoprotein analysis by agarose gel 
and paper electrophoresis with a standard 
method of analytical ultracentrifugation. 
Samples were obtained from 28 patients 
with various disorders of  lipoprotein me- 
tabolism. Correspondence was shown be- 
tween the following electrophoretic and 
ultracentrifugal fractions: fl and S t 0-20; 
pre-fl and St 20-400; st and total HDL. 
The deviations observed with the electro- 
phoretic methods, though sizable, were 
smaller than the usual clinically significant 
abnormalities. Semiquantitative applica- 
tion is therefore justified. Agarose gel 
electrophoresis is slightly more difficult 
than paper electrophoresis, but gives im- 
proved resolution of pre-fi- and fl-lipopro- 
teins and better densitometric scans. Evi- 
dence was also presented that the agarose 
method, when used in conjunction with 
ultracentrifugation, may be a valuable re- 
search technique for the study of lipopro- 
tein properties. 

INTRODUCTION 

T HE RELATIONSHIPS B E T W E E N  s e r u m  lipo- 
protein fractions measured with the ana- 

lytical ultracentrifuge and with paper electro- 
phoresis were reported in 1967 by Hatch et al. 
(1). A newer electrophoretic technique for 
the separation of the serum lipoproteins has 
been developed which employs agarose gel as 
the supporting medium (2). With this techni- 
que there is improved separation of pre-fl- from 
fl-lipoproteins, and the stained zones appear on 
a transparent, durable plastic strip. This prep- 
aration permits unusually precise scans of the 
strips with a densitometer. Pre-fl bands of 
slow, intermediate and fast mobility have been 
noted. This paper compares the results of 
lipoprotein analyses in 28 human sera by 
analytical ultracentrifugation, paper electro- 
phoresis and agarose gel electrophoresis. 

aPresented at the AOCS Meeting, Washington,  D.C., 
April 1968. 

MATERIALS AND METHODS 

Blood samples, containing 0.l mg/ml of 
thimerosal (Eli Lilly & Co., Indianapolis, Ind.) 
as a preservative, were obtained in the morning 
from 28 nonfasting patients, aged 30-55 years, 
with various disorders of lipoprotein metabo- 
lism. These patients were under observation or 
treatment with diet or drugs. All had been pre- 
viously identified as having hypercholesterolemia 
or hypertriglyceridemia or both. At the time 
these blood samples were drawn their lipopro- 
rein levels ranged from normal to markedly 
elevated. No hypolipoproteinemic patients 
were studied. The blood was allowed to clot 
for 2 hr at room temperature; the clot was 
freed from the wall of the tube, and the blood 
cells were sedimented by centrifugation at 800 
g for 10 rain. 

Analytical ultracentrifugation, after prelimi- 
nary separations of low and high density lipo- 
proteins in the preparative ultracentrifuge, was 
performed by the method of Ewing et al. (3). 
Moving boundary flotation rates of the major 
St 0-12 lipoprotein component were measured 
and converted to standard conditions (4). 

Paper electrophoresis of lipoproteins was 
performed in barbital buffer at pH 8.6 and 
ionic strength 0.1, containing 1% (w/v)  hu- 
man albumin, by the method of Lees and Hatch 
(5). Staining was carried out for 6 hr at 37C 
in a saturated solution of oil red O in 60% 
ethanol. 

Agarose electrophoresis was performed by 
the technique of Noble (2). In brief, 0.25 g 
of agarose (Bio-Rad Laboratories, Inc., Rich- 
mond, Calif.) were brought to boiling in 50 
ml of 0.05 M barbital buffer at pH 8.6. The 
solution was cooled to 45C and 1 ml of a 25% 
sotution of  human serum albumin (Pentex, 
Inc., Kankakee, Ill.) was added, Bovine albu- 
min fraction V may also be used. Four milli- 
liters of the agarose mixture were pipetted onto 
the surface of 35 x 185 mm strips of Cronar 
C-41 polyester film (Photo Products Dept., E. 
I. duPont de Nemours Co., Wilmington, Del.). 
The agarose was spread from edge to edge and 
within 1 cm of the ends of the strips. A chrome 
steel rod 2 x 20 mm was placed transversely 
near one end of the agarose to form the sample 
trough. 
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Fro. 1. Agarose gel and paper electrophoresis 
were performed on the same serum sample ob- 
tained from a hypercholesterolemic (Type I I )  (6) 
subject 4 hrs after a fat load of 2 g/kg. The test 
meal caused the appearance of a chylomicron zone 
at the origin (vertical arrows) and produced a 
densely stained pre-/3 zone which is helpful in this 
photographic illustration. 

Note that  the drive speed for the electrophoretic 
strip was reduced to one half  the chart speed, i.e., 
from 8 c m / m i n  to 4 cm/min .  

Samples  were p r e p a r e d  by  t rans fe r r ing  50 /d 
of se rum in a mic rop ipe t  into  a test tube  in a 
water  b a t h  at 45C;  25 /~1 of w a r m  agarose  solu- 
t ion were added.  F i f ty  microl i ters  of  the mix-  
ture,  con ta in ing  33 ~1 of  serum, were appl ied  
in the t roughs  af ter  the  gel had  set and  the  rods  
had  been  r e m o v e d  wi th  a magne t .  

F ive  str ips were  p laced  in a hor i zon ta l  elec- 
t rophore t i c  cell (E-C  A p p a r a t u s  "Corp., Phi l-  
ade lphia ,  P e n n s y l v a n i a ) .  A cons t an t  c u r r e n t  of 
10 m A  per  strip was appl ied for  2 h r  at  ap- 
p rox ima te ly  250 v. T h e  mig ra t i on  of the 
e l - l ipopro te in  zone  was 70-75 ram.  

T h e  str ips were  fixed in 8 5 %  e thano l  con-  
ta in ing 5 %  acetic acid ( v / v )  for  45 min.  T h e  

LIHns, VOL. 4, No. 1 

Fro. 2. Agarose gel electrophoresis. The elec- 
trophoretic strip and upper scan (1481) are frmn 
an unusual sample illustrating two visibly distinct 
pre-fi zones. The dashed lines in the densitometric 
scans show the three Gaussian components into 
which the /3 + pre-fi complex and the two com- 
ponents into which the c~1 zone were resolved with 
the duPont  Curve Resolver. The curve resolver 
gives the percentage of area which is contributed 
by each of the three components to the fi + pre- 
p complex and by each of the two components 
to the al complex. These values are recorded be- 
neath the Analytrol integrator traces as % of 
scan. 

The lower scan (1865) illustrates a sample in 
which the large pre-p components distort the lead- 
ing edge of the /? zone so that  projection of its 
slope to the baseline would give a grossly high 
value for /3 zone area. In such cases the /3 zone 
limit was placed at the same point as the pre-/3 
determined by the perpendicular dropped from the 
"valley." Drive speed for the electrophoretic strip 
was reduced as in Figure 1. 

str ips were  dried in an  o v e n  at 85C for  15 min  
and  were  s ta ined in the  above  so lu t ion  of  oil 
red O for  18 hr  at  37C. 

T h e  e lec t rophore t ic  zones,  /3, pre-/3, an d  ~l 
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were measured on duplicate paper strips and 
single agarose strips for each sample in the 
Spinco Analytrol  Model RB (Beckman Instru- 
ments, Inc., Fullerton, Calif.) with automatic 
integration. The methods for demarcating each 
lipoprotein fraction on paper and agarose are 
shown in Figure 1. 

For  agarose, the leading boundary of the /3 
zone was determined by projecting to the base- 
line the best straight line describing the des- 
cending slope; pre-/3, a line was drawn per- 
pendicular to the baseline from the lowest point 
between the /3 and pre-fl peaks. For  paper, 
the trailing boundary of the /3-1ipoprotein was 
determined by projecting to the baseline the 
best straight line describing the ascending slope; 
the leading boundary was placed halfway be- 
tween two lines perpendicular to the baseline 
located at the first and second perceptible de- 
viations from the straight line describing the 
descending slope; pre-/3 extended from the 
aforementioned leading boundary of the/3 zone 
to the point where the tracing approached the 
baseline closely. 

The scans for agarose electrophoresis were 
also analyzed with a Model 310 Curve Resolver 
(Instrument Products Div., E. I. duPont de 
Nemours Co., Wilmington, Del.) as shown in 
Figure 2. Results obtained by the two methods 
were similar, except for additional information 
from the resolver method to be discussed be- 
low. Correlation and regression relationships 
between the densitometric scans and the ultra- 
centrifugal analyses were calculated with a 
Control Data Corp. 6600 computer. 

R E S U L T S  A N D  D I S C U S S I O N  

A comparison of the results obtained by 
electrophoresis in agarose and by analytical 
ultracentrifugation is presented in Figure 3 in 
the form of scatter diagrams. The correlation 
coefficients between both agarose and paper 
electroph0resis and ultracentrifugation are sum- 
marized in Table I. In addition the number of 
cases out of the total of 28 in which the data 

FIG. 3. Scatter diagrams plotted by a California 
Computer Corp. X-Y plotter. The abscissae re- 
cord the areas of the electrophoretic zones and the 
ordinates record the Ultracentrifugal values for 
the appropriate lipoprotein classes. The central 
line is the regression line calculated by the meth- 
od of Ieast squares and the other lines deviate 
by ----- 30% of the Y value. Correlation coefficients 
:are given by R. The fraction numerators are the 
number of cases whose data lie within • 30% of 
the regression line, and the denominator (28) is 
She total number of cases studied. 

lay within -+ 30% of the regression line cal- 
culated by the method of least squares is tabu- 
lated for each fraction. 

The electrophoretic mobilities on paper of 
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TABLE I 

Comparison of Lipoprotein Separation in Agarose Gel and on Filter Paper with Ultracentrifugal 
Sf Classes by Correlation and Regression Analysis in 28 Cases a 

/3 Pre-B /3 + P/3 a 
VS. VS. VS. VS. 

S~ 0-20 Sr 20~00 Sf 0-400 HDL 

Agarose 0.83 0,94 0.79 0.76 
Correlation Coefficients Paper 0.85 0.88 0.76 0.76 

Number of Cases ___ 30% Atzarose 26 18 27 24 
of Regression Line Paper 25 19 27 25 

apaper electrophoresis was performed in duplicate. The mean value is shown. A single strip was analyzed 
in the agarose technique. 

the major lipoprotein fractions that can be 
isolated by preparative ultracentrifugation have 
been previously established (5).  The relation- 
ships correspond to those in Table I, which are 
confirmed in this study for both types of elec- 
trophoresis by means of analytical ultracentri- 
fugation.  

The correlation coefficients and the degree 
of adherence to regression for agarose and for 
paper electrophoresis were in remarkably 
good agreement. It was noteworthy that when 
sizable deviations from the regression lines 
occurred, they were usually similar in direction 
and magnitude for both the agarose and paper 
methods. This suggests that the major devia- 
tions reflect differences in lipoprotein proper- 
ties affecting depth of staining rather than 
errors of technique. 

When the pre-fl zones were small, as in nor- 
mal subjects or patients with low levels of 
serum triglycerides, there was increased scatter 
of these low points around the regression line 
in both electrophoretic methods. Previously 
Hatch et al. reported that in one third of 32 
normal subjects the pre-fl zones on paper were 
too small and insufficiently separated from the 
fl zone for satisfactory analysis (1).  In our ex- 
perience with the agarose technique pre-fl zones 
are visible in all subjects, although at low levels 
the comparison with the uItracentrifugal data 
may be nearly as variable as in paper electro- 
phoresis. 

Study of the Analytrol  scans of agarose gel 
electrophoresis strips with the duPont  Curve 
Resolver showed that three Gaussian compon- 
ents were required to fit the envelope of the 
fl- pre-fl complex and two components for the 
aI zone (Fig. 2).  The use of  Gaussian com- 
ponents is supported by the densitometric scan 
of the normal fl fraction in lipoprotein electro- 
phoresis. Furthermore,  when Margolis (7) iso- 
lated very low density (VLDL) ,  low density 
(LDL)  and high density (HDL)  liproproteins 
by means of agarose gel filtration he found that 
the elution patterns could be described by 

Gaussian curves. 
Occasionally electrophoretograms showing 

two distinctly visible bands in the pre-fl region 
have been observed in normal and diabetic sub- 
jects and more often in patients who had been 
treated with clofibrate, 2 g/day,  for at least 2 
months (Fig. 2, pattern 1481). When the 
VLDL fraction was isolated by preparative 
ultracentrifugation and was subjected to aga- 
rose gel electrophoresis, a small band moving 
more slowly than the major pre-fl band was 
frequently observed. The position of this slow- 
er band corresponded to the first pre-fl com- 
ponent demonstrated with the curve resolver. 
Apparent ly the slower pre-fl component over- 
laps the fl zone in most serum patterns making 
difficult its visualization as a separate entity. 

The two pre-fl components revealed by the 
curve resolver were compared by correlation 
analysis serially with the ultracentrifugal classes 
ranging from Sr 0 to 400 (Fig. 4). The corre- 
lation profiles show that the first (slower) pre-fl 
component correlated most strongly with the 
ultracentrifugal range S~ 12-50 whereas the 
second (faster) pre-fl component correlated 
best with the range Sf 60-250. Thus in the 
VLDL range there is evidence for a positive 
correlation between electrophoretic mobility 
and ultracentrifugal flotation rate. A semiquan- 
titative evaluation of  the distribution of the 
lipoproteins within the very low density frac- 
tion can be made with the agarose method. 
This distribution has not been revealed by paper 
electrophoresis because of  the poorer separation 
of pre-fl and  fl lipoproteins. 

Recently in a small series of selected human 
sera we have observed a strong inverse corre- 
lation between the relative mobility of  the fl 
zone in agarose electrophoresis and the cor- 
rected St ~ rate of  the LDL peak in the Sf 0-12 
fraction. Under  constant conditions of techni- 
que the relative mobility of the fl zone should 
reflect variations in the net charge on the lipo- 
protein molecules or in the degree of coverage 
of the molecular surface by protein. The peak 
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Sf ~ rate in the analytical ultracentrifuge is in- 
versely related to the hydrated density, directly 
related to the molecular weight (8) ,  and is 
probably related to the relative proportions of 
lipids and protein in the lipoproteins (9) .  
Since significant differences in the peak flota- 
tion rate of LDL exist between normal men 
and women and in certain disease states (10),  
further study of the relationships between the 
electrophoretic and ultracentrifugal properties 
of lipoproteins is important. 

DISCUSSION 

Highly significant correlation coefficients 
were observed between both electrophoretic 
methods (agarose gel and paper)  and analytical 
ultracentrifugation for the following fractions: 
fl and St 0-20; pre-fl and St 20-400; and al 
and total HDL. From 85% to 96% of the 
individual determinations lay within +- 30% of 
the regression lines calculated from all of the 
data, except for greater scatter of pre-fl values 
at very low (normal)  levels. The degree of 
agreement of the electrophoretic methods with 
ultracentrifugation qualifies the former as semi- 
quantitative. In general use, however, the clini- 
cally significant abnormalities of lipoprotein 
metabolism are of much greater magnitude than 
the observed deviations between the methods. 
It is important  to note that the largest devia- 
tions were similar by both electrophoretic 
methods, suggesting that differences in lipopro- 
tein properties rather than technical errors were 
responsible. 

The relatively simple and inexpensive electro- 
phoretic methods can be used on a semiquanti- 
tative basis in clinical and epidemiological stud- 
ies. The agarose gel method is slightly more 
difficult to perform, but provides better resolu- 
tion of  pre-fl- and fl-lipoprotein8 and more sat- 
isfactory densitometric scans. 

In addition to its usefulness for routine ana- 
lyses, agarose gel electrophoresis appears to be 
a research tool for the study of lipoprotein 
properties. We have indicated its ability to 
estimate the distribution of  lipoproteins within 
the VLDL fraction and interesting relationships 
between LDL electrophoretic mobility and 
ultracentrifugal S~ ~ rate of the major Sf 0-12 
component. Further  study of potential research 
applications is in progress. 
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FIG. 4. Correlation profiles: correlation coef- 
ficients were determined for first and second pre- 
/3 components obtained with the curve resolver 
(Fig. 2) sequentially with each subclass of the 
ultracentrifugal Sr 0-400. Positive or negative cor- 
relation coefficients are plotted along the ordinate 
and the levels are shown outside of which the 
probability (P) of chance occurrence is less than 
0.05 or 0.01. 

The first (slower) pre-/3 component correlates 
significantly with the St 12-50 class and the second 
(faster) component correlates significantly with 
the Sf 60-250 class. The electrophoretic mobility 
of these VLDL subfractions thus appears to be 
directly proportional to the ultracentrifugal flota- 
tion rate. 
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Screening for Serum Lipoprotein Abnormalities: Comparison of 
Ultracentrifugal, Paper and Thin-Layer Starch-Gel 
Electrophoresis Techniques' 
LENA A. LEWIS, Research Division, Cleveland Clinic Foundation, Cleveland, Ohio 44106 

ABSTRACT 

Three methods for evaluation of serum 
lipoprotein abnormalities were compared: 
paper electrophoresis using buffer contain- 
ing albumin, ultracentrifugation at d 1.21, 
and thin-layer starch-gel electrophoresis. 
Analyses by paper electrophoresis and by 
ultracentrifugation of 109 sera of patients 
with cholesterol levels between 78 and 
1150 mg/100 ml showed that the elec- 
trophoretic procedure while not quanti- 
tative was an effective procedure for de- 
tecting and helping in classification of the 
type of serum lipoprotein abnormality. 
Paper electrophoresis is a valuable pro- 
cedure in screening for lipoprotein ab- 
normalities and can be used as a guide 
for additional studies. Thin-layer starch- 
gel electrophoresis did not always give 
results comparable to those of the other 
two procedures. In study of certain sera 
(for example, in pigeon serum and some 
myeloma sera) lipoprotein subfractions 
were more clearly resolved by starch-gel 
electrophoresis than by paper electro- 
phoresis or ultracentrifugation. Ultracen- 
trifugal and starch-gel electrophoretic 
techniques can be used effectively when 
more complete information is needed or 
when unusual materials are being studied. 

INTRODUCTION 

A SCREENING PROCEDURE to demonstrate 
abnormalities or to detect differences in 

serum lipoprotein patterns of humans or other 
species or strains must give clear resolution 
of the different types of serum lipoproteins 
and be sufficiently sensitive to demonstrate 
differences in their concentration. The results 
must be reproducible and the determination 
requires only small amounts of serum. A 
paper electrophoresis technique has been ef- 
fectively utilized by Frederickson et al. (1) 
to determine the type of human serum lipo- 
protein pattern. 

1Presented at  the  AOCS Meeting, Washington, D. C., 
April 1968. 

EXPERIMENTAL 
Methods 

In this study three methods of evaluating 
serum lipoproteins have been used: (a) In 
the paper electrophoretic procedure of Lees 
and Hatch (2) a barbital buffer containing 1% 
albumin, and oil-red O stain for demonstration 
of the lipid components after electrophoresis 
are utilized. Bovine albumin was used in- 
stead of human material as originally de- 
scribed. (b) Ultracentrifugation at a density 
of 1.21 using NaC1-KBr by Lewis et al. (3) 
modification of the Gofman et al. procedure 
(4) .  A t  density 1.21 --S (0 -10 ) ,  -S  (25-70)  
and - S  (70-400)  correspond approximately to 
HDL2§ 3, Sf 0-20 and S~ 20-200, respectively. 
And (c) thin-layer starch-gel electrophoresis 
as described by Lewis (5) ,  using the tris-borate 
double buffer system of Poulek (6),  and oil- 
red O stain for lipids. 

Materials 

The sera of 109 patients in the post-absorp- 
tive state, with atherosclerosis, multiple sclero- 
sis, multiple myelomatosis, xanthomatosis or 
excessive obesity were analyzed by paper elec- 
trophoresis and by ultracentrifugation. Choles- 
terol (7) was determined on all sera and 
triglyceride (8) on 71. Some of the sera 
were also studied by starch-gel electrophoresis 
to determine whether this method would pro- 
vide information not obtained by the other 
techniques. When atypical patterns were ob- 
tained on the human sera by paper electro- 
phoresis or ultracentrifugation, they were also 
studied by starch-gel electrophoresis. The sera 
of 24 pigeons, 12 of the Show-Racer strain 
(atherosclerosis resistant) and 12 of the White 
Carneau strain (atherosclerosis prone) were 
studied individually by paper and by starch- 
gel electrophoresis and a representative pool 
of sera of each strain was subjected to ultra- 
centrifugation. 

RESULTS AND DISCUSSION 

Paper Electrophoresis and Ultracentrifugal Studies 
In a preliminary survey of serum lipopro- 

teins of normal and abnormal human beings 
by the paper electrophoresis techniques we 
concluded, in agreement with Fredrickson and 
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FIG. 1. Thin-layer starch-gel (S) and paper (P) electrophoresis patterns of human serum proteins 
(Pr) and lipoproteins (L). Amidoschwarz stain. 

Lees (9), that while the method is not quan- 
titative, it was capable of demonstrating ab- 
normal distribution of lipoproteins. As a 

means of reporting the results to the physician 
the frequently used 0, -+, I + to 4 +  ter- 
minology was used rather than reporting per- 
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T A B L E  I 

Com par i son  of Pape r  Elec t rophore t ie  and Ul t raeent r i fuga l  Pat terns  of  Se rum Lipoprote ins  
ot the N o r m a l  Adul t  H u m a n  Being 

Paper  e/ectrophoret ic  pat tern  01 l ipoproteins 

chylomicron  [3-1ipoprotein pre-3-1ipoprotetn a-lipoprotein 
N o r m a l  range  0 to ~ 25- to 3 +  0 to _.+ 25- to 3 +  

Ul t racent r i tuga l  l ipoprotein pa t tern  d 1.21 

chylomicron  rag/100 ml  s e rum 
- S  > 400 - S  25-70 - S  70--400 - S  0-10 

N o r m a l  adult  a 
H u m a n  being 
Range  ot values 0 to + 225-390 20-70 180-380 

aRanges  given do not give var ia t ions  due to  age and sex. They  are  range  of  va lues  obta ined on 
samples ,  on which both  paper  and  u l t racent r i fuga l  analyses were  made .  f r o m  35 no rma l  adul t  human  
beings. 

centage of lipid stainable material in the dif- 
ferent fractions. Since a constant amount of 
serum (202,) was always applied to the paper 
strip, dye intensities of the different bands 
indicated the relative concentration of the 
components and also gave some index of the 
absolute levels (Fig. 1). By the method of 
classification adopted, normal levels of the 
four components are chylomicron 0 to - ,  
fl-lipoprotein 2 +  to 3 + ,  pre-/3-1ipoprotein 0 
to +--, c~-lipoprotein 2 +  to 3 + .  These levels 
are compared in Table I with normal values 
obtained by the ultracentrifugal technique. 
The results obtained by paper electrophoresis 
were highly reproducible. When the same 
sera, whether of low, normal or high lipid 
content, were studied repeatedly, very similar 
patterns were obtained. Also when serum of 

an individual on a constant diet was examined 
at frequent intervals for a period of weeks 
the patterns obtained were similar. 

In the present study sera with cholesterol 
levels ranging from 78 to 1150 mg/100 ml 
were analyzed for lipoproteins. Comparison 
of the results obtained by paper electrophor- 
esis with those by ultracentrifugation showed 
that abnormally low levels of fl-lipoprotein, 
(i .e. ,  _ to + )  by paper electrophoresis were 
consistently found when - S  25-70 fl-lipopro- 
tein levels were below 170 rag/100 ml (Table 
I I ) .  When the concentration of - S  25-70 
lipoprotein was increased above 700 rag/100 
ml the fl-lipoprotein by paper electrophoresis 
was always classed 4 + .  Twenty-seven of 32 
sera with 3 + ,  fl-lipoprotein levels had - S  
25-70 concentrations between 300 and 450 

T A B L E  11 

Compar i son  of H u m a n  Se rum Lipopro te in  Levels  D e t e r mine d  by Paper  Electrophorests  
and by Ul t racent r i fuga t ion  

a- l ipoproteins  

Paper  elec- Rela t ive  dye 
t ropborests  intensity 0 + 2 +  3 + 4 +  
U.C.  a - S  0-10 m g / 1 0 0  ml  average  0 117 220 291 392 

mg/100  ml r ange  0 108-170 120-320 180-460 320-480 
No.  of  
samples  1 11 32 3'4 11 

Pre-p- l ipoprote in  

Paper  elee- Relat ive dye 
t rophoresis  intensity 0 to ~ + 2 +  3 +  4 +  
U.C.  - S  70-400 mg/100  ml  average  25 96 252 386 1400 

mg/100  ml r ange  0-87 52-260 100-820 192-6"/0 350-2800 
No.  of  
samples  58 17 19 8 7 

f l- l ipoprotein 

Paper  elec- Rela t ive  dye 
t rophoresis  intensity -4- + 2 -- 3 + 4 +  
U.C. - S  25-70 mg/100  ml  average  91 152 253 358 742 

mg/100  ml  r ange  82-100 47-225 160--440 260-700 360-1080 
No.  of  
samples  4 22 41 32 10 

t o t a l  n u m b e r  ot pat ients '  sera = 109 

aU.C.  ~ u l t racent r i fuga t ion  at d 1.21. 
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rag/100 ml, the other five samples had levels 
between 500 and 700 rag/100 m!. The 58 
sera with pre-fl-lipoprotein bands classed - 
had -S  70-400 levels of less than 87 mg/100 
ml, while all (19) classed 2 +  or greater, had 
-S  70-400 levels greater than 100 rag/100 ml. 
The 17 sera with 1 + pre-fl-lipoprotein levels 
had ---S 70-400 levels ranging from 52 to 
260 mg/100 ml. 

All (12) a-lipoprotein levels classed +- by 
the paper electrophoretic technique had -S  
0-10 lipoprotein levels less than 170 rag/100 
ml, while those (21) classed 1 + had --S 0-10 
levels less than 250 mg, and those classed 3 + 
or 4 +  (41) had -S  0-10 levels greater than 
350 mg/100 ml. 

The ultracentrifugal technique used does not 
permit quantitation of chylomicron lipopro- 
teins, but their presence in increased amount 
can be observed. In the seven sera in which 
presumably chylomicrons were increased as 
indicated by - S > 4 0 0  " + "  the chylomicron 
band at the starting point on the paper elec- 
trophoretic pattern was also increased. When 
the levels, determined by paper electrophoresis, 
of the two ]ipoprotein fractions of high tri- 
glyceride content, i.e., cbylomicron and pre- 
fl-lipoprotein, were added and compared with 
the triglyceride concentration of the sera, it 
was found that levels of  these fractions were 
consistently high when triglyceride levels were 
increased (Table III) .  

Occasional paper electrophoresis patterns of 
sera show lipid stainable material of unusual 
mobility. Such a pattern, repeatedly observed 
in a patient with diffuse xanthomatosis and 
multiple myeloma, showed an intensely stained 
lipid band with mobility of 7~.-globulin. De- 
tailed studies o n  this interesting case are being 
reported elsewhere ( 1 0 ) .  When the serum 
was analyzed ultracentrifugally a high con- 
centration of --S 25--40 fl-lipoprotein was 
found. O n  starch-gel the lipid stainable ma- 
terial did not migrate into the gel but re- 
mained at the application point. Paper and 
starch-gel electrophoretic analysis of the lipo- 
protein concentrate and of the subnatant frac- 
tion from the preparative ultracentrifuge tube 
(density 1.21), showed that the 72-globulin- 
lipoprotein complex had been broken and sep- 
aration of the two components had occurred 
during ultracentrifugation at high salt con- 
centration. Paper, starch-gel and ultracentrifu- 
gal patterns of the Iipoprotein concentrate 
were typical of those found in hypercholes- 
teremia. Some patterns of sera show very 
faintly stained fractions of a slightly brownish 

" [ABLE I l l  

Compar i son  of  Concentration of Serum Triglycer ide  and o! 
Triglycer ide Rich Frac t ions  Resolved by Paper  

Electrophoresis  

Tr iglycer ide 
mg/100  ml Sum of  Pre-/~' and 

serum chylomicron  f ract ions  a 

10-1t2  0 to IV2+~, 
113-390 I V y +  to 2 +  
391-1000 3 +  to 6 +  

1001-5000 4Va-P to 7 +  

aUni ts  based on relative staining intensity of  lipoproteln. 
bValue of  -q- in this calculation was classed " 1 / 2 + 2 '  

tinge having electrophoretic mobility of 72, 
or 7a-globulins. If  a paper electrophoresis 
strip of these sera stained for proteins is ex- 
amined a fraction of high protein concentra- 
tion with mobility similar to that of the atypi- 
cal lipid-stained band is usually demonstrated. 

While the paper electrophoresis method for 
estimation of lipoprotein is not truly quanti- 
tative, our results show that an abnormal dis- 
tribution of lipoproteins can be detected and 
the degree of abnormality indicated is usually 
in the correct range as judged by comparison 
of results with the ultracentrifugal method. 
Abnormal levels of lipoproteins demonstrated 
by paper electrophoresis are helpful in indi- 
cating the type of lipid abnormality and addi- 
tional studies needed, and they can serve as 
a guide to the nutritionist in dietary counsel- 
ing of hyperlipemic patients. 

Starch-Gel Electropharetic Studies 

When serum was studied by thin-layer 
starch-gel electrophoresis, resolution of the 
lipoproteins was similar to that obtained when 
the starch-gel block technique was used. The 
thin-layer method has the advantage that the 
patterns can be scanned. In starch-gel the 
a-lipoproteins migrate at a rate slightly less 
than that of albumin, while the fl-lipoproteins 
have a mobility usually slightly less than that 
of slow a~-globulin. The mobility of the 
c~-lipoproteins tended to be somewhat slower 
in the ultracentrifugally separated concentrate 
than in whole serum, which may be due to 
difference in concentration, and possibly the 
effect of other proteins present in the serum. 
When a high concentration of pre-/3-1ipopro- 
rein was found by paper electrophoresis a 
fraction migrating faster than the fl-Iipopro- 
tein fraction Was sometimes demonstrated by 
starch-gel (bottom pattern, Fig. 2). In most 
cases a fraction or fractions with mobility 
less than that of the major fl-lipoprotein was 
resolved, and occasionally a single fraction 
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FIG. 2. Thin-layer starch-gel electrophoresis patterns of human serum lipoproteins and ultracentri- 
fugally concentrated lipoprotein fractions. Oil red O stain. Top four patterns of normal human serum. 
1. whole serum; 2. d 1.21 a + /3 lipoprotein concentrate ( x 2 ) ;  3. d 1.063-1.21, ~-lipoprotein concen- 
trate ( + 2 ) ;  4. d 1.006-1.063, p-lipoprotein concentrate ( X 2 ) .  Bottom pattern of d < 1.053 lipoprotein 
fraction from hyperlipemic human serum, which showed by paper electrophoresis increased concen- 
tration of chylomicron, and broad intensely stained band with mobility of fast r and poorly 
resolved pre-C~-lipoprotein band. 

with mobil i ty in fi-l ipoprotein range was 
found. When  the latter sera were studied by 
two-dimensional  electrophoresis,  i.e., the first 
d imension on paper,  and then the paper  strip 

LIPIDS, VOL. 4, No. 1 

after electrophoresis placed on starch-gel and 
electrophoresis  carr ied out  perpendicular  to 
the direction of the first migration,  both  /3- 
and pre- /? - f rac t ions  migrated f rom the paper  
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FIG. 3. Thin-layer starch-gel (S) and paper (P) electrophoresis patterns of pigeons' serum lipopro- 
rein (L) and proteins (Pr). Strain H, Show-Racer; Strain W, White Carneau. 

into the starch-gel at similar rates. The bands 
were diffuse and less clearly resolved than 
usual. In the ultracentrifugal analysis in- 
creased levels of -S 70-400 lipoprotein were 
found in these sera. For use as a method of 
screening of human sera for lipoprotein ab- 
normalities results by the starch-gel method 
are not always comparable to those of the 

other two methods evaluated. The discrep- 
ancies are not presently understood. It is pos- 
sible that an occasional sera in which a com- 
ponent of mobility on starch-gel less than 
that of the major fl-lipoprotein, and having 
a mobility of p re - f l -  by paper electrophoresis 
are examples of the double fl-lipoprotein: a 
new genetic variant in man described by 
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Seegers et al. (1 1 ). It is more  likely, however ,  
that  the pore  size of the starch-gel is small 
enough  to retard the migra t ion  of par t  of  the 
p re - f l - l i pop ro te in .  Fu r the r  invest igat ion of  the 
lipid and prote in  componen t s  of these sera may  
explain the lack of  agreement .  

The  starch-gel technique  has been  useful in 
more  precise character izat ion of the l ipopro- 
teins in ul t racentr i fugal  concent ra tes  of  serum 
l ipoproteins  which  by paper  or ul t racentr i fugal  
techniques  showed atypical propert ies .  One 
such concent ra te  when  subjected to electro- 
phoresis  on starch• and stained for  prote in  
was found  to have an intensely s tained band,  
not  normal ly  present ,  o f  mobil i ty  faster  than 
that  of  f l - l ipoprote in .  The  band  was identified 
by immunoe lee t rophores i s  as "/-A globulin (12). 

Examina t ion  of the l ipoproteins  of sera of 
pigeons of both  the Show-Racer  and Whi te  
Carneau  strains by paper  and by starch-gel 
e lectrophoresis  showed that  ~ -  and fl-lipo- 
prote in  fract ions were  clearly separa ted  by 
both  methods .  While two a- l ipoprote in  frac- 
tions were resolved by paper  e lectrophoresis  at 
least four  clearly resolved bands with mobili-  
ties in the range of a- l ipoproteins  were  demon-  
strated on starch-gel (Fig. 3) .  By ul tracen- 
t r i fugation l ipoprotein  componen t s  with flota- 
tion rate be tween - S  0-15 and - S  20-70 were  
demonst ra ted .  Fo r  sera of  this par t icular  species 
starch-gel e lectrophoresis  gave greater  resolu- 
tion of l ipoproteins than  was obta ined by the 
other  two methods.  The  small pore  size of the 
starch-gel probably  was a factor  in accom- 

plishing the resolut ion of  c~-lipoprotein sub- 
fractions.  Fu r the r  studies of  pigeon sera to 
demons t ra te  possible differences be tween the 
two strains are in progress.  
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Labeling of Liver and Plasma Lecithins After Injection of 
1-2-14C-2-Dimethylaminoethanol and t4C-L-Methionine-Methyl 
to Choline Deficient Rats 

B. LOMBARDI, P. PANI, F. 'F. SCHLUNK, and CHEN SHI-HUA, Department of Pathology, 
University of Pittsburgh 'School of 'Medicine, Pittsburgh, =Pennsylvania 15213 

AIBSTRACT 

Groups of rats were fed a choline-de- 
ficient (CD) or a choline-supplemented 
(CS) diet for 15 hr. Labeling of liver and 
plasma cephalins and lecithins was fol- 
lowed with time after injection of 14C-L- 
methionine-methyl or 1-2-14C-2-dimethyl - 
aminoethanol, either alone or together 
with 3H-S-adenosyl-L- methionine- methyl. 
A reduced concentration of liver and 
plasma lecithins was found in CD rats. In 
the same animals, labeling of the phospho- 
lipid fractions was considerably greater 
and faster than in CS rats. Administra- 
tion of choline to rats previously fed the 
CD diet resulted in both an increased con- 
centration of liver and plasma lecithins 
and a reduction in the labeling of liver 
and plasma leeithins to levels seen in con- 
trol rats. These results suggest that in 
CD rats, while the overall synthesis of 
lecithins may be reduced due to insufficient 
availability of choline, the synthesis of 
lecithins via stepwise methylation of 
cephalins may be increased. 

INTRODUCTION 

The effects of choline deficiency (CD)  on 
rat liver have long been suspected to stem 
from an impaired synthesis of lecithins (1).  
This notion, however, has lately been ques- 
tioned or discounted (2,3) because of the 
difficulty in reconciling two sets of apparently 
contradictory observations. On one hand, it 
has been found that a reduction in the level 
of liver (4,5) and plasma (4-7) phospholipids 
occurs within 24 hr of choline deficiency in the 
rat, and that such a reduction accompanies 
the development of the hepatic lesions (4) .  
On the other hand, evidence has been ob- 
tained, from ~2p incorporation studies, that the 
turnover of liver lecithins is increased in choline 
deficient animals (8, 9). A plausible explana- 
tion of these observations may have been pro- 
vided by recently acquired knowledge about 
the biosynthesis and heterogeneity of liver and 
plasma lecithins. It has been well established 
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in recent years that lecithins are a very hetero- 
geneous class of lipids, and several subclasses 
or species have been separated and identified 
on the basis of their fatty acid composition 
(10).  It has also been shown that the bio- 
synthesis of lecithins occurs via several path- 
ways, and this multiplicity has been considered 
as largely responsible for the heterogeneity of 
these phospholipids (11).  Thus, it seems pos- 
sible that in CD rats, synthesis of only some 
species of lecithins may be increased, account- 
ing for the increased 32p turnover, while the 
overall synthesis of lecithins may be decreased, 
accounting for the lower levels in liver and 
plasma. This possibility is now experimentally 
testable and we have, therefore, undertaken 
to do so. 

Of the various pathways, two are of quan- 
titative importance for net synthesis of leci- 
thins in the liver (12) :  incorporation of pre- 
formed, free choline via cytidine diphosphate 
choline and diglycerides (direct pathway) and 
the stepwise methylation of phosphatidylethan- 
olamines by S-adenosylmethionine (indirect 
pathway).  There is evidence that in rats, es- 
pecially males (13),  the direct pathway is the 
most active. In this paper we report  the re- 
sults of experiments mainly designed to obtain 
kinetic data on the incorporation of some 
labeled precursors for the synthesis of lecithins 
via the indirect pathway. After injection of 
2-dimethylaminoethanol or methionine, or 
both, a marked difference between choline- 
supplemented (CS) and CD rats was observed 
in the labeling of liver and plasma lecithins. 

MATERIALS AND METHODS 

General Procedures 

Male rats of the Sprague-Dawley strain 
(Sprague-Dawley, Co., Madison, Wisconsin) 
weighing approximately 100 g were used. Prep- 
aration of the animals for the experiments, 
preparation of the CS and of the CD diets 
(14) ,  and measurement of diet intake were 
performed as previously reported (4,7).  La- 
beled precursors were injected after 15 hr of 
feeding the experimental diets, with the animals 
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having access to the diets up to the time of kill- 
ing. Rats fed the CD diet represented the ex- 
perimental animals, and those fed the CS diet 
the controls. 

Administration of Radioactive Compounds 

Radioactive compounds were dissolved in 
saline (0.9% NaCI) and 0.2 ml of solution was 
injected into a saphenous vein under light ether 
anesthesia. The following were used: 1-2-a4C- 
2-dimethylaminoethanol (0.60 and 1.52 me/  
raM, Tracerlab, Waltham, Massachusetts),  
14C-L-methionine-methyl (13.4 mc /mM,  New 
England Nuclear  Corp., Boston, Massachu- 
setts) and 3H-S-adenosyl-L-methionine-methyl 
(1050 m c / m M ,  Tracerlab).  

Collection of Tissue Samples. 

Groups of animals were sacrificed at various 
time intervals after the injection of the labels, 
as indicated under the Results section. Five 
minutes before killing, 5 mg of pentobarbital 
per 100 g of body weight was injected intra- 
peritoneally. Blood and liver samples were ob- 
tained, stored and prepared for analysis as pre- 
viously reported (4,7).  

Analytical Procedures 

Plasma and liver total lipids were extracted 
(15) with a mixture of chloroform-methanol 
(2:1, v /v )  and separated into neutral lipids and 
phospholipids by chromatography on silicic 
acid columns (16). Triglycerides (16),  lecithins 
and cephalins (17) were isolated by TLC on 
silica gels. Triglycerides were determined (18) 
after elution from the silica gel with chloro- 
form. The phospholipid fractions were eluted 
with a mixture of chlorofrom-methanol-am- 
monia (1 :3:1 ,  v /v ) .  One aliquot of the eluates 
was used for determination of lipid P (19) ;  a 

factor of 25 was used to convert weight of lipid 
P to weight of lecithins and cephalins. A sec- 
ond aliquot was pipetted into counting vials, 
dried under nitrogen, and then dissolved in 
0.5 ml of  methanol followed by 15 ml of a 
toluene scintillation mixture. Aliquots (0.2 ml) 
of the radioactive solutions used for injection 
into the animals were brought to 250 ml with 
methanol, and 0.5 ml immediately taken and 
similarly prepared for counting. Radioactivity 
was measured in a Packard liquid scintillation 
spectrometer (Model 3002) set for single or 
double (20) label counting. Specific and total 
activities were calculated as previously reported 
(5).  Differences between the means were 
checked with student t-test and regarded to be 
significant if P < 0.05. Fat ty  acid methyl-esters 
were prepared and purified by the method of 
Marinetti  (21).  They were analyzed with an 
FM model 400 gas chromatograph, which was 
equipped with a hydrogen flame detector and 
a 1~ in. I.D. by 6 ft column packed with 15% 
ethylene-glycol-succinate on 80-100 mesh gas- 
chrom P. The column temperature was 160 C, 
and the flow rate of the carrier gas (argon) was 
apt~roximately 100 ml/min.  The paper cutting 
and weighing method was used to calculate the 
composition of the mixtures. Quantitative re- 
sults with fatty acid standards (F-N.I .H.)  
agreed with the stated composition data with 
a relative error of less than 5%. Hydroquinone 
was added to the solvents used in the extraction 
and elution (5 rag/100 ml) ,  TLC (50 mg/100 
~ l )  of the lipids, and the preparation and puri- 
fication of the methyl-esters (5 mg/100 ml) .  

RESULTS 

Three experiments were performed in rats 
which had been fed the diets for 15-19 hr. As 
can be seen from Table I, the livers of rats fed 

TABLE I 

Liver and Plasma Lipids in Rats Fed a Choline-Deficient (CD) or a Choline-Supplemented (CS) Diet 
for 15-19 hr a 

Liver Plasma 

Diet wt. ms/100 g body weight mg/100 ml 
Exp. (No. of rats) g TG b pcb pEb pcb  pEb 

1 CS (12) 6.39 • 0.24 33.9 • 6.6 99.8 ~ 12.8 42.1 -+ 1 4 99.3 ! 6.4 4.4 • 0.5 
CD (12) 6 .45•  120.6-t- 4.9e 68.5-+ 7.8 e 48.2-+3.8 68.1-+3.5 c 3.4 •  

2 CS (12) 6 .12+0 .12  3 3 . 4 +  2.2 6 5 . 5 +  2.2 4 3 . 7 •  74.9--+-__5.7 2.7 -+0.3 
CD (12) 6 .29+0 .12  120.8•  9.8 e 4 3 . 6 •  1.2 e 4 5 . 5 ~ 0 . 7  61 .2•  2.0 •  

3 CD (5) 5.48__+0.13 136.9__+16.7 4 3 . 8 ~  1.6 42 .8+2 .1  64.3__--4-3.3 4.3 + 0 . 4  
CS (5) 5.49__+0.25 28.4-+ 6.2e 62.9-+ 1.9 e 4 2 . 2 •  83 .9•  5.5 •  
C D & C h ( 5 )  a 5.56-+0.10 5 0 . 3 +  7.0 65.9__+ 1.9 46.1-+0.9 79 .0 •  5.01-4-0.4 

aEach value represents the mean • SEM. 
bTG, triglycerides; PC, lecithins; PE, cephalins. 
ep < 0.05. 

dRats fed the CD diet and given choline orally after 9 and 12 hr. 
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the CD diet contained from 3.5 to 4.8 times as 
much triglycerides as did the livers of animals 
fed the CS diet. This increase was accom- 
panied by significantly lower concentrations of 
both liver and plasma lecithins. In experiment 
1, the concentrations of liver and plasma leci- 
thins were higher, in both CS and CD rats, 
than those seen in experiments 2 and 3. The 
reason for this finding is not readily apparent; 
it may however reside in seasonal variations 
or in the fact that different batches of animals 
were used in the experiments, In rats fed the 
CD diet, but given choline orally after 9 and 
12 hr (exp.. 3), the concentration of liver and 
plasma lecithins was quite similar to that in CS 
animals. 
Labeling of ,Lecithins by 
1-2- '*C-2-Dirnethylarninoethanol (Exp. 1) 

It has been shown that rat  liver incorporates 
2-dimethylaminoethanol into phosphatidyldi- 
methylaminoethanol, a cephalin (22,23). This 

r J l r 
30 60 120 240 

MINUTES 

FIG. 1. Specific activity of liver ( - - )  and plasma 
( - - - - - )  lecithins and of liver cephalins ( - - - )  
after injection of I-2-~4C 2-dimethylaminoethanol 
to rats fed a choline supplemented ( e )  or a cho- 
line deficient ( O )  diet (exp. 1). Each point rep- 
resents the mean ----- SEM of 3 rats. 

cephalin is one step removed from lecithins 
since its methylation by S-adenosylmethionine 
yields lecithins. Thus, the incorporation of 2- 
dimethylaminoethanol into lecithins is essen- 
tially a 2 step reaction: synthesis of the cepha- 
lin, either via the cytidine pathway (24) or 
through an exchange reaction (25),  and methy- 
lation of the cephalin to lecithin. 

1-2-14C-2-Dimethylaminoethanol (8 / ,c / ra t )  
was therefore injected into CS and CD rats, and 
groups of animals were killed 30, 60, 120 and 
240 min thereafter. The specific activity (SA) 
and the total activity (TA)  of liver and plasma 
cephalins 1 and lecithins were determined. 

The SA time curves (Fig. 1) revealed a 

1This fraction is presumably a mixture of phosphatidyl- 
ethanolamine and its mono- and dimethyl-derivatives. Res- 
olution of the cephaIins was not attempted in this study. 
Therefore, the values for the radioactivity of the cephalins 
are not accurate. They are reported here only to give an 
indication of the relationship of their time-curves to those 
of lecithins. 
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FIG. 2. Total activity of liver ( - - )  and plasma 
( - - - - - - )  lecithins and of liver cephalins ( - - - )  
after injection of 1-2J~C 2-dimethylaminoethanol 
to rats fed a choline supplemented (e)  or a cho- 
line deficient (Q) diet (exp. 1). Each point rep- 
resents the mean • SEM of 3 rats. At the 30 
min point, the value of plasma lecithins in choline- 
supplemented rats was 0.0031 • 0.0001. 

striking difference between CD and CS rats. 
Labeling of liver cephalins and of liver and 
plasma lecithins was both considerably greater 
and faster in experimental animals than in con- 
trols. In both CD and CS rats the label ap- 
peared to enter in, and disappear from, the pool 
of liver cephalins quite rapidly. Accompany- 
ing the decrease in the SA of liver cephalins 
was a rise in the SA of liver lecithins which was 
higher than that of cephalins within 30 rain 
and reached a maximum of 50,314 cpm at 120 
min in CD rats, and of 7,061 cpm at 240 min 
in controls. The SA of plasma lecithins rose al- 
so steadily with time, but initially the rise 
lagged behind that of the SA of liver lecithins. 
There was no significant difference between CD 
and CS rats in the SA of plasma cephalins (not 
shown in Fig. I ). In both experimental and 
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control animals it rose with time to a maximum 
at 120 min and then declined. The values 
(mean • standard error of the mean) for the 
SA of plasma cephalins in CD and in CS rats at 
the 30, 60, 120 and 240 rain points were respec- 
tively: 204 _+ 17 vs. 203 _ 43; 536 _+ 63 vs. 
570 • 14;  641 • 148 vs. 832 • 396; and 162 
___ 15 vs. 180 • 70. 

Total radioactivities are plotted in Figure 2. 
It can be seen from this figure that the fraction 
of the injected 14C incorporated into liver and 
plasma lecithins was considerably and consist- 
ently larger in CD rats than in controls. It 
appears, therefore, that the higher SA observed 
in CD rats was not simply due to the smaller 
pool of liver and plasma lecithins in these ani- 
mals. 
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FIG. 3. Specific activity of liver ( - - )  and plasma 

( - - - - - - )  lecithins and of liver ( - - - )  and plasma 
( . . . .  ) cephatins after injection of ~C L-meth- 
ionine-methyl to rats fed a choline supplemented 
( t )  or a choline deficient ( 0 )  diet (exp. 2). 
Each point represents the mean ~ SEM of 3 rats. 

Labeling of Lecithins by 
=4C-L-Methionine-Methyl (Exp. 2) 

Another way of testing the indirect pathway 
for lecithin synthesis is that of determining the 
incorporation of the methyl group of methio- 
nine, that is, methylation of cephalins to leci- 
thins. 

a~C-L-Methionine-methyl (8 #,c/rat) was 
therefore injected into CS and CD rats and 
groups of animals were killed 15, 30, 60 and 
120 min thereafter. The SA and TA of liver 
and plasma cephalins and lecithins were de- 
termined. 

The SA time curves are shown in Figure 3. 
Again, the SA of liver and plasma lecithins was 
at all points significantly higher in CD rats 
than in controls. However, the difference was 
no t  as great as that seen after injection of 1-2- 
14C-2-dimethylaminoethanol. This smaller dif- 
ference could very well be the result of the 

fact that incorporation of the methyl group of 
methionine into liver lecithins, and probably al- 
so liver cephalins, was considerably faster than 
that of dimethylaminoethanol in both CD and 
CS rats. Indeed, there was very little increase 
in the SA of liver lecithins after 15 min. Also 
the SA of  liver cephalins was considerably low- 
er than that of plasma cephalins in contrast 
with the findings in the previous experiment. 
Furthermore,  no difference was seen between 
CD and CS rats in the SA of liver cephalins 
while the SA of plasma cephalins was some- 
what higher in experimental than in control 
rats. The above  difference also seems to indi- 
cate that in CD rats it is the synthesis of 
phosphatidyl-dimethylaminoethanol from the 
free base which is stimulated, rather than meth- 
ylation of cephalins to lecithins. 

Total radioactivity recovered at the various 
time intervals in liver cephalins and in liver 
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Fro. 4. Total activity of liver ( - - )  and plasma 
( - - - - - - )  lecithins and of liver cephalins ( - - - )  
after injection of 1~C L-methionine-methyl to rats 
fed a choline supplemented (e)  or a choline defi- 
cient ( 0 )  diet (exp. 2). Each point represents 
the mean • SEM of 3 rats. 

and plasma lecithins is plotted in Figure 4. 
There was no substantial difference between 
CD and CS rats in the fraction of the injected 
dose incorporated into liver cephalins and plas- 
ma lecithins. However, a'significantly larger 
fraction was incorporated into liver lecithins 
of experimental rats. 

Effect of Choline on the Labeling of Lecithins by 
1-2 ~*C-2-DimethyI-Aminoethanol and 
~H-S-AdenosyI-Methionine~Methyl (Exp. 31 

It was previously shown that over 60% of 
the daily intake of either diet is consumed by 
the rats during the first 6 hr (4). Thus, to re- 
late the above described changes between CD 
and CS rats to the lack of choline in the diet, 
the following e x p e r i m e n t  w a s  performed. 
Groups of rats were fed the CD or the CS diet. 
After 9 hr, and again after 12 hr, 30 mg of 
choline in 0.5 ml of saline was administered 
by stomach tube to half of the CD rats; saline 

(0.5 ml) was similarly administered to the re- 
maining CD rats and to the CS animals. After 
the rats had been on the diets for 15 hr, 7 /xc 
of 1-2-1~C-2-dimethylaminoethanol and 15 tLc 
of aH-S-adenosyl-L-methionine=methyl in 0.2 
ml of saline were injected into each rat, and 
the animals were killed 60 min thereafter. The 
two precursors were chosen for the Same rea- 
sons as before; however, the use of the two 
labels allowed to perform a single experiment. 
The 14C and sH specific and total activities of 
liver and plasma cephalins and lecithins were 
determined. The results are presented in Table 
II. 

In CD rats given saline orally, labeling of 
liver cephalins and of liver and plasma lecithins 
was again greater than in CS rats. Administra- 
tion of choline to rats fed the CD diet complete- 
ly obliterated the difference. Indeed in these ani- 
mals not only the SA and TA, but also the 
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T A B L E  I I I  
Fa t ty  Acid  Compos i t ion  of Liver  Lecithins of Rats  Fed  a Chol ine-supplemented (CS)  or a 

Choline-deficient ( C D )  Die t  a 

Fa t ty  Acids  (Wt.  % )  

Diet  16:0 18:0 18:1 18:2 20:4 22:6  

CS 28.6 + 1.2 14.3 ~ 0.9 15.6 + 0.4 17.2 • 0.6 17.2 + 0.7 4.1 + 0.3 
C D  25.6 + 0.4b 16.0 ~ 0.4 13.1 • 0.Sb 12.3 + 0.5b 25.0 + 0.9b 4.0 ~+ 0.5 

a E a c h  value represents the m e a n  + S E M  of 7 rats.  

b p  < 0.05. 

concentration (Table I) of the phospholipid 
fractions were quite similar to those in rats fed 
the CS diet. 

In this experiment, the aH-SA of plasma 
cephalins was much higher than that of any 
other fraction. The reason for this finding is 
not readily apparent. It should be noted, how- 
ever, that some of the data on plasma cephalins 
may not be very accurate since the determina- 
tions were performed on very small amounts of 
this phospholipid (0.02-0.03 /~mole). 

In contrast to the finding in experiment 2 not 
only the aH-SA, but also the fraction of injected 
3H incorporated into plasma lecithins was sig- 
nificantly higher in CD than in CS rats. 

Fatty Acid Composition of Liver keoithins 
The fatty acid composition of liver lecithins 

was determined in two groups of seven rats fed 
either the choline-supplemented or the choline- 
deficient diet for 15 hr. 

As can be seen from Table III, liver lecithins 
of CD rats contained significantly more arachi- 
donic acid and less linoleic acid than lecithins 
of the CS group. The latter contained also 
slightly more palmitic and oleic acid and less 
stearic acid. 

DISCUSS, ION 

Labeling of liver and plasma cephalins and 
lecithins occurred in both CS and CD rats after 
injection of 14C-L-methionine-methyl, or of 1-2- 
14C-2-dimethylaminoethanol either alone or to- 
gether with a H - S - a d e n o s y l - L - m e t h i o n i n e -  
methyl. Kinetic data (Fig. 1-4) suggested that 
the labels were incorporated first, and most 
rapidly, into liver cephalins, then into liver 
lecithins, and subsequently into plasma leci- 
thins. These results are in keeping with the 
notion of the formation of some liver lecithins 
by stepwise methylation of liver cephalins (11, 
12) and the derivation of plasma lecithins from 
liver lecithins (12).  A marked difference was 
however observed between CD and CS animals 
since labeling of the phospholipids appeared to 
be faster, and was greater, in the deficient ani- 
mals than in the controls. 

One of the earliest signs of choline deficiency 
in the rat is a lowering in the concentration of 
liver and plasma phospholipids (4-7). The re- 
sults of Table I show that lecithins partake in 
such a decrease (as do sphingomyelins and lyso- 
leci thins--unpublished results). Evidence has 
been obtained by Isozaki et al. (26) that ad- 
ministration of choline to CD rats stimulates 
the synthesis of lecithins via the direct pathway. 
In experiment 3, in which choline was admin- 
istered to rats that had ingested the CD diet, 
the concentration of liver and plasma lecithins 
rose to the level in controls (fed the CS diet). 
At  the same time, the extent of labeling of liver 
and plasma lecithins decreased to that seen in 
the same controls. These results could be inter- 
preted as indicating that in CD rats there is, 
on the one hand, a decrease in overall synthesis 
of lecithins due to lack of a substrate, choline, 
for the major biosynthetic pathway and, on the 
other, an increased synthesis via the stepwise 
methylation of cephalins. The increased syn- 
thesis via the indirect pathway could then rep- 
resent an attempt to correct the major defect, 
and could be a factor in explaining the higher 
turnover of lecithins observed after 32P-admin- 
istration (8,9), despite the lower concentration 
in liver and plasma. 

No information was sought in the present ex- 
periments about the vascular clearance and liv- 
er uptake of the injected labeled compounds, 
or the pool size and SA of the various inter- 
mediate precursors. Whether or to what extent 
a difference between CD and CS rats in any of 
these parameters can account for the observed 
difference in the labeling of lecithins is present- 
ly being investigated. Another possibility can 
be excluded, namely, that the greater labeling 
of liver lecithins may result from a n  accumu- 
lation of newly synthesized lecithins due to 
their impaired release into plasma as a moiety 
of serum lipoproteins (5,7). Indeed a smaller 
pool of liver lecithins was present in CD ani- 
mals than in controls, and both the SA and TA 
of plasma lecithins was greater in CD rats than 
in controls even though the concentration was 
lower. 
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One expected consequence of a shift in the 
pathways for lecithin synthesis by the liver of 
CD rats would be a change in the overall fatty 
acid composition of the phospholipid ( 11 ), that 
is a redistribution of the molecular species of 
lecithins. That such a redistribution in fact oc- 
curred is shown by the results of Table III. It  
has been suggested by Isozaki et al. (26) that 
liver lecithins containing highly unsaturated fat- 
ty acids and stearic acid are synthesized mainly 
through the indirect pathway, and those con- 
taining less unsaturated fatty acids and palmitic 
acid via both the direct and indirect pathway. 
Indeed, it has been shown by Lyman et al. (27, 
28) that there is a good correlation between 
methylation of phosphatidylethanolamines and 
synthesis of liver lecithins rich in arachidonic 
and stearic acid. Thus the finding that liver 
lecithins of CD rats contain relatively more 
arachidonic and stearic acid and less linoleic, 
oleic and palmitic acid than the lecithins of 
controls corroborates the results of the tracer 
experiments indicating an increase in the syn- 
thesis of lecithins via the indirect pathway. 

It seems then possible that, at least during the 
early stages of choline deficiency in the rat, the 
pathologic effects on the liver may result not 
merely from an ~insufficient availability of leci- 
thins, but also from the lack of specific leci- 
thins. These effects could involve the metabo- 
lism of either soluble (serum) lipoproteins or 
cellular membranes (microsomal, Golgi and 
plasma membranes) ,  or both, thereby account- 
ing for the impaired release into plasma of 
hepatic TG (5),  serum lipoproteins and serum 
albumin (7).  A decreased concentration of 
lecithins has been found in microsomes isolated 
from the liver of CD rats (unpublished ob- 
servations). 

The results and considerations presented in 
this paper are at variance with others in the lit- 
erature on choline deficiency. However, the 
wide differences in experimental conditions 
used in different laboratories makes a direct 
comparison between them rather difficult. Of 
the experimental conditions, the age of  the rats, 
the length of  feeding and the amounts and 
types of proteins and fats in the diets may be 
the most critical. 
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SHORT COMMUNICATIONS 

What is Amaurotic Idiocy? 

A s RECENTLY AS 1966, amaurotic idiocy was 
defined as a "neurolipidosis with thesauriza- 

tion of gangliosides" (1).  Extensive discussions 
evolved about the condition at the symposium 
on Inborn Disorders of Sphingolipid Metabo- 
lism (2) .  Since lipid chemists occasionally 
study tissues from patients with that diagnosis, 
attention is drawn to the fact that amaurotic 
idiocy comprises several heterogeneous dis- 
eases some of which display no detectable 
abnormalities of the sphingolipid pattern and 
may not even be associated with a disturbance 
of lipid metabolism. 

Sachs (3) coined the term "amaurotic idio- 
cy" to designate what is now known as Tay- 
Sachs disease, infantile amaurotic idiocy or, 
preferably, G~.-gangliosidosis. Vog:t (4) sug- 
gested that amaurotic idiocy occurs in several 
forms all characterized by neuronal lipid ac- 
cumulation, distinguishable simply by the age 
of onset. Accordingly, contemporary medical 
writers recognize a congenital, infantile, late in- 
fantile, ]uvenile and adult form of amaurotic 
idiocy and thus relegate the original entity 
defined by the work of Tay and Sachs to a 
subtype of a seemingly well-defined disease. 
With the discovery by Klenk (5) of large quan- 
tities of a hitherto unknown glycolipid, later 
identified as ganglioside G xtz in two brains with 
Tay-Sachs disease, neuropathologists and clin- 
icians drew the conclusion that the other sub- 
types also harbor increased amounts of gang- 
liosides. This has indeed proven correct for 
certain cases of late infantile amaurotic idiocy 
(Bielschowsky-Jansky type) which O'Brien et 
al. (6) defined as G~rl-gangliosidosis. In other 
cases of amaurotic idiocy chemical studies did 
not reveal a significant accumulation of gang- 
liosides. Several unsound hypotheses have 
been advanced to explain this negative finding. 

The electron microscopic examination of 
brains with Tay-Sachs disease, championed by 
Terry and Korey (7) opened a seemingly new 
approach to the understanding of amaurotic 
idiocy, by investigating the ultrastructural arch- 
itecture of the neuronal lipid cytosomes. Using 
such criteria, Gonatas et al. (8) found it pos- 
sible to differentiate Tay-Sachs disease, G.~tl- 
gangliosidosis, late infantile amaurotic idiocy 
of the Bielschowsky-Jansky type, a second 
(new) type of late infantile amaurotic idiocy, 
and juvenile amaurotic idiocy. Thus, three 
conditions are distinguished which seem to 
answer the definition of late infantile amaurotic 

idiocy and, seemingly, two more types, one 
with accumulation of ganglioside G~l. and the 
second one without accumulation of ganglio- 
sides, also designated as "myoclonic variant of 
cerebral lipidosis" were described by Seitel- 
berger et al. (9) (2) .  These five subtypes of 
the subtype late infantile amaurotic idiocy 
confuse not only the lipid chemist but also 
neuropathologists and neurologists. 

Lipid analyses in this laboratory of brain 
tissue samples from 18 patients suffering from 
"amaurotic idiocy" produced the following re- 
sults. All four brains with Tay-Sachs disease 
or infantile amaurotic idiocy showed massive 
accumulation of ganglioside G~r=,. Among nine 
cases of late infantile amaurotic idiocy, one 
brain contained a 75% relative concentration 
of ganglioside G.~rT whereas the remaining had 
a normal sphingolipid profile. Four  patients 
fulfilled the clinical criteria of juvenile amauro- 
tic idiocy (Spielmeyer-Vogt type) and one ot 
adult amaurotic idiocy (Kufs '  disease). All 
five brains showed essentially normal relative 
concentrations of sphingolipids. The TLCs 
were obtained by a qualitative method (10).  
Quantitative studies on the same material were 
carried out by Jatzkewitz (MiJnchen),  R. H. 
McClure (Columbus),  and J. S. O'Brien fLos 
Angeles).  Jatzkewitz wrote that his examina- 
tions yielded essentially normal values for 
all classes and types of sphingolipids; from 
the other two neurochemists we received ver- 
bal assurance that no abnormalities were found. 
These findings are in agreement with the ob- 
servations of Svennerholm (GSteborg) that 
cases of juvenile amaurotic idiocy occurring in 
Sweden never disclosed abnormalities of the 
sphingolipid pattern. In a recent publication. 
Duffy et al. (l  1) described a patient suffering 
from what appeared to be late infantile amau- 
rotic idiocy. There were changes in the rela- 
tive proportions of gangliosides "which are 
considered to be non-specific and commonly 
seen in a variety of diseases." 

These observations make clear that the divi- 
sion of amaurotic idiocy into subtypes is un- 
founded. As a consequence, the entire classi- 
fication should be abandoned. We can now 
distinguish on clinical, pathomorphological 
and biochemical grounds between G~tl-ganglio- 
sidosis and G~f2-gangliosidosis. Available mor- 
phologic and biochemical data suggest that the 
remaining cases may well form an entity or a 
group of closely related conditions which we 
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call Batten's disease or syndrome because 
Batten (12) recognized and described basic 
differences between this condition and Tay- 
Sachs disease. 

Light and electron microscopic examinations 
on approximately two dozen cases of Batten's 
disease, 12 of which were studied in this labo- 
ratory, revealed that the intraneuronal lipid 
accumulates in the form of insoluble fluorescent 
lipid complexes. Their ultrastructural archi- 
tecture spanned a wide range and efforts to 
classify or subclassify the condition by the fine 
structure of the lipid cytosomes failed as soon 
as different regions of the brain and different 
stages of the disease were examined. The lipid 
bodies share many if not all characteristics 
with ceroid and with lipofuscin granules, re- 
spectively. 

The relationship between ceroid and lipofus- 
cin is poorly understood; it has been suggested 
that ceroid transforms into lipofuscin by pro- 
gressive polymerization and oxidation (13).  

Since both complexes are constituents of 
normal tissue, the pathogenesis of Batten's dis- 
ease seems to rest primarily on an abnormal 
rate of accumulation or clearance of these 
"wear and tear pigments" rather than on the 
accumulation of a single lipid. 

WOLFGANG Z E M A N  

Division of Neuropathology 
Indiana University School of Medicine 
Indianapolis, Indiana 46202 
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Free Fatty Acid Level in Rat Liver After Ingestion 
of Polyunsaturated Fatty Acids 

F REE FATTY ACIDS IN THE LIVER are either 
the product of de novo synthesis, chain 

elongation, the degradation products of neutral 
or complex lipids, or the physiological inter- 
metabolite carried from the adipose tissue or 
derived from dietary fats. It is desirable to de- 
termine the concentration and the composition 
of free fatty acids in the liver and other tissues 
for the detailed study of fatty acid metabolism. 
particularly since little data have been reported 
in the literature. It was the purpose of the 
present investigation to show the changes in 
free fatty acid concentration in normal and 
fatty livers after administration of unsaturated 
fatty acids. Unsaturated fatty acids are oxidized 
at a high rate when administered in large 
amounts. As the free fatty acid level is a 
factor which regulates oxidation in mitochon- 
dria, it can be postulated that this level is 
changed by feeding unsaturated fatty acids. 
Isotope studies have shown that the intake of 
free fatty acids into the liver is proportionate 
to the plasma free fatty acid concentration (1) .  
The plasma f ree  fatty acid level is lowered by 
high carbohydrate diet (2) .  No  agreement has 

been reached concerning the plasma free fatty 
acid concentration following the ingestion of 
a high fat diet. 

A group of male albino rats of the Sprague- 
Dawley strain were maintained on the ordinary 
stock diet of Oriental Yeast Co. Another  
group of rats were fed a choline deficient diet 
consisting of 10% casein, 10% gelatin, 20% 
beef fat, 60% sugar added with cellulose pow- 
der, vitamin and salt mix.tures and cod liver 
oil. Rats were fed ad lib. for 3 weeks. After  
12 hr of fasting, 0.3 ml of fatty acid methyl 
esters were ingested through a stomach tube. 
Each group of rats were divided into five sub- 
groups. Subgroup 1 were controls. Animals 
of subgroup 2 were given methyl oleate, sub- 
group 3 linoleate, subgroup 4 3,-linolenate, and 
subgroup 5 arachidonate. All  the methyl esters 
of polyunsaturated fatty acids were more than 
99% pure (from Ono Pharmaceutical  Co.) .  
Twelve hours after ingestion, rats were  killed 
by exsanguination. Livers were removed and 
immediately irrigated with saline through the 
portal vein. Extraction of lipids and phospho- 
lipid analysis were carried out as described 
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call Batten's disease or syndrome because 
Batten (12) recognized and described basic 
differences between this condition and Tay- 
Sachs disease. 

Light and electron microscopic examinations 
on approximately two dozen cases of Batten's 
disease, 12 of which were studied in this labo- 
ratory, revealed that the intraneuronal lipid 
accumulates in the form of insoluble fluorescent 
lipid complexes. Their ultrastructural archi- 
tecture spanned a wide range and efforts to 
classify or subclassify the condition by the fine 
structure of the lipid cytosomes failed as soon 
as different regions of the brain and different 
stages of the disease were examined. The lipid 
bodies share many if not all characteristics 
with ceroid and with lipofuscin granules, re- 
spectively. 

The relationship between ceroid and lipofus- 
cin is poorly understood; it has been suggested 
that ceroid transforms into lipofuscin by pro- 
gressive polymerization and oxidation (13).  

Since both complexes are constituents of 
normal tissue, the pathogenesis of Batten's dis- 
ease seems to rest primarily on an abnormal 
rate of accumulation or clearance of these 
"wear and tear pigments" rather than on the 
accumulation of a single lipid. 

WOLFGANG Z E M A N  

Division of Neuropathology 
Indiana University School of Medicine 
Indianapolis, Indiana 46202 

ACKNOWLEDGMENT 

This work was supported by USPHS Grant NB-0~.607. 

REFERENCES 

1. Klein, D.. "Proc. 3rd Intern. Cong. Human Genetics," 
J. F. Crow and J. V. Neel, editors, The Johns Hop- 
kins Press, Baltimore, 1967, p. 369. 

2. Aronson, S. A., and B. w. Volk, editors, "Inborn Dis- 
orders of Sphingolipid Metabolism," Pergamon Press, 
Oxford, 1967. 
Sachs, B., New York Med. J. 63, 697 (1896). 
Vogt, H., Arch Kinderheilk, 51, 1 (1909). 
Klenk. E. Z.. physiol. Chem. 262, 128 (139). 

O'Brien, J. S., M. B. Stern, B. H. Landing, ft. K. 
O'Briau and G. N. DonneU, Amer. J. Dis. Child. 109, 
338 (1965). 
Terry, R. D. and S. R. Korey, Nature (London) 188, 
1000 (1960). 
Gonatas, N. K.. P. Gambetti and H. Baird, J. Neu- 
ropath. Exp. Neurol, 27, 371 (1968). 
Bernheimer, H., and F. Seitelberger. Wein. Klin. 
Wsehr. 80, 163 (1968). 
Karcher, D., Biochim. Biophys. Acta (Amsterdam) 
125, 401 (1966). 
Duffy, P. E., M. Kornfeld and K. Suauki, J. Neu- 
ropath. Exp. Neurol, 27, 351 (1968). 
Batten, F. E.. Quart. I. Med. 7, 444 (1914). 
Pearse, A. G. E., "Histochemistry, Theoretical and 
Applied," 2nd ed., Little Brown Co., Boston, 1960, 
p. 662. 

[Received August 3, 1968] 

3. 
4. 
5. 
6. 

7. 

8. 

9. 

10. 

11. 

12. 
13. 

Free Fatty Acid Level in Rat Liver After Ingestion 
of Polyunsaturated Fatty Acids 

F REE FATTY ACIDS IN THE LIVER are either 
the product of de novo synthesis, chain 

elongation, the degradation products of neutral 
or complex lipids, or the physiological inter- 
metabolite carried from the adipose tissue or 
derived from dietary fats. It is desirable to de- 
termine the concentration and the composition 
of free fatty acids in the liver and other tissues 
for the detailed study of fatty acid metabolism. 
particularly since little data have been reported 
in the literature. It was the purpose of the 
present investigation to show the changes in 
free fatty acid concentration in normal and 
fatty livers after administration of unsaturated 
fatty acids. Unsaturated fatty acids are oxidized 
at a high rate when administered in large 
amounts. As the free fatty acid level is a 
factor which regulates oxidation in mitochon- 
dria, it can be postulated that this level is 
changed by feeding unsaturated fatty acids. 
Isotope studies have shown that the intake of 
free fatty acids into the liver is proportionate 
to the plasma free fatty acid concentration (1) .  
The plasma f ree  fatty acid level is lowered by 
high carbohydrate diet (2) .  No  agreement has 

been reached concerning the plasma free fatty 
acid concentration following the ingestion of 
a high fat diet. 

A group of male albino rats of the Sprague- 
Dawley strain were maintained on the ordinary 
stock diet of Oriental Yeast Co. Another  
group of rats were fed a choline deficient diet 
consisting of 10% casein, 10% gelatin, 20% 
beef fat, 60% sugar added with cellulose pow- 
der, vitamin and salt mix.tures and cod liver 
oil. Rats were fed ad lib. for 3 weeks. After  
12 hr of fasting, 0.3 ml of fatty acid methyl 
esters were ingested through a stomach tube. 
Each group of rats were divided into five sub- 
groups. Subgroup 1 were controls. Animals 
of subgroup 2 were given methyl oleate, sub- 
group 3 linoleate, subgroup 4 3,-linolenate, and 
subgroup 5 arachidonate. All  the methyl esters 
of polyunsaturated fatty acids were more than 
99% pure (from Ono Pharmaceutical  Co.) .  
Twelve hours after ingestion, rats were  killed 
by exsanguination. Livers were removed and 
immediately irrigated with saline through the 
portal vein. Extraction of lipids and phospho- 
lipid analysis were carried out as described 
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TABLE I 

Free Fatty Acids in Rat Liver After 
Ingestion of Unsaturated Fatty Acid 

Methyl esters Stock diet Choline deficient 
administered fed rats diet fed rats 

None 0.32-+0.04 (4) 0.73-+0.08 (7) 
Oteate 0.53-+0,06 (3) a 0.75-+0.13 (5) 
Linoleate 0.56-+0.07 (4) a 1.06_+0.12 (6) b 
"y-Linolenate 0.59+0.05 (4)b 1.50-+0.20 (6) b 
Arachidonate 0.56• (3) a 0,80+--0.12 (4) 

The concentration of free fatty acid is expressed as milli- 
gram free fatty acid per gram liver. Values are the aver- 
age --4- standard deviation, Numbers in parentheses are the 
number of rats used. 

a0.001 ( p ~ 0.01. 

bp ( 0.001. 

by Rouser et al. (3,4). Free fatty acids were 
determined after separation by TLC by con- 
version to methyl esters and determination of 
moles of esters by the hydroxamic acid pro- 
cedure of Rapport and Alonzo (5). 

The free fatty acid level in the liver was 
elevated after ingestion of unsaturated fatty 
acids in all of the subgroups maintained on a 
stock diet (Table I) .  No  significant difference 
was noticed between these subgroups. The free 
fatty acid level in the fatty liver was about 
twice as high as the level in the normal liver. 
In fatty livers, the ingestion of oleate and 
arachidonate failed to produce an elevation 
of the free fatty acid level, while the ingestion 
of linoleate and 7-1inolenate, especially the lat- 
ter, resulted in a marked increase in free fatty 
acid in the liver. There were essentially no 
differences in the extent of fatty liver between 
these subgroups. 

The composition of free fatty acids in fatty 
livers showed a significant increase of oleic 
acid (18:1) and decreases of stearic (18:0) 
and palmitic acid (16:0) after the ingestion 
of 7-1inolenate. Although the ingestion of 
linoleate and 7-1inolenate resulted in increases 
of the corresponding fatty acids, (18:2) and 

TABLE I1 

Free Fatty Acids in the Liver of Rats 
Fed a Choline Deficient Diet 

Fattya Methyl esters administered 

acid Oleate Linoleate ~-Linolenate 

14:0 1.84-0.3 1.2__0.2 1,2+0.2 
16:0 41.0• 38.04-1.2 34.9-t-2.5 

:1 5.3• 5 .2 -+0 .4  4.4__+1.0 
18:0 13.6-t-0.6 11.64-2.0 10.9-t-0.6 

: 1 32.2_+ 1.9 33.1 -~_ 1.6 40.0-t-3.2 
:2 (~-6) 3.34-0.9 7.14-0.6 3.7-+-1.0 
:3 (0J-6) . . . . . . . . . . . . . . . .  1.64-0.4 

20:4 (o~-6) 2.8--b 0~2 3.84-_0.5 3,3+0.9 

Values are the  a v e r a g e  of 4 rats (-+ standard deviation). 
aCarbon chain length : number of double bonds. 
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TABLE I l l  

Liver Phosphotipid Composition of Rats Fed a Choline 
Deficient Diet After Ingestion of Unsaturated Fatty Acids 

Methyl esters administered 

Phospholipid None Oleate Linoleate -r 

Phosphatidyl 
choline 48.0-+0.6 48.4• 46.4--+1.8 46.9-+1.2 

Phosphatidyl 
ethanolamine 28,9-t-0.5 29.5• 29.9-+1.1 29.9-+0.8 

Phosphatidyl 
inositol 8.1-t-0.2 7.6-+0.3 7.9• 8.0-+0.6 

Cardiolipin 5.0-+0.3 5.2-+0.5 6.0~0.4 5.0"+-0.5 

Sphingomyelin 4.6+0.1 4.6~0.4 4.6+0.6 4.6~0.2 

Phosphatidyl 
serine 3.0-+0.0 3.1-+0.2 3.3-+0.0 3.2+0.1 

Lysophosphatidyl 
choline 1.14-0.2 0.74-0.2 0.6-t-0.4 0.9+0,1 

Values are the average of 3 rats ( +  standard deviation). 
Values of minor components are excluded from this table. 
Recovery of phosphorus was 99.7% in average. 

(18:3) ,  the amount of these acids in the free 
fatty acid fraction was still minor, compared 
with three major fatty acids; palmitic, stearic 
and oleic acids (Table I I ) .  

There were no significant differences in phos- 
pholipid composition between these subgroups, 
except a slight increase in cardiolipin following 
the ingestion of linoleate (Table III) .  There 
was no increase of lyso-compounds, which 
could explain the elevation of free fatty a c i d  
level. 

It is generally accepted that the free fatty 
acid level in the liver is related to the free 
fatty acid concentration in blood plasma. How- 
ever, the plasma free fatty acid concentration 
was lower in oil fed rats than in the control 
animal (Table IV).  

The elevation of the free fatty acid level 
in the liver after the ingestion of polyunsat- 
urated fatty acids may be the result of an in- 
crease in the binding site (carrier protein) in 
hepatic cells. The fatty acid composition was 
much more like that of free fatty acids in 
plasma rather than that of triglycerides in the 

TABLE IV 

Free Fatty Acids in Blood Plasma in Rats Fed the Choline 
Deficient Diet After the Ingestion 

of Unsaturated Fatty Acids 

Methyl esters Plasma free fatty acid 
administered concentration (#eq/liter) 

None 586 , 560 
Oleate 400 , 334 
Linoleate 346 , 346 
7-Linolenate 480 , 400 
Arachidonate 386 , 414 

Free fatty acid concentration was determined in two sam- 
pies for each subgroup. 
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liver. Bernhard et al. (6) reported a high rate 
of oxidation of unsaturated fatty acids, espe- 
cially y-linolenic acid. Elevation of the free 
fatty acid level in the liver is probably related 
to an enhancement of oxidation of fatty acids. 
An increase of the lipolytic activity after feed- 
ing polyunsaturated fatty acids might cause 
the elevation of the free fatty acid level, al- 
though the increase of this activity has not yet 
been detected in the liver (7). 
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The Dienoic Fatty Acids of 
-I'~IENOIC FATTY ACIDS have been known to 
.L.,'OCCUr in small amounts in adult human 
skin surface lipid, however, their structures have 
hitherto been unknown. This study reports 
their structures. 

To obtain sufficient material we prepared 
1103.3 mg of crude methyl esters from 1532 
mg of a pooled sample of scalp surface lipid 
obtained from a 27-year-old man by proce- 
dures previously described (1). Figure 1 gives 
details on the chromatographic preparation of 
the dienes and their analysis. In chromatogram 
I, unsubstituted methyl esters were separated 
from more polar material: unesterified fatty 
acids, oxidized acids, traces of non-saponifiable 
matter and possibly methyl esters of hydroxy 
fatty acids. In chromatogram II the purified 
methyl esters were separated into groups of 
saturates, monoenes and dienes. Traces of 
saturates, monoenes and what appeared to be 
oxidized products overlapped into the diene 
fraction, and were removed from the dienes 
by rechromatography on AgNO3-SiO2 (chro- 
matogram III) .  Thus, of the total unsubsti- 
tuted methyl esters, dienes make up 2% to 3%, 
monoenes 47% to 48%, the remainder con- 
sisting of saturates. A portion of the dienes 
of chromatogram II and selected fractions of 
chromatogram II I  were preparatively gas chro- 
matographed and analyzed (Fig. I ) ,  chain 
lengths determined by analytical GLC and the 
products of reductive ozonolysis. The total 
number of C-atoms of the ozonolysis frag- 
ments (aldehyde plus aldester) for each methyl 
ester was 3 C-atoms less than the total chain 
length of that ester. No  effort was made to 
identify malondialdehyde which would be 
buried in the solvent (methylene chloride). 

Human Skin Surface Lipid 
Absence of infrared absorption at 10.3 ~ of 
the total diene fraction of chromatogram 11I 
(KBr pellet technique), indicated that the 
dienes were all cis. 

Table 1 lists the relative amounts of dienes 
of different chain lengths, and the ozonolysis 
products yielded by the isomers at each chain 
length. Also listed are the deduced structures 
of these isomers, their relative amounts and 
a possible mode of formation for the major 
isomer. Note that C1~ and C~0 dienes con- 
stitute over 93% of the total dienes. The posi- 
tion isomers 18:A5,8 and 18:A9,12 constitute 
81% of the C18 dienes. The 18:A5,8 isomer 
emerges prior to linoleate (18:A9,12) in both 
GLC (on DEGS polyester) and in A g N O z -  
SiO2 liquid chromatography, nearly complete 
separation occurring in the latter system. This 
observation is possible in the C18 series only 
because both position isomers occur in rela- 
tively large amounts whereas in all other chain 
lengths only one isomer predominates, and the 
difference in the number of C-atoms between 
the first double bond and the carbonyl group 
is large for this pair of isomers. 

The data of this paper suggest that human 
skin contains enzymes capable of inserting a 
second cis double bond between the carbonyl 
group and the first double bond, separated 
from the latter by a methylene group. For 
example, 18:A5,8, the most abundant diene, 
could be formed from 18:A8, an isomer known 
to occur in human surface lipid (3). The lat- 
ter isomer in turn could be formed by exten- 
sion of 16:A6, the most abundant monoene, 
by 1 C~ unit at the carbonyl group. Thus, by 
a combination of C~ extensions and an addi- 
tional desaturation, all the major isomers of 
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liver. Bernhard et al. (6) reported a high rate 
of oxidation of unsaturated fatty acids, espe- 
cially y-linolenic acid. Elevation of the free 
fatty acid level in the liver is probably related 
to an enhancement of oxidation of fatty acids. 
An increase of the lipolytic activity after feed- 
ing polyunsaturated fatty acids might cause 
the elevation of the free fatty acid level, al- 
though the increase of this activity has not yet 
been detected in the liver (7). 
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The Dienoic Fatty Acids of 
-I'~IENOIC FATTY ACIDS have been known to 
.L.,'OCCUr in small amounts in adult human 
skin surface lipid, however, their structures have 
hitherto been unknown. This study reports 
their structures. 

To obtain sufficient material we prepared 
1103.3 mg of crude methyl esters from 1532 
mg of a pooled sample of scalp surface lipid 
obtained from a 27-year-old man by proce- 
dures previously described (1). Figure 1 gives 
details on the chromatographic preparation of 
the dienes and their analysis. In chromatogram 
I, unsubstituted methyl esters were separated 
from more polar material: unesterified fatty 
acids, oxidized acids, traces of non-saponifiable 
matter and possibly methyl esters of hydroxy 
fatty acids. In chromatogram II the purified 
methyl esters were separated into groups of 
saturates, monoenes and dienes. Traces of 
saturates, monoenes and what appeared to be 
oxidized products overlapped into the diene 
fraction, and were removed from the dienes 
by rechromatography on AgNO3-SiO2 (chro- 
matogram III) .  Thus, of the total unsubsti- 
tuted methyl esters, dienes make up 2% to 3%, 
monoenes 47% to 48%, the remainder con- 
sisting of saturates. A portion of the dienes 
of chromatogram II and selected fractions of 
chromatogram II I  were preparatively gas chro- 
matographed and analyzed (Fig. I ) ,  chain 
lengths determined by analytical GLC and the 
products of reductive ozonolysis. The total 
number of C-atoms of the ozonolysis frag- 
ments (aldehyde plus aldester) for each methyl 
ester was 3 C-atoms less than the total chain 
length of that ester. No  effort was made to 
identify malondialdehyde which would be 
buried in the solvent (methylene chloride). 

Human Skin Surface Lipid 
Absence of infrared absorption at 10.3 ~ of 
the total diene fraction of chromatogram 11I 
(KBr pellet technique), indicated that the 
dienes were all cis. 

Table 1 lists the relative amounts of dienes 
of different chain lengths, and the ozonolysis 
products yielded by the isomers at each chain 
length. Also listed are the deduced structures 
of these isomers, their relative amounts and 
a possible mode of formation for the major 
isomer. Note that C1~ and C~0 dienes con- 
stitute over 93% of the total dienes. The posi- 
tion isomers 18:A5,8 and 18:A9,12 constitute 
81% of the C18 dienes. The 18:A5,8 isomer 
emerges prior to linoleate (18:A9,12) in both 
GLC (on DEGS polyester) and in A g N O z -  
SiO2 liquid chromatography, nearly complete 
separation occurring in the latter system. This 
observation is possible in the C18 series only 
because both position isomers occur in rela- 
tively large amounts whereas in all other chain 
lengths only one isomer predominates, and the 
difference in the number of C-atoms between 
the first double bond and the carbonyl group 
is large for this pair of isomers. 

The data of this paper suggest that human 
skin contains enzymes capable of inserting a 
second cis double bond between the carbonyl 
group and the first double bond, separated 
from the latter by a methylene group. For 
example, 18:A5,8, the most abundant diene, 
could be formed from 18:A8, an isomer known 
to occur in human surface lipid (3). The lat- 
ter isomer in turn could be formed by exten- 
sion of 16:A6, the most abundant monoene, 
by 1 C~ unit at the carbonyl group. Thus, by 
a combination of C~ extensions and an addi- 
tional desaturation, all the major isomers of 
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each diene of Table I except linoleic acid could 
be synthesized from 14:A6, 15:A6, 16:A6, 
17:A6 and 18:A6, all known to occur in hu- 
man skin surface lipid (3) .  From these data 
we cannot tell whether elongation precedes fur- 
ther desaturation or vice versa. 

Since a single biosynthetic mechanism can 
account for the major dicnes of each chain 
length except for linolcic acid, it suggests that 
the latter has a different origin, perhaps from 
bacteria or from kcratinizing epidermis. Had 
12:A6 occurred to any appreciable extent it is 
conceivable that with further elongation and 
dcsaturation linoleic acid, an essential fatty 
acid, could also be synthesized by human skin. 
Our earlier data (3) suggests that, if present, 

12:A6 must occur in amounts too small to ac, 
count for the quantity of linoleic acid seen in 
this study unless all the 12:A6 formed is 
quantitatively removed by chain elongation to 
form linoleic acid. If  12:A6 does occur, it 
could also serve as a precursor of the minor 
components 16: A7,10 and 20 :A 11,14. 

Structures of the minor components were de- 
termined by matching aldehyde and aldester 
peaks to give dienes of the methylene inter- 
rupted type. Although due consideration was 
given to relative sizes of the aldehyde and al- 
dester peaks, when these substances occurred 
in small and nearly equal amounts, they could 
be matched to form structures other than those 
postulated, for example structures with sep- 

~ -~Methyl esters of the total fatty acids of human skin surface lipids (1103.3 mg) 

Chromalogram I': (silicic acid). Eluates identified by TLC. 
.~ 50%b . . . . . .  ~ 100% ~ , 20% MeOH 

Eluent: < 25% benzene in hexane in hexane benzene "I" , CHCI~- - in  CHCh 

Tube No. (40 ml each) i �89 3 '~ 5 ~ (7li0) (11117)  ( 18128 )  (29-134) (35141)  (42!48) (49-~50) 

Wt. nag: 0 127 566 246 107 49 33.9 2.7j ~3.3 3.2 6.7 6.9 l:.0j 
k ~, unsubstituteit Me esters unidentified polar material 

/ 1029 mg (pooled) 

1000 mg [ 
chromatogram ~lb: (silver nitrate-silicic acid). Eluates identified by GLC. 

100% ,10% benzene 
~luent: h . . . . .  # 18~ b . . . . . .  in h . . . . .  ~ 60~ b~ . . . .  in he . . . .  * ben~ne~--in r 
Vol . . . .  I: 850 2010 3~0 6J0 5t0 400 8~0 ' ' , I I I I ' 320 250 320 (200 r 500 400/ 200 100 
Wt. mg: trace 2 4 7 4 . 2 1 2 . 8  2.1 ~394.1 58.6 3.0 3.4/. ~ 227".2 0.8 0.1,., 

l, L 

diene~ (28.1) saturates'(487.0 ) monoenes (459.1) 

18,3 mg 

' l Chromatogram llI ' :  (silver nitrate-sificic acid). Eluates identified by GLC. 

50% benzene 

Tube No.: 1-2 (3-9) (10-19) 20 21 (22-26) 27 28 

Volume ml: 60 80 160 40 50 180 50 50 

Wt. mg: ~ 9.4 ~4.8 2.0 1.0 0.2 O.l/ 

saturates ~ dienes~ plus 
and monoenes dic nes oxidized products analytical GLC" ozonolysis ~ 

y r e p a r a t i v e  GLC" ~ h y  / 
analytical GLC" ~ 1 " f dro- 
~ g e  y ~  original genated 

origin nated aldeh desters 
by GLC by GLC 

i ~ e s t e r s  
by GLC by GLC 

*Column 2.4 cm ID X 16 em height packed with 29.8 g sillcic acid (Uaisil, I00-200 mesh, Clarkson Chemical Co., Inc. Williamsport. Pa.). 

~Column 4.4 cm ID • 17 cm height packed with 182 g silielc acid impregnated with 25% silver nitrate (CABN, 140-200 mesh, Applied Science 
Labs, Inc., State CoUege, Pa.). 

~Cnlumn 1 cmlD • 14.2 cm height,packed wlth 7.8 g CABN. 

~Beckman GC-4 gas chromatograph; 6 ft x �88 in. OD stainless steel column packed with 8.3 g 3% OV-101 (Applied Science Labs, Ioc,) on Gas 
Chrom Q, 100-200 mesh (Applied Science Labs, Inc.); He flow 100 ml/min; column temp. programed 200-260 C in 32 rain; 1/10 effluent to H~ ~lame detector. 

"Instrument as in (d); 10 ft x Ve OD stainless steel column packed with 8.2 g 1.5% OY-101 on Chromsorb G, 100-120 mesh, acid washed 
DMCS treated (lohns Manville Products Corp., Manville, N. J.); He flow 50 ml/min; column temp. 220 C. Fractions also mn on polar phase: 
15 fl • JAB OD stainless steel column packed with 12.9 g 3% stabilized DEGS (Analabs Inc,, Hamden 18, Conn.) on Chromosorb G. 100-120 mesh, 

acid washed DMCS treated (lohns Manville); He flow 50 ml/min; column temp. 180 C. 

fFor ozonolysis procedure see ref. 2 and other refs. there. GLC instrument as in (d); 16 ft • Vs OD aluminum column packed with 4,9 g 18% 
stabilized DEGS on Chromosorb W. 50-80 mesh. acid washed DMCS treated: He flow 50 ml/min; column temperatures 100 C and 130 C. 

FIG. 1. I s o l a t i o n  a n d  a n a l y s i s  of the dienoic fatty a c i d s  (as  m e t h y l  e s t e r s )  o f  a d u l t  h u m a n  s k i n  sur- 
face lipid. 
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aration of double bonds by more than one 
methylene group or dienes of the conjugated 
type, or both. However, evidence to support 
the postulated structures is that nearly all can 
be explained by biosynthetic mechanisms in- 
volving combinations of elongation and further 
desaturation of A6 and A9 monoenes, the latter 
occurring to a minor extent in human surface 
lipid. 

Preparative GLC revealed small peaks sug- 
gestive of dienes with branched chain struc- 
tures, possibly of the iso and anteiso type. 
However, we were unable to collect sufficient 
material to do structure determinations even 
though we could detect nanogram amounts of 
aldehyde and aldester after ozonolysis. Thus 
branched chain dienes, it present, make up 
a smaller proportion of total dienes than 
branched chain monoenes do of the total 
monoenes. 

As far as we know, the structures of those 

dienes derivable from A6 monoenes have not 
been hitherto reported as naturally occurring 
substances. Since 18:A5,8 is the most abundant 
and characteristic diene to occur in a lipid un- 
doubtedly of sebaceous gland origin, we would 
like to name it sebaleic acid. 
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"fABLE 1 
Dienoic Fatty Acids of Adult Human Skin Surface Lipid 

Amt. Chain length of 
total ozonolysis products Carbon number a . dienes d Deduced 

Hydrogenated Original % Aldehydes Aldesters structure 

Isomer 
distribution Possible mode of formation 

% of major isomers 

16 17.32 1.8 8 5 16:A5,8 88 
7 6 16:A6,9 ? 
6 7 16:A7,10 5 

17 18.30 1.6 10 4 17:A4,7 10 
9 5 17:A5,g 59 
8 6 17:A6,9 12 
7 7 17:A7,10 8 
6 8 17:Ag,ll 8 
5 9 17:A9,12 3 

18 18.95b 70.5 10 5 18:A5,8 55 
9 6 18:A6,9 5 

7 lg:A7,I0 2 
7 8 18:A8,11 4 

19.23 e 6 9 18:A9,12 26 
5 10 18:A10,13 8 

19 20.U5 1.8 11 5 19:A5,8 86 
10 6 19:A6,9 5 
9 7 19:A7,10 5 
g g 19:A8,11 3 
7 9 19:A9,12 1 

20 21.02 22.6 13 4 20:&4,7 1 
12 5 20:A5,8 2 
11 6 20:A6,9 1 
l0 7 20:A7,10 78 
9 g 20:Ag,ll 5 
8 9 20:A9,12 4 
7 10 20:A10,13 7 
6 11 20:Al1,14 2 

21 22.08 0.5 
22 23.15 1.2 

14:A6 +C2---->16:A8---~16:A5,g 

15:A6+C2--->17:A8--->17:A5,8 

16:A6 + C~---~18:A8---y18:A5,8 

(see text) 

17:A6+C2----~19:Ag---->19:A5,8 

16:A6+2C:--->20:At0---->20:AT,10 

12 7 22:A7,10 16 18:A6+2C2---->22:A10---->22:A7,10 
11 8 22:A8,11 5 
10 9 22:A9,12 70 16:A6+3Cz---->22:A12---->22:A9,12 
9 10 22:A10,13 9 

aCarbon numbers of both the hydrogenated and original acids (as methyl esters) were determined on 
DEGS polyester as described in ( I ) .  Carbon numbers of hydrogenated dieuoic acids showed that the dienoic 
acids were normal acids of the chain lengths listed. 

UTile carbon number 18.95 was for 18:A5,8 (see text). 
eThe carbon nu~aber 19.23 was for 18:A9,12 (see text). 
dRepresents all isomers of that elmain length. 
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Isolation of 3~ , 7~, 12~-Trihydroxycoprostanic Acid 
From Baboon Bile 

T RIHYDROXYCOPROSTANIC ACID (3~, 7~, 12~) 
(THCA) has been implicated as an inter- 

mediate in the biological formation of bile 
acids from cholesterol (1,2). This compound 
can be converted to cholic acid by suitably for- 
tified rat liver preparations (3,4), a n d  it has 
been demonstrated that cholesterol can be con- 
verted to trihydroxycoprostanic acid in the al- 
ligator (5) and in man (6). The conversion 
of 26-~4C-cholesterol to labeled THCA in the 
baboon is the subject of this communication. 

A young male baboon (4-5 years) which 
had been maintained on a nutritionally ade- 
quate semi-synthetic diet (7) was given a dose 
of 26-~4C-cholesterol (0.025 ~c) in corn oil 
by stomach tube. The animal was fasted for 
18 hr, bled by venipuncture and killed. The 
serum, liver, aorta and bile were taken for 
analysis. Aliquots of liver and aorta were ho- 
mogenized in chloroform-methanol (2:1) and 
the extracts assayed for free and ester choles- 
terol. The bile (13 ml) was deproteinized 
with ethanol, and the supernatant fluid con- 
centrated to a small volume and subjected 
to hydrolysis with NaOH at 125 C under pres- 
sure (6). The hydrolysate was acidified with 
HC1 and the bile acids extracted with ethyl 
acetate. 

The total serum cholesterol level and the 
and fl serum lipoprotein cholesterol levels 
(Table I) were of the same order of magni- 
tude as those of other baboons fed the same 
diet (7). The liver contained appreciable 
quantities of radioactive free (634 cpm/mg) 
and ester (1872 cpm/mg) cholesterol, but 
there was no detectable radioactivity in the 
aorta. 

Thin layer chromatography (TLC) of the 
biliary bile acids on Silica Gel G, using ethyl 
acetate-acetic acid (95:5) as the developing 
solvent, yielded major spots corresponding to 
cholesterol (Rr = 0.69) THCA (Rf = 0.58) 
and chotic acid (Rf = 0.21). The spots were 
visualized with an anisaldehyde-H2SO4-HOAc 
spray reagent (10). Another aliquot of the 
bile acid extract was subjected to TLC, and the 
areas corresponding to cholic acid and THCA 
were scraped from the plate and the extracts 
assayed for radioactivity and subjected to fur- 
ther purification by TLC. The cholic acid 
thus obtained was not radioactive, which would 
be expected since the precursor was 26-~4C - 
cholesterol. The THCA fraction contained 
2,600 cpm. This material was shown to be 
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FIG. I. TLC of authentic 3a-, 7a-, 12ct-trihy- 
droxycoprostanic acid (THCA) and of baboon 
bile. System: Ethyl acetate-acetic acid (95:5) on 
Silica Gel G. Detection: Anisaldehyde in H..,SOr 
HOAc. 

identical with authentic THCA by its Rr value 
in TLC (Fig. 1) and by its retention time 
when subjected to gas-liquid-chromatography 
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TABLE I 
Level and Specific Activity of Serum Cholesterol in a Baboon Fed 26-14C-Cholesterol 

83 

Free a Estera Total a 
Sample mg/100 ml cpm/mg rag/100 ml cpm/mg rag/100 ml cpm/mg 

Serum 35 679 79 776 114 703 
a Lipoproteinb 18 679 41 838 59 740 
/~ Llpoproteinb 13 632 38 696 50 608 

aMethod Ref. 8. 
bMethod Ref. 9. 

(GLC) (SE-30 supported on 1% QEF) .  
Pooled bile from 24 baboons, half of whom 

had been fed either sodium 1-14C-acetate or 
4-14C-cholesterol (7),  yielded 0.96 g of crude 
mixed bile acids (676,000 cpm).  Preparative 
FLC on Silica Gel G, using isopropyl ether. 
isooctane-acetic acid (50:25:30)  as the devel- 
oping solvent, yielded areas corresponding to 
cholic acid (40,800 cpm) and T H C A  (15,600 
cpm).  The two bile acids were shown to be 
similar to authentic samples by TLC and GLC. 

The T H C A  fraction was further purified by 
crystallization from ethyl acetate to yield 0.10 
mg of pure 3~-, 7~-, 12~(-trihydroxycoprostanic 
acid with a specific activity of 647 cpm/mg.  
The material had a melting point of 184 C 
and did not depress the melting point of an 
authentic sample of THCA. 
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[ R e c e i v e d  J u l y  12, 1968]  

A Rapid Micro Technique for Differentiating Between Iso, 
Anteiso and Other Mono Methyl Branched Fatty Chains 

A VARIETY OF TECHNIQUES are available 
which give either complete or partial in- 

formation on the location of a methyl branch in 
a fatty chain. Techniques discussed in (1) in- 
clude mass spectra, x- ray  diffraction, infrared 
spectra, oxidative degradation, retention data 
in GLC, melting points of binary mixtures 
of branched with normal acids, and others. 
Nuclear  magnetic resonance (2) ,  and x-ray 
diffraction of single crystals of urea adducts 
(3) have also been used. Except for GLC, all 
the above techniques are either complex or re- 
quire at least milligram amounts of material 
or expensive apparatus, and the hazards in- 

volved in identifying branched fatty chains 
solely on the basis of GLC retention data 
have been discussed (4) .  

This report  describes a method capable of 
differentiating between as little as 1 t~g of iso 
or anteiso fatty chains by degrading them with 
acidic KMnO 4 respectively to acetone or 2- 
butanone, and analyzing the ketones by GLC 
on a Poropak QS column. In the iso chain 
the methyl branch is on the (o minus 1 C-atom 
(alternately designated as ~02) and in the an- 
teiso chain the methyl branch is on the o~ minus 
2 C-atom (alternately designated as (03) where 
o~ is the terminal C-atom of the fatty chain. 
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A Rapid Micro Technique for Differentiating Between Iso, 
Anteiso and Other Mono Methyl Branched Fatty Chains 

A VARIETY OF TECHNIQUES are available 
which give either complete or partial in- 

formation on the location of a methyl branch in 
a fatty chain. Techniques discussed in (1) in- 
clude mass spectra, x- ray  diffraction, infrared 
spectra, oxidative degradation, retention data 
in GLC, melting points of binary mixtures 
of branched with normal acids, and others. 
Nuclear  magnetic resonance (2) ,  and x-ray 
diffraction of single crystals of urea adducts 
(3) have also been used. Except for GLC, all 
the above techniques are either complex or re- 
quire at least milligram amounts of material 
or expensive apparatus, and the hazards in- 

volved in identifying branched fatty chains 
solely on the basis of GLC retention data 
have been discussed (4) .  

This report  describes a method capable of 
differentiating between as little as 1 t~g of iso 
or anteiso fatty chains by degrading them with 
acidic KMnO 4 respectively to acetone or 2- 
butanone, and analyzing the ketones by GLC 
on a Poropak QS column. In the iso chain 
the methyl branch is on the (o minus 1 C-atom 
(alternately designated as ~02) and in the an- 
teiso chain the methyl branch is on the o~ minus 
2 C-atom (alternately designated as (03) where 
o~ is the terminal C-atom of the fatty chain. 
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The methyl ketones produced define the posi- 
tion of the methyl branch, thus, in the general 
reaction 

~H~ O KMnO4 
CHs (CH,.,) , , -CH-(CH.,)  ,~-C-OR (H2SO4)+ 

QH~ 
CH:~(CH~) , - C  = O + CO., + a variety of acids 

where R = H or methyl, and n and /or  m = 
0,1,2 ..... when n = 0, the methyl branch is at 
02, when n = 1, the methyl branch is at (03, 
etc. The method described here differs from 
other successful degradation techniques (1,5,6) 
in that no organic solvent was used, volatile 
products formed by oxidation could be quickly 
removed by distillation, and a GLC stationary 
phase was used (Poropak QS) capable of sep- 
arating traces of water soluble organic Sub- 
stances in large amounts of water. Although 
we do not yet know what the practical limit 
of the method is, detection of 2-dodecanone 
from the oxidation of methyl 8-methyl-oc- 
tadecanoate suggests that it can be used to lo- 

40 a 

o i i i i i i ~ i 

ice 

50C 

"~ ~ ....... b 

o ] I I I I I T 

SI) C 

~ 26C d b~ir KM~O 4 

co 7o ~ 

FIG. 1. Stability of acetone and 2-butanone to 
KMnO~ oxidation. Standard aqueous solutions of 
ketone (7.9 ~g acetone or 6.1 ~g 2-butanone) were 
injected into small tubes containing 80 /zl of solu- 
tion B (Table I, footnote c) for Figure la, b and 
c, or 50 ~1 of an oxidizing solution consisting of 
90 ~g KMnO, and 5.6 ~zg KOH per ,~1 for Figure 
ld. The tubes were sealed and the reaction and 
analysis carried out as described in Method A of 
the text. 

care a methyl branch at least as far from the 
terminal methyl group as ol  2. 

To develop as rapid a method as feasible, 
we tested the stability of expected ketones 
to strong oxidizing conditions. Figure 1 shows 

L " ~ -  Fine mcterlng valve 

a b 

Fro. 2. Apparatus and procedure for Method 
B. The sample in hexane is introduced into the re- 
action tube, the hexane removed completely with 
a stream of N2, the reaction tube sealed with a 
septum (w-10, Barber Coleman Co., Inc., Rock- 
ford, Ill.) in which the receiver tube is in place. 
The "V" of the receiver tube is then placed in the 
cooling bath (dry ice in chloroform-methanol 
2:1), and the oxidizing solution introduced 
through the septum with a 100 ~1 syringe (No. 
710, Hamilton Co., Whittier, Calif.). With the 
Nz flow off, the syringe needle connected to the 
N= supply is then pierced through the septum and 
the needle tip placed into the oxidizing solution. 
A fine metering valve (Nupro IS, Nuclear Prod- 
ucts Co., Cleveland, Ohio) is used to regulate a 
flow of N~ low enough that distinct bubbles can 
be seen, and finally the constant temperature wa- 
ter bath is raised to immerse the reaction tube. 
After collection of 10 to 20 ~1 of distillate (5 
to 10 min) the N2 flow is stopped and the re- 
ceiver tube disconencted. To mix the distillate 
the open end of the receiver tube is sealed with 
a septum and the distillate forced up and down 
arms of the receiver tube with a syringe. An ali- 
quot is then injected into the gas chromatograph. 
Fig. 219, c and d are alternate useful designs of 
the distillation portion of the apparatus, especial- 
ly where more quantitative collections of ketones 
are desired. 
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TABLE I 

Ketones Produced From Iso, Anteiso and Other Branched Fatty Chains by Acidic KMnO4 Oxidation 

85 

Oxidizing conditionsb Product 
Reactant 

Oxidizing Temp Time Ketonea Yield e 
Chain Deriv. a #g solution e M C rain % 

iso-C-, FA 100 A 100 80 I0 acetone 46 
anteiso-Caa FA 200 A 100 80 10 2-hutanone 10 
iso-C14 ME 1 B 20 50 10 acetone 15 
iso-C14 ME 10 B 20 50 10 acetone 3 
anteiso-C,~ FA 100 A 100 80 10 2-butanone 20 
anteiso-C,~ ME 1000 B 112 95 40 2-butanone S 
anteiso-Ca~ ME 900 B 100 80 20 2-butanone 12 
iso-C16 FA 200 A 100 80 10 acetone 7 
iso-Cl~ ME 1000 B 100 80 40 acetone 4 
anteiso-Clr ME 1 B 20 50 10 2-butanone 9 
anteiso-Clr ME 1 B 20 80 10 2-butanone 4 
anteiso-Clr ME 1 B 20 50 10 2-butanone 15 
anteiso-C~r ME 3 B 20 50 10 2-butanone 8 
anteiso-Ca7 ME 10 B 20 50 10 2-butanone a 
anteiso-C,,~ FA 100 A 100 80 10 2-butanone 18 
anteiso-C~; FA 100 A 100 80 10 2-butanone 3 
15-Me-C~s ME 400 A 100 80 10 2-pentanone 27 
8-Me-Cas ME 500 A 100 80 10 2-dodecanone ? 

a FA indicates free acid, ME indicates methyl ester. All free acids were gifts of A. W. Weitkamp; methyl 
esters of iso-C14,-Cl,, and anteiso-C~5 and -C17 were purchased from Applied Science, Inc., State College, Penn.; 
methyl 15-methyl-octadecanoate and methyl 8-methyl-octadecanoate were gifts of James Cason. 

bMethod B (see text). 

eSolution A contained I00 #g KMnO~ and 56 #g I-IzSO~ per #1. Solution B contained 60 #g KMnO~ and 
85 ug H2SO4 per #1. 

aKetones were identified by GLC in a Loenco, Inc,, Model 160 gas chromatograph with I-I~. flame detector; 
stainless steel column ~/~ in. o.d. X 2 ft. packed with Poropak QS (Waters Associates, Inc., Farmingham. 
Mass.) ;  He flow 59 ml/min;  column temp. 150 C for acetone, 2-butanone and 2-pentanone, and 250 C for 
2-dodecanone. Standard ketones were acetone, 2-butanone, 2-oentanone, 2-hexanone. 2-he0tanone. 2-octanone, 
and 2-undecanone (Matheson, Coleman and Bell, Rutherford, N. Y.) and 2-nonanone (Aldrich Chemtcal Co., 
Inc., Milwaukee, Wis.) 

.Corrected for a 70% loss during distillation. 

that for 5 min, acetone and 2-butanone are 
reasonable stable to acidic KMnO 4 (in at least 
40 fold excess for complete oxidation) and to 
temperatures at least as high as 50 C. Alkaline 
conditions, however, appeared less promising. 

Two methods for carrying out the reaction 
were studied. In Method A the reactants were 
sealed in a tube (3 mm i.d. x 40 mm length) 
and shaken throughout the oxidation period in 
a constant temperature water bath. The seal 
was then broken and an aliquot of reaction 
mixture injected directly into the gas chroma- 
tograph. In Method B (Fig. 2) as the volatile 
reaction products formed they were swept 
away with N2 along with some water and this 
distillate caught in the "V" of a receiver tube 
was then injected into the gas chromatograph. 
The distillation could be interrupted to change 
the receiver or to introduce more oxidant or 
water into the reaction tube. Method A gave 
more quantitative results, especially when the 
ketone produced was water soluble, but  the 
background noise on the gas chromatograph 
built u p  to such an extent with time that this 
method was generally not used. In Method B 

the volatiles could be concentrated in the r e l a -  
tively small volume of distillate and most 
of this could be injected into the gas chroma- 
tograph, which now could be operated at maxi- 
mum sensitivity since none of the oxidizing so- 
lution was injected. However,  in checking the 
recovery of just the distillation of small amounts 
of ketone in water (no oxidant present) with 
any of the set-ups of Figure 2, we could col- 
lect no better than 60% (average 30%)  of 
starting ketone even with an additional "V" 
trap. Method B is restricted to ketones that 
can be volatilized; however, no difficulty was 
experienced in volatilizing ketones up to 2- 
undecanone, and oxidation of methyl 8-methyl- 
octadecanoate yielded a peak at where 2-do- 
decanone should have emerged (Table I ) .  If  
necessary, methanol should be used to solu- 
bilize higher molecular weight ketones to give 
a uniform injection. 

Table I lists some of the compounds tested, 
the oxidation conditions used, and the ketones 
yielded. Since we could detect nanogram quan- 
tities of ketone, even though the average yield 
was 10% of theoretical, quite sufficient ketone 
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formed to identify it unambiguously. The two 
strong oxidizing solutions used revealed no 
outstanding difference in ketone yield. Negli- 
gible amounts of ketones but often increasing 
amounts of acetic acid formed when additional 
10 rain distillates were collected or when tem- 
peratures higher than 50 C were used. This 
was true whether or not additional oxidizing 
solution or distilled water was added to the re- 
action tube. 
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ABSTRACT 

Punicic acid was found in the seed oils 
of Cayaponia grandi/olia, Trichosanthes 
cordata and T. cucumerina, e-Eleostearic 
acid was found in Momordica cochinchin- 
ensis, M.  cochinchinensis variety mixta 
and M. cymbalar!a. The identity of  the 
conjugated triene acid of Aleurites tri- 
sperma, Garcia nutans and Cyclandro. 
phora laurina was confirmed as e-eleo- 
stearic acid (cis, trans, trans configura- 
t ion).  The configuration of kamlolenic 
acid was proved to be cis-9, trans-l l ,  
trans-13. The oils of Aleurites remyi and 
Licania platypus did not contain any con- 
jugated acid. 

INTRODUCTION 

Fat ty  acids with conjugated unsaturation or 
cur in the glycerides of many seed oils (1,2).  
The mechanism of their biosynthesis is not yet 
known but a general picture of their occurrence 
is emerging as more species are studied. An  
unusual feature is the production of the stereo- 
isomeric acids, ,~-eleostearic and punicic, by 
different species of t h e  Cucurbitaceae family 
(3) .  

In the present work, six species of Cucur- 
bitaceae and six species of other families were 
examined. The conjugated acids, where found, 
were identified with particular attention to the 
configuration at the double bonds. 

EXPERIMENTAL PROCEDURE AND RESU,LTS 

Oils were extracted from the ground seeds 
at 25 C for examination and by Soxhlet ex- 
traction to determine the total oil content (Ta- 
ble I ) .  The solvent, petroleum ether, bp 30- 
60 C, was removed in a current of nitrogen at 
25-35 C. UV spectra were determined in cyclo- 
hexane solution and IR spectra as liquid films 
(neat) or in carbon disulfide solution. Other 
procedures were as described previously (4,5).  

The oils that contained a-eleostearic acid 
had ~-m~x 262, 272, 283 ml~ and vmax (neat) 

1Issued as N.R.C.  No .  10589. 

962, 990 cm -1. Those that contained punicie 
acid had )tm~ 265, 275, 287 m/z and Vmax 
(neat) 754, 932, 982 cm -a. The content of 
conjugated triene acid in each oil was  calcu- 
lated from the UV absorption of the oil and 
the coefficient E (1% 1 cm) of the pure acids: 
,-eleostearic,  1766 at 272 m/z; punicic, 1694 
at 275 m/~, parinaric 2620 at 307 m/~. 

The oils were hydrolyzed and the major 
conjugated acid was isolated or concentrated 
by low-temperature crystallization by the usual 
method (4,5).  ~-Eleostearic acid was identi- 
fied as the acid or as its adduct with maleic 
anhydride by mixture melting point with an 
authentic sample. The acid melted at 46-47 C 
and the adduct at 63-64 C. Punicic acid was 
identified as the acid, mp 43-44 C, and also 
by stereomutation (5) to fl-eleostearic acid, 
mp 69.5-70.5 C. The identity was confirmed 
by mixture mp in each case. 

a-Eleostearic acid was treated with 2-bromo- 
4'-phenylacetophenone, giving 4-phenylphen- 
acyl cis- 9 , trans-11, tr ans-13-octadecatrienoate 
as shiny leaflets, mp 67.0-67.5 C .  

Analysis. Calculated for C82H4003: C, 81.31; 
H, 8.53. Found:  C, 81.41; H, 8.72. 

Momordlca Species 

All three Momordica species contained ~- 
eleostearic acid (Table I ) .  M. cochinchinensis 
is a common cul t ivated plant  in India. Its 
seeds were grey-brown, 10-12'mm long, lightly 
sculptured and with irregular edges.  The oil 
was solid at 20 C. M.'cochinchinensis variety 
mixta (sometimes referred to as M. mixta 
Roxb.) grows wild in India (6).  Its seeds 
were flat, circular, sculptured, and 20-25 mm 
in diameter. M. cymbalaria (syn. M. tuberosa) 
was examined by Azeemoddin and Rao (7) ,  
who determined the properties of the oil and 
noted that the color tests and drying proper- 
ties indicated the presence of a conjugated 
trienoic acid. The seeds were ovoid, 6-7 ram 
long, and partly covered with a thin, brown 
seed-coat. 

Trichosanthes and Cayaponia 

Both species of Trichosanthes contained puni- 
cic acid (Table I ) .  Seeds of  T. cordata were 
black, about 10 mm long, somewhat flattened 
and pointed at one end. Seeds of T. cucumer- 
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TABLE I 
Seed Oils of Cucurbitaceae 

Species 

Conjugated acid 

Oil content, % Amount Origin 
(air-dry basis) n~ n Identity in oil, % of seed 

Momordica cochinchinensis 47.2 a 1.5012 
Spreng. 

M. cochinchinensis Spreng. 48.2 a 1.5022 
var. mixta 

M. cymbalaria Hook. f. 15.5 b 1.4957 
Trichosanthes cordata 23.3 b 1.4904 

Roxb. 
T. cucumerina L. 25.2b 1.5049 
Cayaponia grandiJolia 32.4b 1.4942 

(T. & G.) Small 

a-Eleostearic 59.5 lndia 

a-Eleostearic 64.9 India 

a-Eleostearic 49.2 India 

Punicic 32.3 India 

Punicic 55.9 India 
Punicic 38.7 Arkansas 

U.S.A. 

a Kernel (seed less pericarp). 
bWhole seed incl. pericarp. 

ina were grey to brown, about 12 mm long, 
with irregular edges. This species is very close- 
ly related to T. anguina L. (8).  The oil of 
T. cucumerina was studied by Patel et al. (9) ,  
who gave the constants and an analysis of the 
fatty acids. They reported that the oil  con- 
tained a conjugated trienoic acid but did not 
make a definite identification. 

Cayaponia grandifolia is a wild plant, found 
in Arkansas, U.S.A. The seeds were grey, 
roughly boat-shaped and 7-8 mm long. Three 
seeds were enclosed in an ovoid capsule which 
was orange in color and 10-12 mm long. 

Emphorbiaceae 

The oil of Aleurites trisperma was studied 
in 1935 and 1939 (1).  ~-Eleostearic acid was 
reported as the major component b y  Frahm 
and Koolhaas (10),  who isolated and identi- 
fied the acid. Its identity was confirmed in the 
present work by its spectroscopic properties 
and by preparation of the maleic anhydride 
adduct. The nuts were obtained f rom a speci- 
men tree in Florida, U.S.A. The kernels (56% 
of the nuts by weight) yielded 63.5% of oil, 
which had nD 25c 1.4953, iodine value 119.2 
(Wijs) and 158.2 (by hydrogenation).  The oil 
had E ( l %  1 cm) 689 at 272 m/~, equivalent 
to 39% of a-eleostearic acid, and Vm~ x (neat) 
962, 990 cm -1. a-Eleostearic acid was isolated 
(mp 47-48 C) and converted to its maleic 
anhydride adduct, mp 62-63 C. 

A. remyi Sherff is known only on the island 
of Hawaii, U.S.A. and may be a natural mu- 
tant of A. moluccana (11).  The nature of 
the oil was consistent with this opinion. The 
nuts were roughly spherical, about 30 mm in 
diameter. The kernels yielded 60% of oil, 
which had no appreciable UV absorption in 
the range 230-320 m/~. Thus it had no acids 
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with conjugated unsaturation and was similar 
to A. moluccana oil in this respect (1).  

The oil of Garcia nutans Rohr. was examined 
in 1943 by Jamieson and Rose (12), who 
reported that it contained about 90% of 
a-eleostearic acid. Confirmation of this result 
was desirable because the melting point given 
for the acid (50-51 C) was higher than the 
mp usually given (47-48 C) and the UV ab- 
sorption data were not recorded. The present 
work confirmed the identity of the acid. 

Nuts were obtained from Florida, U.S.A. 
The oil had E ( l %  1 cm) 1280 at 272 mt~, 
equivalent to 72.4% of a-eleostearic acid, and 
vmax (in CS2) 957 (m) ,  985 (vs) cm -a. It 
yielded a-eleostearic acid, mp 46-48 C, which 
gave a maleic anhydride adduct, mp 63-64 C, 
and, on isomerization, fl-eleostearic acid, mp 
69-70 C. The spectra showed no evidence of 
conjugated diene or hydroxy acid. The con- 
tent of a-eleostearic acid was considerably 
lower than the 90% reported previously (12).  
This may have been due to some deterioration 
of the nuts during shipment. Tests of G. 
nutans oil by Westgate (13) indicated that it 
contained more conjugated acid than A. fordii. 

Rosaceae 

Seeds of Cyclandrophora laurina (A. Gray)  
Kosterm. were obtained from Fiji. This name, 
confirmed by Jeffrey (14),  is synonymous with 
Parinari laurina A. Gray. The seeds (nuts) 
were of varying size, about 5-8 cm long, ovoid, 
light brown, with a smooth shell. The oil had 
~'max 273,283,292,307,322 m/~ and Vm~x (in 
CS2) 945(m) ,  987 (vs) cm -1. The total acids 
were crystallized from petroleum ether and 
then twice from ethyl ether. Parinaric acid, 
mp 84-86 C was obtained. It had E ( l %  1 cm) 
2620 at 307 m/~. The acids soluble in petroleum 
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ether yielded crude a-eleostearic acid, mp 41- 
43 C. It gave the maleic anhydride adduct, 
mp 62-64 C. There was no evidence of licanic 
acid. This is very likely the same species 
studied by previous workers (15,16) under the 
name P. laurinum. The results of the present 
work are similar to those of Gunstone and 
Subbarao (16) and confirm the presence of 
parinaric acid and the configuration of a-eleo- 
stearic acid in Cyclandrophora laurina. 

The large nuts of Licania platypus (Hemsl.)  
Fritsch (origin Honduras)  had an average 
weight of 130 g. The hard horn-like kernel 
was cut into fragments and extracted. It yield- 
ed 3.1% of oil, nD 25C 1.4647. The oil had no 
UV absorption from 230 to 320 m~ except 
slight end absorption near 230 m/z. Thus this 
species has no conjugated acids in its seed oil, 
unlike other Licania species. 

Configuration of Kamlolenic Acid 

Kamlolenic acid, 18-hydroxy-9,11,13-octa- 
decatrienoic acid, has been assumed to have the 
configuration cis-9, trans-ll, trans-13 (1) be- 
cause the properties due to the triene unsatura- 
tion are similar to those of a-eleostearic acid. 
This does not exclude the alternative form 
trans-9, trans-ll, cis-13, which would have a 
similar IR spectrum (17).  

To establish definitely the configuration, 
seeds of Mallotus philippinensis Muell. Arg., 
(origin India) ,  were extracted and kamlolenic 
acid was isolated from the oil. The acid was 
dissolved in dry ether and acetylated by slow 
addition of acetyl chloride (18).  The acetyl 
derivative had mp 41-43 C [lit. 43-44 C (18)]. 
This compound (2 g) was heated in benzene 
with maleic anhydride (1.8 g) under reflux 
for 3 hr. The product (crystallized from ether- 
petroleum ether (1 :4 ) ,  was the adduct 3-9'- 
c a r b o x y- n o n-cis- 1 '-enyl-6-4" -acetoxybutyl-cy- 
clohexene-4,5-dicarboxylic anhydr ide  ( I ) ,  mp 
70-71 C. 

Analysis. Calculated for C24 Ha4 07:  C, 
66.33; H, 7.88. Found:  C, 66.41; H, 7.66. 
A mixture of kamlolenic acid with I melted a t  
62-64 C. 

CH3CO2CH 2 (CH 2 ) ~CH - -  CHCO 

C H  l 
rl l o I 

CH 

, II 
HO2C (CH 2) ~CH -- CHCH - -  CHCO 

The infrared absorption of I was similar to 
that of the corresponding adduct of a-eleo- 
stearic acid: Vm~x (Nujo1 mull)  945, 1035, 1780 
cm -~. There was  no appreciable trans absorp- 

tion (ca. 965 cm -1) and no UV absorption 
peaks in the range 230-320 m/~ (no conjugated 
unsaturation).  Thus it was free from un- 
changed kamlolenic acid and acetate. 

Oxidative splitting of the adduct I by yon 
Rudloff's method (19) gave azelaic acid as 
the only dibasic acid (GLC) .  Since adduct 
formation takes place at adjacent trans bonds, 
the C-9 double bond in kamlolenic acid must 
be cis and the configuration is therefore cis-9, 
trans- I 1, trans- 13. 

DISCUSSION 

In conjunction with previous reports (3,20),  
the results show that four species of Momordica 
have a-eleostearic as the major acid. M. 
balsamina L. is exceptional since it contains 
punicie acid (about 58% of the total acids) 
(3).  

Five species of Trichosanthes have been 
studied. At  least three have punicic acid as 
the major  acid, viz., T. cordata, T. cucumerina, 
T. anguina and probably also T. cucumeroides 
(21).  T. dioica was reported to have "tricho- 
sanic" (probably punieic) acid (22) although 
it was not characterized. A species referred 
to as T. kadam is now classed as Hodgsonia. 
Thus, nearly all Momordica species so far have 
a-eleostearic acid (cis, trans, trans) and all or 
nearly all Trlchosanthes have punicic acid 
(cis, trans, cis). Punicic acid has been found, 
so far, only in the plant families Cucurbitaceae 
and Punicaceae. 

The conjugated trienoic acids known to oc- 
cur in Euphorbiaceae and Rosaceae have the 
cis, trans, trans configuration (a-eleostearie, 
kamlolenic and licanic).  The  unusual trans, 
trans, cis form (catalpic acid) has not appeared 
in these two families although it has been 
recognized in Bignoniaceae (5) .  
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Weissich, Honolulu  Botanic Gardens;  S. D. Thirumala  Rao,  
Oil Technological Research Institute, Anantapur ,  India;  
Julia F. Morton,  Coral  Gables, Florida,  U.S.A.; D. W. 
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Metabolism of Glyceryl 1-14C-Trilinoleate in Rat Testis 
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ABSTRACT 

Animals of the Sprague-Dawley strain 
were injected intratesticularly with radio- 
active glyceryl 1-a4C-trilinoleate in a se- 
quential experiment and killed at 1,4, 1A, 
1, 3, 6, 12, 24, 36 and 48 hr. Distribution 
and concentration (specific activity) of 
radioactivity among the lipid classes and 
fatty acids were determined. The results 
showed that radioactive 1-a4C-linoleic acid 
was released from the glyceryl trilinoleate 
and incorporated throughout the lipid 
classes. The pattern of the distribution of 
the radioactivity and specific activities 
showed that the transformation of linoleic 
acid between the triglyceride, diglyceride 
and fatty acid pools was an equilibrium 
process. Linoleic acid released from glyc- 
eryl 1-~4C-trilinoleate was converted to 
higher polyunsaturated fatty acids which 
were incorporated throughout the lipid 
classes, and was catabolized as evidenced 
by the finding of radioactivity in palmitic 
acid. The main metabolic pools in the in- 
terconversion of linoleic acid were arachi- 
donic and 22:5 acids. Small amounts of 
20:3 and 22:4 were also detected and had 
high specific activities indicative of their 
roles as precursors. 

INTRODUCTION 

Although common pathways for the net 
synthesis of glycerides and glycerophosphatides 
have been fairly completely elucidated (1,14,31), 
and it has been demonstrated that the acyl 
chains and the skeletal moieties of these 
molecules may turn over independently of each 
other (1,5,11-13,20,21,23,24), pathway s and 
the mode of transformations of fatty acids 
among the lipid classes have not been delin- 
eated. The group of enzymes known gener- 
ally as the acyl transferases, first demonstrated 
by Lands et al. (17-19),  appear to play an im- 
portant role in these processes (8-10,20,26,28). 
Certainly, specificities of these enzymes for 
the incorporation of fatty acids into 1 and 2 
monoacylglycerophosphorylcholine has been 
well demonstrated (16,20,25). Studies by the 
authors (22) on the incorporation of radio- 
active linoleic acid into the lipid classes of rat 
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testes indicated that the fatty acid pool may 
play a central role in an equilibrium process, 
whereby incorporation of fatty acids into these 
compounds may be controlled. In order to 
test this hypothesis further and to obtain more 
information on the equilibria in the transforma- 
tions of fatty acids among the lipid classes a 
similar study has been made on the metabolism 
of glyceryl 1-~4C-trilinoleate. 

EXPERIMENTAL PROCEDURES 

Materials and ,Methods 

1-14C-Trilinolein (Spec. Act. 157.5 m c / m M )  
was obtained from Dhom Products Ltd., Holly- 
wood, California and purified by argentation 
TLC. The final preparation was chromato- 
graphically homogeneous triglyceride, chemi- 
cally and radiochemically pure as determined 
by radio GLC of the constituent fatty acids 
(after interesterification with methanol) .  This 
preparation was emulsified with a mixture of 
equal parts saline and rat serum to give ali- 
quots of 50 ~liter with an activity of 1:25 x 106 
counts/ min. for injections into the animals. 

Radioactivity was measured by scintillation 
counting with a Packard Tri-Carb Model 3002 
dual channel scintillation spectrometer with 
solutions of PPO-POPOP in toluene or dioxane- 
water (27).  The latter solution was used for 
analysis of material recovered from chromato- 
plates in radio-TLC. Counting efficiency for 
14C was 81.8% in the toluene scintillation solu- 
tion and 67.2% in the dioxane-water scintilla- 
tion solution. Activity measurement obtained 
in the two solutions are not directly compared. 
All results of radioactivity measurement are 
expressed in counts per minute (CPM) cor- 
rected to those obtained with the toluene solu- 
tion. 

Determination of the percentage distribution 
of radioactivity among the lipid classes and 
fatty acids was carried out as described in pre- 
vious work (22).  The method employed for 
the determination of specific activities and per- 
centage composition of  lipid classes and fatty 
acids has also been described in detail in this 
paper (22).  The following abbreviations for 
the lipid classes are used in the present work: 
cholesteryl esters (CE) ,  glyceryl ether diester 
( G E D E ) ,  triglycerides (TG) ,  free fatty acids 
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TABLE I 
per Cent Distribution of Radioactivity in Lipid Classes 

Time (hr) 1,4 1/2 1 3 6 12 24 36 
Animals 2 2 2 4 2 4 3 4 
Wt. of testis (g) 1.72 a 1.58 1.70 1.59 L59 1.47 1.57 1.56 

+0.03 -+0.00 +0.01 -+0.06 -+0.03 -+0.04 +0.02 +0.02 
Lipid (wt. %) 3.2 3.5 2.9 3.0 2.8 3.1 2.9 3.0 

+0.1 -+0.0 • -+0.0 -+0.2 -+0.02 -+0.01 -+0.02 
Recovery of 94.9 87.4 80.7 52.1 40.2 27.2 19.0 10.8 
radioactivity (%)  --+1.2 -+1.7 -+3.4 +4.2 +4.6 -+1.4 -+2.8 -+1.1 

Wt. % 
Neutral lipid 95.3 88.6 82.3 57.2 43.5 42.3 54.9 43.4 

-+0.1 -+1.7 -+1.1 -+0.9 -+1.1 +1.1 -+2.2 -+2.3 
CE 0.9 0.3 0.2 0.2 0.3 0.9 0.8 1.0 0.9 

• -+0.1 -+0.0 -+0.0 • +0.02 -+0.1 -+0.1 
GEDE 0.3 0.1 0.1 0.2 0.1 0.5 0.3 0.4 0.5 

• +0.0 -+0.0 +0.0 +0.0 +0.0 -+0.0 -+0.1 
TG 7.8 69.8 57.0 52.8 33.1 24.5 21.5 29.3 20.8 

-+0.3 +1.5 -+1.4 !-0.8 -+2~4 +1.1 -+4.8 +3.5 
FA 2.9 20.9 27.3 24.7 17.7 11.1 12.5 16.8 15.6 

_+1.5 -+0.4 +__0.8 +0.9 • +0.9 -+2.3 -+2.1 
DG 1.6 2.4 3.5 3.9 5.3 5.9 5.8 5.3 3.8 

-+0.1 -+0.2 -+0.6 -+0.2 -+0.6 -+0.4 +__0.4 -+1 4 

Polar lipid 4.7 11.4 17.7 42.9 56.6 57.7 45.1 56.6 
• -+0.1 +1.1 -+0.9 +_2.2 -+1.2 _+2.2 -+23 

DPG 4.4 0,3 0.7 1.1 1.3 1.7 2.4 1.2 1.1 
-+0.0 -+0.1 --4-0.3 ~+0.1 -+0.1 -+0.7 -+0.0 -+0.2 

PE 27.2 0.6 1.9 3.1 8.2 11.8 14.2 12.2 16.2 
-+0.1 -+0.3 +0.3 -+0.1 +_0.4 -+0.2 -+0.8 -+0.7 

PI + PS 8.1 0.4 0.7 1.1 2.1 3.8 6.0 5.6 7.8 
-+0.1 -+0.1 __.0.1 -+0.2 +0.2 +0.2 -+0.3 -+0.3 

PC 29.3 2,1 7.3 11.3 30.1 37.3 33.1 24.5 29.5 
-+0.2 -+1.4 -+0.1 -+0.9 -+1.9 -+0.4 --+1.4 -+1.5 

SPH. 5.6 0.1 0.2 0.6 0.7 0.5 0.6 0.7 1.0 
-+0.0 -+_0.0 -+0.1 -+0.1 +0.1 ~0.1 -+0.0 -4-0.1 

LPC tr. 0.1 0.2 0.3 0.3 O.a 0.5 0.4 0.6 
-+0.0 -+0.0 +0.1 _+0.l ~0.4 -+0.1 -+0.0 -+0.1 

48 

3 
1,58 
+0.06 
3,! 
+0.0 
6.9 
-+1.1 

41.5 
+2.9 
1.1 
-+0.3 
0.8 
-+0.2 
24.8 
."L-_ 3. L 

8.1 
+0.4 
3.9 
-+0.5 

58.5 
-+2.9 
1.8 
-+0.2 
15.9 
+0.8 
8.5 
• 
29.6 
+1.4 
1.2 
-+0.1 
0.7 
• 

aM F-SE, with two animals, mean • the deviation between the two values. 
bMajor radioactive components. 

( F F A ) ,  cholesterol (CH) ,  diglycerides ( D G ) ,  
total neutral lipids (NL) ,  total polar lipids 
(PL) ,  diphosphatidyl glycerol ( D P G ) ,  phos- 
phatidyl ethanolamine (PE) ,  phosphatidyl ino- 
sitol (PI ) ,  phosphatidyl serine (PS),  phospha- 
tidyl choline (PC),  sphingomyelin (SPH)  and 
lysophosphatidyl choline (LPC) .  

Animals 

Adult  male rats of the Sprague-Dawley strain 
(200-225 g) were obtained from the Hormone 
Assay Laboratory,  Chicago, Illinois. The ani- 
mals were housed in individual metal cages and 
fed ad lib. a semisynthetic diet (13,22) contain- 
ing 10% added safflower seed oil. A t  the end 
of three weeks the animals were injected intra- 
testicularly with 50 /zliter of the emulsion of 
glyceryl 1-14C-trilinolein. Groups of 2 to 4 
animals were killed by withdrawal of blood 
from their aortas after intervals of 1A, V2, 1, 
3, 6, 12, 24, 36 and 48 hr. The testes were 
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e~cised and frozen on dry ice. Then they were 
allowed to thaw on the surface, were decap- 
su la ted  and weighed, and the lipid was ex- 
tracted as previously described with chloroform- 
methanol (22). Lipid class composition, per- 
centage distribution of radioactivity and spe- 
cific activities were determined for individual 
animals. The lipid extracts of the animals in 
each group were pooled for fatty acid analysis. 

RESULTS 

The percentage distribution of radioactivity 
among the lipid classes and its dissipation over 
the course of the experiment are shown in 
Table I. These data showed that radioactive 
linoleic acid was released from the triglyceride 
fraction and incorporated into the lipid classes. 
The percentage distribution of radioactivity in 
the triglycerides remained more or less constant 
after about 6 hr, indicating that a s teady state 
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FIG. 2. Time course study of the changes in 
specific activity of testicular lipids. PC, phos- 
phatidyl choline; PE, phosphatidyl ethanolamine; 
PI, phosphatidyl inositol; PS, phosphatidyl serine. 

had been reached. The increase in the per- 
centage distribution o f  the radioactivity fol- 
lowed a somewhat different pattern in the other 
lipid class. In some lipid classes, namely PI + 
PS, SPH and LPC, it increased throughout the 
experiment. In PC and PE it reached a plateau 
at about 12 hr after which it appeared to re- 
main fairly constant. In DG radioactivity ap- 
peared to peak at about 6 to 12 hr. There was 
a steady decrease in the percentage distribution 
of the radioactivity in the free fatty acids after 
about 1A hr as they were catabolized. 

Changes in concentration of the radioactivity 
(specific activity) of  the lipid classes are shown 
in Figures 1 and 2. The specific activity of the 
triglycerides decreased quickly as the radioac- 
tive linoleic acid was released. The free fatty 
acids and diglycerides accordingly were the first 
of the other lipid classes to reach maximal 
specific activities. PC and PE followed in order 
with maximal specific activities as they acquired 
radioactive linoteic acid. The results shown in 
Table II  show that the per cent radioactivity 
was greatest in the linoleic acid sample. These 
results showed that 46.9% of the  radioactivity 

was still in linoleic acid after 36 hr when al- 
most 90% of the total radioactivity had been 
dissipated. However, that conversion to other 
acids in the linoleic acid family had occurred 
was demonstrated by the finding of radioac- 
tivity in 20:3, 20:4, 22:4 and 22:5 acids. The 
mass concentration of  o-6-18:3 and ~0-6-20:2 
were too small to be measured by normal meth- 
ods of analysis, but the radio-GLC pattern in- 
dicated the presence of these acids with very 
high specific activities. 

The radioactivity in palmitic acid apparently 
occurred by de novo  synthesis from radioactive 
acetate derived from the catabolism of radio- 
active linoleic acid, or acids to which it was 
converted. 

Figure 3 shows changes in specific activities 
of the fatty acids of the linoleic acid family in 
the total lipid. The specific activity of linoleic 
acid decreased as it was catabolized and con- 
verted to other fatty acids. Because linoleic 
acid was administered as triglyceride, its release 
occurred over a period of time, as evidenced by 
the decrease in the percentage distribution of 

T A B L E  I I  

Per  Cent  Dis t r ibu t ion  of Radioact iv i ty  in Tota l  Fa t ty  Acids  of  Tes t icular  Lipidsa  

Hours 
Acid Wt.  % 1A 1�89 1 3 6 12 24 36 

16:0 32.8 tr. tr. 0.4 1.0 1.5 2.9 4.4 8.6 
18:2 5.0 93.3 86.5 90.2 87.3 78.8 63.6 62.6 46.9 
20:3 1.2 0.5 0.7 1.0 1.4 3.2 4.7 4.7 7.3 
20 :4  14.5 0.3 1.0 0.8 2.6 7.5 10.6 12.6 6.6 
22:4  2.5 tr. tr. tr .  0.4 0.9 2.4 2.8 5.7 
22:5 20.9 tr. tr. tr. tr. 0.3 1.0 0.9 2.3 

a Pooled samples.  

LIPIDS, VOL. 4, No. 2 
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FIG. 3. Time course study of the changes in diglycerides; TG, triglycerides; PC, phosphatidyl 

specific activity of fatty acids in testicular lipids, choline; PE, phosphatidyl ethanolamine. 

radioactivity in the triglycerides during the first 
6 to 12 hr (Table I) .  Thus the normal pattern 
of product-precursor relationship in the conver- 
sion of linoleic acid to other members of this 
family of acids was masked. However, the pat- 
tern of the specific activities indicated precursor 
roles for 20:3 and 22:4 inasmuch as they had 
higher specific activities than the acids to which 
they were converted, 20:4 and 22:5, respec- 
tively, and because they were present in only 
minor amounts. Similar patterns for the specific 
activities of these acids (20:3,  20:4 and 22:5)  
were observed in TG, PC and F F A  as in the 
total lipid. In general, the specific activity of 
the 20:3 was higher and reached a maximal 

x1r 18 :2  
2 FFA 

Total ~ ~ T G 
8 P C + (scale)-~ 

i PE 

-c 
4 

" I 2 

0 1 3 6 12 24 36 48 
Ilrs 

FIG. 4. Time course study of the changes in 
specific activity of linoleic acid in lipid classes of 
testicular lipids. FFA, free fatty acids; DG, diglyc- 
erides; TG, triglycerides; PC, phosphatidyl choline; 
PE, phosphatidyl ethanolamine. 
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value earlier than the 20:4 to which it was 
converted. A similar relationship existed be- 
tween the 22:4 and 22:5, although the specific 
activity of the 22:5 had not reached a maxi- 
mum value at the end of the experiment. 

Figures 4 and 5 show the relationships of 
the specific activities of the 18:2 and 20:4, 
respectively, in the lipid classes. The specific 
activity of linoleic acid decreased in the triglyc- 
erides as it was released and metabolized. It 
also decreased in a similar manner in the other 
lipid classes after initial increases that oc- 
curred at slightly different times. The relation- 
ship of the specific activities of arachidonic acid 
in the different lipid classes (Fig. 5) was typi- 
cal of the acids produced by interconversion 
from linoleic acid. The specific activities of 
these acids appeared to reach maximal values 
first in the diglycerides and in the free acids, 
and later, at approximately 24 hr, in the PC, 
PE and TG. 

DISCUSSION 

The present study shows that radioactive 
glyceryl 1-14C-trilinoleate injected into the testes 
of rats releases the radioactive linoleic acid 
which is incorporated into all the lipid classes. 
Since a previous study (22) showed that radio- 
active linoleic acid injected into rat  testes is 
incorporated into triglycerides, as well as the 
other lipid classes, it is apparent  that transfor- 
mation of the fatty acids between triglyceride, 
free fatty acid and diglyceride is an equilibrium 
process. The leveling out of the percentage 
distribution of the radioactivity in the triglyc- 
erides at about 6 hr (Table I)  also indicates 
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further that the exchange of fatty acids between 
the TG,  DG and F F A  pools in an equilibrium 
process. It is probable that the other lipid 
classes are likewise in equilibrium with the TG,  
DG and FFA,  particularly PC and PE, because 
the percentage distribution of radioactivity had 
a plateau in these compounds in 6 to 12 hr. 

The present study does not reveal the nature 
of the process whereby fatty acids are ex- 
changed between the lipid classes. The low 
specific activity of LPC seems to preclude it as 
a precursor to PC but its low specific activity 
may result if only the fi-position in PC is the 
active site of the exchange reaction for linoleic 
acid. Determination of the distribution of the 
fatty acids in PC and studies on the mode of 
incorporation of radioactive palmitic acid now 
in progress should yield information on this 
point. Phosphatidic acid was not separated 
from DPG but this fraction did not contain 
sufficient radioactivity to indicate that it could 
be involved in the pathway leading to the incor- 
poration of triglyceride fatty acids into PC. A 
similar observation by Reiser et al (23,24) on 
the processes of lipid adsorption with doubly 
labeled triglycerides lead to the suggestion that 
triglycerides may be converted directly to phos- 
pholipids. Studies by Collins et al. (5,6) on 
the metabolism of inorganic phosphate showed 
that individual molecular species of phospho- 
lipids incorporate 32p at rates that depended on 
the fatty acids they contain. Further  studies 
(29) indicated that different molecular species 
of phospholipids turn over at different rates. 
Our studies do not determine whether the fatty 
acid pool directly, or the diglyceride pool, is 
the immediate precursor of the acyl chains in 
PC, but it shows well the intimate relationship 
existing between these compounds as well as 
PE in rat  testis. Noteworthy in this regard is 
the work of Bjernstad et al. (1) showing that 
the synthesis of PC from the interreaction of 
diglyceride with cytidine-diphosphoryl-choline is 
reversible. Possible answers to some of the 
questions passed by the above observations 
may be obtained by an extension of the present 
study with doubly labeled triglycerides or 32p. 

In  addition to reactions that involve acyl 
chains are those of the turnover of the base in 
phospholipids and possibly glycerol in triglyc- 
erides that could effect molecular species in a 
nonspecific manner. Example of such a reac- 
tion is the conversion of PE to PC via methyla- 
tion (1,2,30,31). The mixture of this type of 
reaction with those involving enzyme specific 
acylations could account for the apparent lack 
of more sharply defined molecular species corn- 

position than generally observed. Regardless, it 
is apparent that the fatty acid pool plays an 
important  role in the process and, because TG 
and D G  pools are in active equilibrium with it, 
they also appear to be important  in the overall 
process. 

That  some of the minor component phos- 
phatides, notably PI, PS, SPH and LPC con- 
tinue to increase in percentage distribution of 
radioactivity slowly over the course of the ex- 
periment indicates that either the turnover of 
fatty acids in these compounds is very slow or 
that their synthesis occurs mainly by pathways 
that do not involve directly the free fatty acid- 
diglyceride-triglyceride pools. 

The finding of radioactivity in 20:3, 20:4, 
22:4 and 22:5 demonstrates, in accordance 
with the studies of Davis et al. (7) ,  and Kirsch- 
man and Coniglio (15),  that linoleic acid 
undergoes interconversion in the testes of rats. 
It has generally been assumed that the inter- 
conversion of linoleic acid in the testis follows 
the same pathways and gives the same products 
as in the liver. Proof of this point was obtained 
recently in the excellent work of Bridges and 
Coniglio (3,4).  Although 18:3 and 20:2 were 
not measured in the present study they ap- 
peared to be present as indicated by radio-gas 
chromatography. Likewise, the 20:3 and 22:4 
acids detected are probably members of the 
linoleic acid family and precursors of 20:4 and 
22: 5, respectively. These acids (20: 4 and 22: 5) 
may have specific functions in the testis in that 
they accumulate in preference to other very 
closely related members of the linoleic acid 
family. 

ACKNOWLEDGMENTS 

This investigation was supported in part by USPHS grants 
AM 04942 and HE 08214 from the National Institutes of 
Health. 

Brad Westra gave technical assistance. 

REFERENCES 

1. Bjernstad, P., and J. Bremer, J. Lipid Res. 7, 38 
(1966). 

2. Bremer, L, P. H. Figard and D. M. Greenberg, 
Biochim. Biophys. Acta 43, 477 (1960). 

3. Bridges, R. B., and J. G. Coniglio, Prod. Fed. Soc. 
Exp. Biol., Abst. 1982, 1968. 

4. Bridges, R. B., and J. G. Coniglio, "The Metabolism 
of Arachidonic 1-x4C-Acid in the Testes of the Rat ,"  
AOCS 42nd Fall Meeting, New York, October, 1968. 

5. Collins, F. D., Biochern. J. 99, 117 (1966). 
6. Collins, F. D., Ibid. 88, 319 (1963). 
7. Davis, J. T., R. B. Bridges and J. G. Coniglio, Ibid. 

98, 342 (1966). 
8. Glomset, J. A., F. Parker, M. Tjaden and R. H. 

Williams, Biochim. Biophys. Acta 58, 398 (1962). 
9. Glomset, J. A., Ibid. 65, 128 (1962). 

LIPIDS, VOL. 4, No. 2 



98  MASAMI NAKAMORA AND O .  S. PRIVETT 

10. Glomset, J. A., Ibid. 70, 389 (1963). 
11. Gorin, E., and E. Shafric, Ibid. 70, 109 (1963). 
12. Harris,  P. M., P. S. Robinson and G. Getz, Nature 

188, 742 (1960). 
13. Jensen, B., M. Nakamura  and O. S. Privett, J. Nutr.  

95, 406 (1968). 
14. Kennedy, E. P., Federation Proc. 20, 934 (1961). 
15. Kirschman, J. C., and J. G. Coniglio, Arch. Biochem. 

Biophys. 93, 297 (1961). 
16. Lands, W. E. M., M. L. Blank, L. J. Nutter  and 

O. S. Privett, Lipids 1, 224 (1966). 
17. Lands, W. E. M., 1. Biol. Chem. 235, 2233 (1960). 
18. Lands, W. E. M., Federation Proc. 21, 295 (1962). 

19. Lands, W. E. M., and P. Har t ,  J. Biol. Chem. 240, 
1905 (1965). 

20. Lands, W. E. M., Ann. Rev. Bioehem. 34, 313 (1965). 
21. Lands, W. E. M., J. Biol. Chem. 231, 883 (1958). 

22. Nakamura ,  M., and O. S. Privett, Lipids, in press. 

23. Reiser, R., M. J. Bryson, M. J. Carr  and K, A. 
Kuiken, J. Biol. Chem. 194, 131 ( !952) .  

24. Reiser, R., M. C. Williams and M. F. Sonels, J. Lipid 
Res. 1, 241 (1960). 

25. Reitz, R. C., W. E. M. Lands, W. W. Christie and 
R. T. Hotman,  J. Biol. Chem. 243, 2241 (1968). 

26. Shah, S. W., W. J. Lassaw and I~ L. Chaikoff, Bio- 
claim. Biophys. Acta  84, 176 (1964). 

27. Snyder, F., Anal.  Biochem. 9, 103 (1964). 

28. Tattrie, N. H., and R. Cyr, Biochim. Biophys. Acta  
70, 693 (1963). 

29. Trewhella, M. A., and F. D. Collins, Lipids, in press. 

30. Wilson, J. D., K. D. Gibson and S. Udenfriend. J. 
Biol. Chem. 235, 3213 (1960). 

31. Wise, E. M., Jr., and E. Elwyn, J. Biol. Chem. 240, 
1537 (1965). 

[Received August 22, 1968] 

LIPIDS, VOL. 4, NO. 2 



Cis-5-Monoenoic Fatty Acids of Carlina (Compositae) Seed Oils' 
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Regional 'Research Laboratory,~ 'Peoria, Illinois 61504 

AIBSTRACT 

Seed oils of  CarHna corymbosa L. and C. 
acaulis L. contain cis-5-octadeceuoic acid 
as a major fatty acid ( 2 1 - 2 4 % ) .  This acid 
has not been previously reported as a con- 
stituent of Compositae seed oils. The pre- 
dominant fatty acid in the Carlina oils is 
linoleic ( 5 0 - 5 2 % ) ;  lesser amounts (~< 
10%each) of palmitic, stearic and oleic 
acids are also present. The oil of C. 
acaulis has almost 2% of cis-5-hexadece- 
noic acid; C. corymbosa oil includes minor 
amounts of some oxygenated fatty acids. 

INTRODUCTION 

In the GLC analysis on a polyester co lumn 
of methyl esters derived from Carlina acaulis 
L. and C. corymbosa L. (Compositae) seed 
oils, a broad asymmetric peak was observed 
in the region normally associated with methyl 
oleate. This paper reports the characterization 
of the unusual monoenoic ester responsible for 
this abnormality, as well as the occurrence of 
an unusual hexadecenoic acid in C. acaulis 
oil and some oxygenated fatty acids in C. 
corymbosa oil. 

Carlina is a small genus (20 species) of 
Eurasian herbs of which the perennial C. acau- 
lis, the weather or silver thistle of the Alps, is 
the only cultivated species (1, 2).  

MATERIALS AND IMETHODS 

Samples were prepared for analysis and 
analyzed for oil content and characteristics as 
previously described (3).  The seed analyzed 
included pericarp. GLC of  the oils and oil 
fractions was carried out essentially as de- 
scribed for triglycerides by Litchfield et al. (4).  

Preparative TLC of C. corymbosa oil, on a 
1 mm layer of Silica Gel G with a hexane- 
ether (70:30) solvent system, separated five 
major areas. These bands were scraped from 
the plate and the components were eluted from 
the adsorbent with ether which then was re- 
moved under nitrogen on a steam bath. Ultra- 
violet (UV) analysis of selected fractions was 

1Presented at the AOCS Meeting, New York, October 
1968. 

2No. Utiliz. Res. Dev. Div., ARS, USDA. 
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carried out in ethanol on a Beckman DK 2-A 
spectrophotometer. The five fractions were 
respotted, along with the whole oil and stan- 
dards, on an analytical (275 /~ layer) plate. 
This plate was developed as before and then 
tested for the presence of epoxy groups with 
picric acid by  a orocedure similar to that of 
Fiorit i  and Sims (5).  

Methyl esters were prepared from the un- 
fractionated oils by the method of Metcalfe et 
al. (6) .  Esters were analyzed by GLC and 
TLC (3).  Preparative GLC and TLC (7) were 
used to separate the esters by both chain length 
and degree of unsaturation. Double bond posi- 
tions in the unsaturated esters were determined 
by reductive ozonolysis; GLC was used to iden- 
tify fragments (8).  

Infrared ( IR)  analyses were carried out in 
CS2 in 1 mm NaCI cells on a Perkin-Elmer 
Model 337 spectrophotometer. 

RESULTS AND DISCUSSION 

Nonoxygenated Esters 

GLC analysis of the methyl esters from C. 
acaulis and C. corymbosa seed oils on a polar 
column (LAC-2-R 446) gave poor resolution 
between methyl stearate and the 18:1 esters, 
a condition which suggested the presence of a 
positional isomer of methyl oleate (9) .  TLC 
analysis on silver nitrate-impregnated plates 
showed no separation of monoenoic esters. The 
absence of bands in the 10- l l  ~ region of the 
IR spectra of the oils and  of the ester fractions 
precluded significant amounts of trans unsat- 
uration (10). 

After  the esters had been separated accord- 
ing to chain length (C~ and C18) by prepara- 
tive GLC, pre0arative TLC on silver nitrate- 
impregnated plates was used to separate the 
Ca8 fractions by degree of unsaturation. Methyl 
esters from C. corymbosa oil contained so little 
C16 monoenoic esters by GLC (Table I) that 
the Ca6 fraction from this sample was not 
recovered. 

GLC analysis of the reduced ozonides from 
the C18 monoenoic fractions from both samples 
gave five peaks (Fig. 1) representin~ C~ alde- 
hyde ester (AE) ,  Ct3 aldehyde (A) ,  C9 AE, C9 
A, and unreacted esters. Identifications were 
based on the retention characteristics of t he  
components on two columns of dissimilar liquid 
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TABLE I 
Analytical Data 

Source 

Seed analysis Oil properties 

Protein 
dry Refrac- 

Seed basis Oil tire 
wt. N X dry Iodine index Per cent composition of esters by GLC 
(g/ 6.25 basis value 40 HBr 

1,000) (%) (%) (Wijs) (nD) equiv, a 14:0 16:0 16:13 18:0 18:Pb18:19b18:29,1~ 18:3 20:0 
Oxygenated 

esters 

Carlina 
acaulisL. 6.6 49 19 119 1.4671 3.1 Trace  8 2, 4 24 10 52 Trace  0.1 

C. corym- 
bosa L. 0.8 37 27 110 1.4663 8.3 0.1 8 Trace  9 21 8 50 0.4 0.5 3 

aCalcula ted  as per  cent  epoxyoleic acid. 

bCalcula ted  f r o m  quant i t ies  of  f r agmen t s  af ter  reductive ozonolysis.  See text. 

e lnc ludes  t races  of  16:17 and 16:19. 

phases (8). The relative amounts of the two 
parent esters (18:15 and 18:19), calculated 
from the response of their ozonotysis fragments 
(8), are shown in Table I. 

The C16 fraction from C. acaulis, analyzed 
by the same procedure, gave predominately C5 
AE and Cll  A from the reduced ozonides. 
Traces of fragments from two other hexadece- 
noates (a7  and a9 )  were also observed. IR 
analysis of this fraction in CS2 also showed no 
trans absorption (10); therefore the 5-hexa- 
decenoate'has the dis configuration. 

The 18:2 fractions from both samples, ana- 
lyzed by the interrupted ozonization technique 
for polyenoic esters (8), were methyl linoleate. 

Oxygenated Esters 
Titrat ion of C. corymbosa oil at 55 C for  

oxirane oxygen (11)  indicated higher  amounts  

of HBr-reactive materials in this oil than in 
C. acaulis oil (Table I).  Figure 2 shows the 
analytical TLC of the fractionated C. corym- 
bosa oil, as well as the whole oil and standards. 
Euphorbia lagascae oil, which contains mono-, 
di-, and trivernoloyl triglycerides (12), was 
used as the epoxy standard.  Dimorphotheca 
sinuata and Coriaria myrti/olia oils served as 
the references  for glycerides containing acids 

18:1 

Apiezon L 

II 

]18:1 ii 9AE 
',~r ii13A 

ii 
8AE 

LAC.2-8 446 

FIG. 1. GLC of reduced ozonides of cis-5- and 
cis-9-octadecenoates; A, aldehyde; AE, aldehyde 
ester. Columns: 5% LAC-2-R 446 on Chromosorb 
W, 12 ft • 1,4 in.; 5% Apiezon L on Chromosorb 
W, 4 ft • �88 in. F&M 402 gas chromatograph 
equipped with flame ionization detectors, tempera- 
ture programmed 80-200 C at 7.5 C/min.  (8). 
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FXG. 2. TLC of Carlina corymbosa oil, fractions, 
and standards on Silica Gel G. Solvent: hexane- 
ether (70:30). Lanes: A, C. corymbosa oil; B, 
Euphorbia lagascae oil; C, Dimorphotheca sinuata 
oil; D, Coriaria myrti/olia oil; lane numbers cor- 
respond to fraction numbers. Spots: I, mono- 
vernoloyl triglycerides; II, divernoloyl triglycerides; 
IIIB, trivernolin; IIID, monocorioloyl triglycerides; 
and IV, monodimorphecoloyl triglycerides. 
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of the hydroxy-conjugated diene type (13,14). 
The hydroxy-dienoic acids did not give a posi- 
tive picric acid test. 

Peaks from fractions 1 (usual triglycerides), 
2 and 3 (Fig. 2) eluted from the GLC column 
in the C50 to C5~ region. Fraction 2 showed 
two spots in the monovernoloyl triglyceride re- 
gion of the TLC plate, both of which gave a 
positive reaction with picric acid. Fraction 3 
had UV absorption at 233 m/~ and IR absorp- 
tion at 10.2 and 10.5/~. The components com- 
prising this fraction migrated in the mono, 
corioloyl and monodimorphecoloyl triglyceride 
region of the TLC plate. The UV absorption 
at 233 m~ indicated the presence of 26% hy- 
droxydienol if calculated as methyl coriolate 
[methyl 13-hydroxy-cis- 9- trans- l l -octadecadi. 
enoate (14)] or 21% if calculated as methyl di- 
morphecolate [methyl 9-hydroxy-trans, trans- 
10,12-octadecadienoate (13) ]. The proportion 
of conjugated diene (approximately the 35% 
theoretical value) indicated by UV, the IR ab- 
sorption of the conjugated cis-trans type (15), 
and the migration characteristics suggested that 
fraction 3 was composed of triglycerides in 
which one acid was a hydroxy-cis-trans-conju- 
gated diene. The presence of trans-trans con- 
jugation was, however, not completely ex- 
cluded. The unusual oxygenated fatty acids in 
fractions 2 and 3 accounted for the higher HBr 
titration for C. corymbosa oil. Their presence 
may be analogous to the occurrence of oxygen- 
ated acids in Helianthus seeds oils (16). C. 
acaulis oil contained a lesser, but measurable 
amount of HBr-reactive material (Table I ) ;  
however, GLC and TLC gave no evidence of 
significant amounts of oxygenated fatty acids. 

Fraction 4 showed neither conjugation by 
UV analysis nor epoxy groups by the picric 
acid test. The location of the spots (Fig. 2) 
and the presence of diglycerides in this fraction 
by direct GLC suggested that the spots repre- 
sented 1,2 and 1,3 diglycerides. Fraction 5 
migrated in the free fatty acid region of the 
plate and had an IR spectrum similar to that 
of oleic acid. 

Although monoenoic acids with 5,6 unsatura- 
tion have previously been found in some Ra- 
nunculaceae and Limnanthaceae seed oils (17-  
20) and a number of highly unsaturated acids 
with isolated A5 unsaturation have been iden- 
tiffed in Ephedra campylopoda seed .oil (7), we 
believe that the Carlina seed oils described here 
contain the highest percentages of cis-5-octadec- 

enoic and cis-5-hexadecenoic acids reported in 
seed oils and that this is the first record of these 
acids in the Compositae family. Since the un- 
usual octadecenoic acid was found in the oils 
of two different species from different countries 
(C. acaulis from Yugoslavia and C. corymbosa 
from Spain), it may be characteristic of the 
genus. Except for the cis-5 acids and minor 
amounts of oxygenated acids in the oil of C. 
corymbosa, the other fatty acids in the two 
species are those normally found in seed oils. 
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Studies on Liver Phosphatidyl Cholines: II. Effect of Sex, Age and 
Species Differences on Phosphatidyl Cholines From 
Liver Mitochondria and Microsomes 

JAMES E. MILLER and W. E. CORNATZER, Guy and Bertha Ireland Research Laboratory, 
University of North Dakota, School of Medicine, Grand Forks, North Dakota 58201 

ABSTRACT 

Liver mitochondrial and microsomal 
phosphatidyl cholines differing in the de- 
gree of unsaturation of their fatty acids 
have been separated into four fractions by 
silver ion silica gel TLC. The levels of the 
four phosphatidyl choline fractions were 
determined for male and female rats and 
mice, fetal and young rabbits, and female 
hamsters and guinea pigs. The sum of 
phosphatidyl choline fractions 1, 2, and 3 
of mitochondria and microsomes was great- 
er in the female rat than in the male rat 
with the difference being a reflection of a 
higher level of fraction 3 which contains 
arachidonic acid. The female rat  has great- 
er concentration of phosphatidyl choline 
fractions 1 and 3 of mitochondria. Similar 
results were seen in mouse liver microsomes 
but not in mitochondria. The levels of the 
individual four fractions varied from spe- 
cies to species. No change occurred in the 
levels of the phosphatidyl choline fractions 
of fetal (-9 and -3 days) rabbits, but an 
increase was seen in the level of fraction 4 
between day 3 and day 35 in both the mi- 
tochondria and microsomal fractions of liv- 
er. The concentration of mitochondrial and 
microsomal protein, total phospholipid and 
total lecithin phosphorus were determined 
in rat, mouse, hamster and guinea pig. The 
total p h o s p h o l i p i d  phosphorus/protein 
(/~g/mg) of microsomes was greater in all 
species than that observed in mitochondria. 
Liver microsomes contain 45-50% of total 
phospholipid phosphorus as lecithin where- 
as mitochondria contains 32-37%.  The 
fatty acid patterns of mitochondria and 
microsomal phosphatidyl cholines were 
determined and the ratio of palmitate to 
stearate was greater than two for mice and 
hamsters and approximately 0.5 for rat 
and guinea pigs. 

INTRODUCTION 

Phosphatidyl cholines with polyunsaturated 
fatty acids are essential  to certain enzymes (1,2) 

and are components of the structural mem- 
branes of the subcellular fraction of the cell 
(3,4).  Recent studies have proven that the 
phosphatidyl cholines represent a metabolically, 
heterogeneous class of phospholipids (5 -7 ) .  
Biosynthesis of phosphatidyl choline is influ- 
enced by the sex of the animal at least in the 
case of rats (8,9),  but this remains to be estab- 
lished for other animals. Arvidson (10) has 
overcome one of the difficulties encountered in 
the study of phosphatidyl cholines by introduc- 
ing a technique for the fractionation of phos- 
phatidyl cholines according to the degree of 
fatty acid unsaturation. In the same studies he 
demonstrated a species difference in the com- 
position of whole liver phosphatidyl cholines. 
Recently evidence for the increase in smooth 
surface endoplasmic reticulum following birth 
has been presented (11,12). Miller and Cor- 
natzer (13) have shown a progressive increase 
in concentration @g phospholipid phosphorus/  
mg protein) of microsomal phosphatidyl cho- 
line, phosphatidyl ethanolamine and phospha- 
tidyl inositol during development ( -12 , -9 ,  0, 
+2,  +9  and +14  days of age).  However, the 
concentration of the individual phospholipids 
of mitochondria does not change during devel- 
opment. 

The purpose of this study was to establish 
the composition of phosphatidyl cholines of 
liver mitochondria and microsomes with respect 
to the sex and species of animals and to ex- 
amine the phosphatidyl cholines of liver mito- 
chondrial and microsomal fractions of fetal 
and newborn animals (rabbits) .  

MATERIALS AND METHODS 

Reagents 

The reagents used in these experiments were 
Analytical Reagent grade. The organic solvents 
were either spectranalyzed or nanograde. 

Experimental Animals 

To investigate the effect of sex differences on 
liver mitochondria and microsomal phosphatidyl 
cholines, a study was made using male and 
female Sprague-Dawley rats (Sprague-Dawley, 
Inc., Madison, Wis.) and male and female 
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albino mice. The rats and mice were allowed 
free access to food (Purina Laboratory Chow, 
Ralston Purina Company, St. Louis, Mo.)  and 
water. 

Age studies were carried out using New Zea- 
land White Rabbits (Gopher  State Caviary, St. 
Paul, Minn.) .  Rabbits were maintained on 
Purina Rabbit Chow Checkers and water, ad 
lib. After  the desired gestation interval, the 
pregnant female rabbit was killed by stunning 
and bleeding, and the fetal rabbits were re- 
moved quickly. Fetal  (-9, and -3 days) and 
young rabbits (3 and 35 days) were killed by 
decapitation. 

When the effect of  species differences on 
phosphatidyl choline levels was investigated, 
the composition of phosphatidyl choline was 
determined using liver mitochondria and micro- 
somes from female rats, hamsters (Simonson 
Laboratories, Inc., White Bear Lake, Minn.)  
and female mice. Hamsters were fed Purina 
Laboratory Chow, and guinea pigs received 
Purina Guinea Pig Chow. 

Preparation of Mitochondrial and 
Microsomal Fractions 

All animals were killed by decapitation. The 
livers were removed, rinsed with cold water, 
blotted and weighed. The livers were homog- 
enized in 0.25 M sucrose using a Potter- 
Elvehjem homogenizer with a teflon pestle. The 
mitochondrial and microsomal fractions were 
isolated by differential centrifugation (14).  The 
nuclear fraction was obtained by centrifugation 
at 800 x g for 10 min. The nuclear fraction 
was washed one time, and the mitochondrial  
fraction was obtained f r o m  the pooled super- 
natant solution by centrifugation at 14,500 X g 
for 10 min. The mitochondrial  preparat ion 
showed less than 1% microsomal contamina- 
tion as determined by the analysis for micro- 
somal glucose-6-phosphatase. The mitochon- 
drial fraction was washed two times, and the 
pooled supernatant solutions were centrifuged 
at 78,450 • g for 45 min to sediment the 
microsomal fraction. The microsomal prepara- 
tion was assayed for succinate dehydrogenase 
and showed a 1-4% mitochondrial contamina- 
tion. The protein content of mitochondrial  and 
microsomal fractions was determined by a 
modified Biuret method (15,16). 

Extraction of Lipids and Isolation of 
Phosphatidyl Cholines 

The method of  Folch et al. (17) was em- 
ployed to extract and purify lipids from mito- 
chondria and microsomes. Lipids were stored 
in a dilute chloroform solution under dry nitro- 

gen at -18  C. The total phospholipid phos- 
phorus (18,19) was determined on an aliquot 
of the chloroform solution. Phosphatidyl cho- 
lines were isolated from the lipid extract by 
TLC (20).  Phospholipids were identified by 
comparison with purified phospholipid stan- 
dards. P l a t e s  were sprayed with a 0.008% 
rhodamine 6G solution and viewed under ultra- 
violet light to identify and outline the band of 
gel containing the phosphatidyl cholines. After  
the silica gel containing the phosphatidyl cho- 
line had been scraped into a f a sk  containing 20 
ml of chloroform-methanol (2:1 v / v ) ,  the 
phosphatidyl cholines were eluted from the gel 
by filtration of the chloroform-methanol solu- 
tion with the aid of a sintered glass funnel 
(medium porosity) .  The gel was washed twice 
with chloroform-methanol-water (200:97: 3 )  
and once with methanol. Quantitative recovery 
of phosphatidyl choline was possible with this 
elution procedure. Recovery values represented 
94% of the total phosphorus. The filtrate was 
washed with 0.2 volumes of 0.04% calcium- 
chloride. A dilute solution of the phosphatidyl 
choline extract in chloroform was stored under 
dry nitrogen at -18  C. On an aliquot of the 
chloroform solution the total phosphatidyl cho- 
line phosphorus (18,19) was determined and 
the per cent of  total lecithin phosphorus per 
total phospholipid phosphorus was calculated. 
Fractionation of the phosphatidyl choline frac- 
tions were carried out TLC on silica gel H 
impregnated with silver nitrate (10).  The phos- 
phatidyl choline fractions were identified by 
spraying with a 0.01% methanolic solution of 
2,7-dichlorofluorescein and viewing under ultra- 
violet light (10).  Each phosphatidyl choline 
fraction gave a positive test for choline (21).  

Phosphorus was determined by the method 
of Fiske and Subbarow (19) after elution of 
the phosphatidyl choline from silica gel impreg- 
nated with silver nitrate by the following series 
of solvents: chloroform-methanol (2:1 v / v ) ;  
chloroform-methanol-water (200:97:  v / v / v ) ;  
methanol-water (97:3 v / v )  ; and methanol. Re- 
covery values represented 98% of the phos- 
phorus applied to silica gel impregnated with 
silver nitrate. The per cent of the total lecithin 
phosphorus in each phosphatidyl choline frac- 
tion is similar to that reported (22).  

Fatty Acid Determinations 
Methyl esters of the phosphatidyl Choline 

fatty acids were prepared by the method of 
Morgan et al (23).  Fat ty  acids were analyzed 
using a Barber-Colman Model 10 Gas Chroma- 
tography with a 9~ detector as  described pre- 
viously by Glende and Cornatzer (24).  Identifi- 
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TABLE I 
Protein and Total Phospholipid Levels of Liver Mitochondria and Microsomes from 

Male and Female Rats and Mice 

Rat Mouse 

Male Female Male Female 

Number of animals 6 (6) a 6 (6) 24 (4) 16 (4) 
Body weight (g) 215 183 31 25 
Liver weight (g) 10.4 7.3 1.6 1.4 
Mitochondria: 

Milligram of protein per gram of liver 42 -+4b 46 -+ 4 44 -+ 2 49 4-3 
Microgram of total phospholipid per mil- 

ligram of protein 6.0 -+ 0.3 6.4 4- 0.6 7.1 -+ 0.4 6.8 -+ 0.9 
Microsomes 

Milligram of protein per gram of liver 58 -+ 3 55 -+ 6 36 _-4-_ 9 46 • 3 
Microgram of total phospholipid per mil- 

ligram of protein 11.5 -+ 0.7 I2.2 + 1.5 14.1 -+ 3.2 12.9 -+ 0.5 

aValues in parenthesis indicate the number of determinations. 
bNumbers preceded by +_ are standard deviations. 

c a t i o n  o f  t h e  m e t h y l  e s t e r  d e r i v a t i v e s  o f  the  

f a t t y  a c i d s  w e r e  i d e n t i f i e d  b y  c o m p a r i n g  t he  

r e t e n t i o n  r a t i o s  ( r e l a t i v e  to  m e t h y l  p a l m i t a t e )  

to  t h o s e  o b t a i n e d  w i t h  s t a n d a r d s  ( A p p l i e d  Sci-  

e n c e  L a b o r a t o r i e s  Inc . ,  S t a t e  C o l l e g e ,  P a . ) .  T h e  

l i n e a r i t y  o f  t h e  d e t e c t o r  w a s  ve r i f i ed  b y  q u a n -  

t i t a t i n g  a m i x t u r e  o f  f a t t y  a c i d  m e t h y l  es te r s .  

T h e  f a t t y  a c i d  c o m p o s i t i o n  of  e a c h  p h o s p h a t i d y l .  

c h o l i n e  f r a c t i o n  is s i m i l a r  to  t h a t  r e p o r t e d  ( 2 2 ) .  

D o c o s a h e x a e n o i c ,  o l e i c ,  l i n o l e i c  a n d  a r a c h i d o n i c  

w e r e  t he  m a j o r  u n s a t u r a t e d  f a t t y  a c i d s  i n  t h e s e  
f o u r  p h o s p h a t i d y l  c h o l i n e  f r a c t i o n s .  F r a c t i o n  1 

c o n t a i n s  4 4 . 6 %  d o c o s a h e x a e n o i c  ac id ,  1 . 9 %  

o le i c  ac id ,  4 . 8 %  l i n o l e i c  a n d  6 . 1 %  a r a c h i d o n i c  

ac id .  F r a c t i o n  2 c o n t a i n s  1 4 . 6 %  o le i c  ac id ,  

1 0 . 1 %  l i n o l e i c  a c i d  a n d  2 6 . 4 %  a r a c h i d o n i c  

ac id .  F r a c t i o n  3 c o n t a i n s  5 . 3 %  o le i c  ac id ,  

1 5 . 4 %  l i n o l e i c  a c i d  a n d  3 8 . 2 %  a r a c h i d o n i c  

ac id .  F r a c t i o n  4 c o n t a i n s  1 9 . 2 %  o le i c  ac id ,  

2 8 . 5 %  l i n o l e i c  a c i d  a n d  1 . 2 %  a r a c h i d o n i c  ac id .  

RESULTS 

D a t a  g i v e n  in  T a b l e  I f o r  p r o t e i n  a n d  t o t a l  

p h o s p h o l i p i d  f r o m  m i t o c h o n d r i a  a n d  m i c r o -  

s o m e s  o f  r a t  a n d  m o u s e  l i v e r  d e m o n s t r a t e  t h a t  

t he  s ex  o f  the  a n i m a l  d o e s  n o t  a l t e r  t h e s e  sub-  

c e l l u l a r  c o n s t i t u e n t s  to  a n y  g r e a t  e x t e n t  w i t h  

o n l y  a s l i g h t l y  l o w e r  l e v e l  o f  p r o t e i n  b e i n g  ob-  

s e r v e d  in  l i v e r  m i c r o s o m e s  of  t he  m a l e  m o u s e .  

T h e  r e s u l t s  f o r  t h e  p h o s p h a t i d y l  c h o l i n e s  

f r o m  t he  d i f f e r e n t  sexes  a re  p r e s e n t e d  in  T a b l e  

TABLE II 
Comparison of Phosphatidyl Choline Fractions From Liver Mitochondria and Microsomes of 

Female and Male Rats and M~icea 

Spec:es Sex 

Phosphatidyl choline 
phosphorus 

Phosphatidyl choline fractions 
No. Per cent of total (Per cent of total) 
of phospholipid 

animals phosphorus Fraction 1 Fraction 2 Fraction 3 Fraction 4 

Mitochondria 
Rat Male I6 (16)b 32+4e  10.9• 8.5--+1.4 40.2-+4.6 40.2-+5.9 

Female 6 ( 6 )  36 4- 3 13.7 • 1.7 d 7.9 + 0.8 52.7 _+ 3.20 25.7 -+ 3.6e 
Mouse Male 24 ( 4 )  35 4- 6 18.0 • 0.4 7.5 -4- 0.9 31.0 4- 2.0 43.5 + 2.9 

Female 16 ( 4 )  34 _+ 5 14.7 • 0.6 a 6.3 -+ 0.Se 34.5 _+ 4.8 42.4 +_ 3.8 
Microsomes 

Rat Male 15 (15) 49 -+ 5 9.9 ~+ 1.8 8.3 -+ 2.9 39.8 4- 3.9 42.1 -4- 4.2 
Female 6 ( 6 )  45 -+ 3 7.5 -+ 1.4a 6.6 -+ 2.0 53.3 -+ 5.0 a 32.5 + 6.9 d 

Mouse Male 24 ( 4 )  43 -+ 4 14.6 -+ 2.4 6.7 4- 1.4 24.6 -+ 4.7 59.0 4- 7.1 
Female 16 ( 4 )  50 -+ 4 11.4 -+ 1.7 e 5.3 -+ 0.9 35.3 -+ 7.9f 45.9 --4- 5.5 e 

aFraction 1 of liver microsomes contains 44.6% docosahexaenoic acid, 1.9% oleic acid, 4.8% linoleic and 
6.1% arachidonic acid. Fraction 2 contains 14.6% oleic acid, 10.1% linoleic acid and 26.4% arachidonic 
acid. Fraction '3 contains 5.3% oleic acid, 15.4% linoleic acid and 38.2% arachidonic acid. Fraction 
4 contains 19.2% oleic acid, 28.5% linoleic acid and 1.2% arachidonic acid. 

bValues in parenthesis represent the number of determinations. 
eNumbers preceded by -+ are standard deviations. 
The test of significance was applied to the difference between mean values for female and male animals. 

Probability for occurrence of this difference was: ap < 0.005; ~P < 0.025; ~P < 0.05. 
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T A B L E  I I I  

Phosphat idyl  Choline Frac t ions  F r o m  Live r  Mi tochondr i a  and 
Mic rosomes  of  Fe ta l  and Y o u n g  Rabbi t s  

105 

Age 
(days )  

No.  
of 

animals  

Phosphat idyl  choline 
phosphorus  

Phosphat idyl  choline f ract ions  
Per  cent o f  total  (Pe r  cent  of  total )  

Body L ive r  phosphol ipid 
(g)  (g)  phosphorus  Frac t ion  1 F rac t ion  2 F rac t ion  3 Frac t ion  4 

Mi tochondr ia  
-9  24 ( 4 )a  
-3  16 ( 4 )  

+ 3  11 ( 4 )  
+ 3 5  5 ( 5 )  

Microsomes  
-9  2 4 ( 4 )  
-3  5 (18) 

+ 3  4 (11) 
+ 3 5  5 ( 5 )  

6.2 0.5 
37.1 2.2 
76 2.7 

785 41.3 

39 4- 2b 5.5 4- 1.4 9.5 4- 3.1 23.2 4- 8.9 61.7 4- 9.3 
41 4- 1 4.7 4- 0.8 10.2 4- 2.5 24.4 + 2.6 60.5 • 2.3 
32 4- 2 5.1 + 2.0 7.7 + 2.6 26.7 4- 2.4 60.4 • 5.9 
36 _+ 2 2.7 • 1.0 5.0 4- 1.1 15.6 4- 2.0 76.5 + 3.0 

41 __+ 4 4.4 4- 0.9 6.0 4- 1.0 20.3 ~+ 5.2 69.2 4- 3.6 
48 ___ 4 4.1 -4- 0.6 7.5 ~_+ 1.4 24.4 + 4.0 64.0 + 3.9 
47 + 3 3.7 • 0.3 5.0 + 0 . 9  25.7 + 6.2 65.6 • 6.8 
52 4- 3 1.8 + 0.5 2.2 4- 0.5 14.0 4- 2.0 81.7 + 2.4 

aValues in parenthesis  represent  the number  of  de terminat ions .  

bNumbers  preceded by ~ are s t andard  devia t ions .  

II. The liver mitochondria of the female rat  
has a statistically significant greater concentra- 
tion of phosphatidyl cholines fractions 1 and 3 
than the male. These fractions contain large 
amounts of polyunsaturated fat ty acids. The 
mitochondria of liver from male rats contains 
29.4% of arachidonic acid in fraction 2 and 
36.4% in fraction 3. The liver microsome con- 
tains 26.4% of arachidonic acid in fraction 2 
and 38.2% in fraction 3. Fraction 3 of mito- 
chondria and microsomes is statistically signifi- 
cantly greater in the female rat  as compared to 
the male rat. Similar results were seen in 
mouse liver microsomes but not in mitochondria. 
The concentration of fraction 4 of mitochondria 
and microsomes is significantly decreased in 
the female of the rat  and mouse. The male 
mouse has higher levels of fraction 1 of mito- 
chondria and microsomes. 

The phosphatidyl choline and phosphatidyl 
choline fractions from the liver mitochondrial 

and microsomal fractions of fetal and young 
rabbits in Tab le  I I I  are depicted as per cent of 
the total phospholipid and of totM phosphatidyl 
choline respectively. It would appear there is 
no change in microsomal or mitochondrial 
phosphatidyl choline fractions during fetal de- 
velopment (-9, -3 days) and postnatal develop- 
ment ( + 3  days) .  The decrease in the level of 
fractions 1, 2 and 3 observed in 35-day-old 
rabbits suggests the degree of unsaturation de- 
creased between day 3 and day 35. At  day 35 
the young rabbit  has nearly 80% of its liver 
phosphatidyl choline of mitochondrial  and 
microsomal in fraction 4. 

Comparative data for protein and total phos- 
pholipid levels o f  liver mitochondrial  and 
microsomal fractions from female rats, mice, 
guinea pigs and hamsters are given in Table IV. 
The concentration of total phospholipid phos- 
phorus/protein  (/~g/mg) of microsomes was 
greater than that observed in mitochondrial in 

T A B L E  I V  

Compar i son  of  Pro te in  and Phosphol lp id  Concent ra t ions  F r o m  Live r  
Mi tochondr ia  and  Mic rosomes  of Di f fe ren t  F e m a l e  Species 

Species 

R a t  Mouse  H a m s t e r  Gu inea  pig 

No.  of  animals  6 4 
Body weight  (g)  183 25 
L ive r  weight  (g)  7.3 1.4 

Mi tochondr ia :  
Mi l l ig ram of prote in  per  g r a m  of  l iver  46 •  49 __+ 3 
M i c r o g r a m  of  total  phosphol ipid  per  mil-  

l ig ram of  prote in  6.4 + 0.6 6.8 • 0.9 

Microsomes  
Mi l l ig ram of  prote in  per  g r a m  of  l iver 55 -4-6 46 + 3 
M i c r o g r a m  of  total  phosphol ipid  per  mil-  

l ig ram of  prote in  12.2 + 1.5 12.9 ~+ 0.5 

6 6 
118 346 

5.8 15.3 

37 • 8 47 4- 4 

5.4 -4- 0.5 5.5 • 0.5 

63 "4- 15 60 -4-4 

9.0 + 2.2 15.0 + 1.4 

aNumbers  preceded by  ~+ are s t anda rd  deviat ions.  
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TABLE V 
Comparison of Phosphatidyl Choline Fractions From Liver Mitochondria 

and Microsomes of Different Female Species 

Species 

Phosphatidyl choline 
phosphorus 

No. Per cent of total Phosphatidyl choline fractions 
(Per cent of total) of phospholipid 

animals phosphorus Fraction I Fraction 2 Fraction 3 Fraction 4 

Mitochondria 
Rat 
Mouse 
Hamster 
Guinea Pig 

Microsomes 
Rat 
Mouse 
Hamster 
Guinea Pig 

6 36 -+ 3 13.7 • 1.7 7.9 4- 0.8 52.7 -+ 3.2 25.7 + 3.6 
4 34 -+ 5 14:7 -+ 0.6 6.3 4- 0.5 34.5 + 4.8 42.4 -+- 3.8 
6 37 -+ 3 10.0 _ 1.9 7.6 4- 1.3 19.2 4- 2.3 62.3 --I- 4.2 
5 32 -+ 1 2.6 4- 0.5 2.7 4- 0,8 13.8 4- 1.0 80.9 -+ 1.6 

6 45 -+- 3 7,5 -+ 1.4 6.6 4- 2.0 53.3 4- 5.0 32.5 + 6.9 
4 504-4 11,4-+1.7 5,3+0.9 35.3-+7.9 45,94-5,5 
6 55 4- "f .2 9.1 ___ 1,6 6.6 -r- 1.4 25.6 +_ 4,9 58.7 +__ ,1.6 
5 50+2 1.8-4-0.4 2.14-0.7 13.04-2.3 82.9-+2.7 

all species. The  results given in Table  V demon-  
strate t h e  differences that  exist for  the phos-  
phatidyl  chol ine fract ions and show the simi- 
larity for  phosphat idyl  chol ine with respect  to 
total phosphol ipid .  Liver  microsomes  contain  
4 5 - 5 0 %  of  the total phosphol ip id  phosphorus  
as lecithin whereas  mi tochondr i a  contain  3 2 -  
37%.  Each  species has a character is t ic  pa t te rn  
for the phosphat idyl  chol ine fract ions which  is 
quite similar for  liver mi tochondr ia  and micro-  
somes. If  f ract ions l ,  2 and 3 are considered as 
a group which  contains  the polyunsatura ted  
fatty acids, the rat  has approximate ly  70% of  
the total phosphat idyl  chol ine in this form.  
While the mouse  has 6 0 % ,  the hamster  about  
4 0 % ,  the guinea pig has slightly less than 2 0 % .  
In Tables VI and VII  fat ty acid composi t ions  
of microsomal  and mi tochondr ia l  phosphat idyl  
choline for  the different  species are given. Only 

TABLE VI 
Fatty Acid Composition of Microsomal Phosphatidyl 

Cholines From' the Livers of the Female Rat, 
Mouse, Hamster and Guinea Pig 

Species 
Per cent of total fatty acids by weight 

Hamster Guinea Pig 
Fatty acid Rat (6) b Mouse (4) (6) (6) 

14:0 a 0.2 + 0.0e t 0.1 -+0.0 0.I 4-0.0 
15:0 0.1 -+ 0.0 t 0.1 4- 0.0 0.2 
16:0  14.7--+0.8 31.64-1.8 27.34-2.1 11.44-0.8 
16 :1  1.24-0.4 2.8+__0.3 3.84-1.2 1.14-0.1 
18:0 29.9-+2.3 13.9__+1.3 13.74-2.2 29.94-0.9 
18 :1  7.2+1.2 12.6-+1.1 14.34-3.3 14,8-+1.0 
18:2 14.1 4- 1.2 15.6 4- 0.8 21.8 4- 1.2 34.0 -+ 0.9 
2 0 : 3  0.74-0.5 1.5 +~ 1.0 1.54-1.3 1.24-0.7 
20 :4  25.5-t-4.2 13.9• 8.7+1.4 3.64-0.4 
20:6 6.7 + 1,1 7,9 • 1.0 7.0 4- 1.9 N.D. a 

~Number of carbon atoms: number of double bonds. 
bNumber of animals. 
eNumbers preceded by • are standard deviations. 
aN.D. signifies not determined; t signifies trace; only 

major acids are given. 
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the major  fa t ty  acids have been  included. T h e  
phosphat idyl  chol ine  fat ty acid da ta  for mito-  
chondr ia  and  microsomes  f r o m  the liver of a 
given species are very similar. The  rat  and 
guinea pig have a palmitate-s tearate  ratio of  
0.4 to 0.5 while for  the o ther  species the ratio 
is approximate ly  2.0 to 2.3. 

DISCUSSION 

Nator i  (25)  demons t ra t ed  a sex difference 
with respect  to the incorpora t ion  of the methyl  
group o f  me th ion ine  into liver phosphat idyl  
cholines. These  studies were  extended to show 
that in liver the methyla t ion  of  phosphat idyl  
e thanolamine  was of quant i ta t ive impor tance  
(8) and tha t  this pa thway  was more  active in 
the female  rat  as compared  to the male  rat  
(8 ,9) .  Recent ly  estradiol was found  to enhance  
the methyla t ion  of  phosphat idy l -e thanolamine  
and increase the fo rmat ion  of  lecithins contain-  
ing long-chain  polyene fat ty acids (20 :4  and 
higher)  (26) .  The  data  p resen ted  in Table  II 
demons t ra tes  that  the liver mi tochondr la  of  the 
female  has  a greater  concent ra t ion  of  phos-  
phat idyl  cholines in fract ions 1 and 3 than the 
male rat. F rac t ion  3 was increased in micro-  
somes of  the female  liver. It has  been demon-  
strated that  these phosphat idyl  choline fract ions 
of phosphat idyl  cholines are enr iched in poly- 
enoic acids (21) .  This compos i t ion  data sup- 
por ted  the isotope incorpora t ion  findings 
(8,9,25) and the  evidence of  L y m a n  et al, (26)  
that  estradiol  st imulates the methyla t ion  of  
Phosphat idyl  e thanolamine  with the format ion  
of lecithins enr iched in polyenoic  acids. Balint 
et al. (27)  have  repor ted  that  methyla t ion  of  
phosphat idyl  e thanolamine  provides  a leci thin 
species having polyunsatura ted  fat ty acids. 

Phospha t idy l  choline in adult  mammals  i~ 
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known to be synthesized by two different path- 
ways. Kennedy and Weiss (28) have demon- 
strated a pathway by which cytidine diphospho- 
choline reacts with an ~,fl-diglyceride to form 
lecithin. The other system was discovered by 
Bremer and Greenberg (29), which involves 
the transfer of methyl groups from adenosyl- 
methionine to intact phospholipids, presumably 
with phosphatidyl ethanolamine as an acceptor 
to produce phosphatidyl choline. Rytter et al. 
(22) have demonstrated that the administra- 
tion of 1,2-14C-ethanolamine produces an leci- 
thin enriched in polyunsaturated fatty acids 
with the peak of incorporation of the isotope 
occurring in fraction 1. 1,2-14C-choline was 
primarily incorporated into fraction 4. Bald- 
win and Cornatzer (30) have investigated the 
enzymatic activity of lecithin biosynthesis by 
assaying the enzymatic activity of liver choline 
phosphotransferase and phosphatidylmethyl- 
transferase activity during pre- and postnatal 
development of the rabbit. There was a prog- 
ressive increase in enzymatic activity of the 
liver choline phosphotransferase activity during 
development. The peak of activity of the cho- 
line phosphotransferase was reached in the 
50 day old animals. This increase of enzyme 
activity was three times that observed for the 
methyl transferring pathway. The data in Table 
IlI further support this observation since over 
76% of the total lecithin phosphorus was found 
in fraction 4 of mitochondria and 81% in 
microsomes. The decrease of the per cent of 
total lecithin phosphorus of mitochondria and 
microsomes in fraction 1 that was observed in 
-9 to +35 day old fetal rabbits substantiates 
the low enzymatic activity of phosphatidyl- 
methyltransferase, that was seen at this time of 
fetal development (30). 

The data of Table V suggests that the methyl- 
ation pathway should be more active in the rat 
than the guinea pig since the rat has approxi- 
mately 70% of the phosphatidyl cholines with- 
in fraction 1, 2 and 3 while the guinea pig has 
only about 20% in these fractions. Thus the 
methylation pathway may not be as important 
in other species of animals as it is in the rat. 
The per cent of total lipid-P composition of 
phosphatidyl choline is greater in microsomes 
than in mitochondria in all species studied 
(Table V). This observation is in accordance 
with the findings in normal mammalian tissues 
(31-33). Further studies with isotopes and 
enzymes involved in phosphatidyl choline me- 
tabolism must be on a comparative level of 
species to demonstrate the importance of the 
different pathways of biosynthesis for produc- 

TABLE VlI  
Fatty Acid Composition of Mitochondrial Phosphatidyl 

Cholines From the Livers of the Female Rat, 
Mouse, Hamster and Guinea Pig 

Species 
Per cent of total fatty acids by weight 

Hamster Guinea pig 
Fatty acid ]Rat (6)b Mouse (4) (6) (6) 

14:0 a t a t 0.1 +0 .1  0.1 + 0 . 0  
15:0 t t 0 . 2 +0 .1  0.3___+0.1 
16:0 13.6 • 1.8 e 26 .8+0 .7  23 .2+2 .1  11 .5+1 .0  
16:1 1 .0+0 .3  2 . 2 + 0 . 2  3 . 3 + 0 . 9  1 .1+0 .3  
18:0 30 ,1+2 ,4  12.0 + 1.1 11 .9+1.3  28.2_.+1.4 
18:1 6 . 9 + 0 . 4  11 .0+1 .6  14.0_+2.4 13 .9+1 .0  
18:2 11.9+1.1 13 .9+1.8  20.3 + 2.4 35 .1+1 .8  
20:3 0.4 2.9 + 0.9 2.4 "4- 1.3 1.3 + 0.5 
20:4 26 .1+1 .2  16 .8+1.5  11 .7+1.8  1 .3+0 .5  
22:6 7.5 + 1.3 12 .4+ 3.9 10.5 + 3.8 0.7 

aNumber of carbon atoms: number of double bonds. 
bNumber of animals. 
cNumbers preceded by + are standard deviations. 
at signifies trace quantities; only the major acids are 

given, 

tion of phosphatidyl cholines. It is hoped that 
these studies will help establish the nature of 
the phospholipids of lipoprotein found in cel- 
lular membranes and aid in the elucidation of 
species and sex differences observed with re- 
spect to lipids in response to fatty liver induc- 
tion (34-35) or membrane properties such as 
permeability (36). 
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Liver Retinal I Reductase and Oxidase Activities in Rats 
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ABSTRACT 

The influence of low environmental 
temperature on retinal reductase and ret- 
inal oxidase activities in rat liver was ex- 
amined after two and four weeks of cold 
exposure at 5 C. Liver retinal reductase 
decreased whereas retinal oxidase in- 
creased with time in control rats fed a 
retinol-free diet, then replenished with 
retinyl acetate and maintained at 25 C. 
When rats under identical experimental 
conditions were exposed to 5 C, the de- 
crease in retinal reductase and increase in 
retinal oxidase were both found to be great- 
er at 5 C than at 25 C. These results sup- 
port the hypothesis that increased metabol- 
ic rate from exposure of the animal to a 
cold environment increases the require- 
ment for retinoic acid and decreases the 
storage of retinol. Even though changes 
in total liver retinol levels were similar in 
both groups, an increased utilization of 
retinol was indicated when the utilization 
of retinol was expressed as a ratio of total 
retinol removed from the liver to total 
weight gain of the animal. 

INTRODUCTION 

It was previously reported from this labora- 
tory (1) that total liver retinol levels were not 
affected by exposing rats to a cold environment. 
However, an increased utilization of retinol was 
indicated in cold exposed rats, when the utili- 
zation was expressed as a ratio of retinol utili- 
zation to weight gain of the .animal. It is known 
that exposure of rats to a cold environment re- 
suits in an increased metabolic rate (2) which 
is accompanied by a decreased growth rate. 
Increased metabolic rate hastens the depletion 
of liver retinol whereas a decreased growth rate 

1The specific terms retinol, retinyl acetate, retinal and 
retinoic acid are used in place of vitamin A alcohol, vita- 
min A acetate, vitamin A aldehyde (retinene) and vitamin 
A acid, respectively. 

2A preliminary report  was given at the joint meeting of 
the Biochemical Society, England and the Society of Bio- 
logical Chemists ( India) ,  September 4-9, 1967, Bangalore,  
India. 

aPresent address: Lipids Laboratory,  Research Institute, 
St. Joseph Hospital,  Lancaster,  Pennsylvania 17604. 

retards the depletion of retinol from the liver 
(3). Since retinal reductase (alcohol: NAD 
oxidoreductase, E.C. 1.1.1.1) and retinal oxi- 
dase (aldehyde: NAD oxidoreductase, E.C. 
1.2.1.3) are intimately involved in retinol me- 
tabolism, it was considered desirable to study 
the effect of cold exposure on the activity of 
these enzymes. The present report deals with 
results obtained from experiments designed to 
measure the effect of exposing rats to a cold 
environment on the activities of these enzymes 
in liver. 

MATERIALS AND METHODS 

Male weanling albino rats of the Holtzman 
strain, weighing between 40-50 g, were fed a 
purified retinol-free diet (1) ad lib. throughout 
the experimental period. After four weeks, 
when the rats ceased to grow (200-240 g), a 
daily dose (0.1 ml) of an oil solution of retinyl 
acetate containing 436.9 pg (1270 internation- 
al units) was administered orally for five days. 
The rats were then divided into three groups. 

Group 1 served as zero-time controls and 
were immediately killed. Group 2 remained at 
25 C, while group 3 was placed in a cold room 
at 5 C. After two weeks, half the rats from 
groups 2 and 3 were killed. The remainder 
were maintained for an additional two weeks 
and were then killed. 

Determination of Retinal, Retinol 
and Retinyl Ester 

All animals were killed by decapitation. The 
livers were quickly removed and weighed. 
About 2 g of each liver was cut out and placed 
in crushed ice for enzyme assay. The remain- 
der of each liver was used for determination of 
total retinol by ultraviolet absorption using the 
three-point correction method as described 
previously (1). 

Total retinol from each liver was separated 
into retinyl esters and retinol by adsorption 
chromatography on a 10% (v/w)  water-de- 
activated alumina column. Retinyl ester was 
eluted with 2% acetone-petroleum ether (v/v,  
bp 40-60 C) while retinol was eluted with 8% 
acetone-petroleum ether (v /v) .  

In in vitro experiments retinal was separated 
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FIG. 1. Time dependence of retinol formation. The incubation mixture in each tube con- 
tained in a total volume of 2 ml: 2.5 #mole of retinal in Triton-X-100; 50 /xmole of 0.1 M 
phosphate buffer, pH 7.2; 2.0 ~mole of glutathione (reduced); 1.0 ~mole of NADH~; 2.0 mg 
of enzyme protein and 1.0 ml of water. At intervals of 0, 15, 30, 45, 60, 90, and 120 min 
each tube was removed, the reaction stopped by addition of ethanol and the products separated 
as described in the text. 

f rom retinol  by adsorption chromatography  on 
a lumina (4) as described above. 

Retinal  was measured by the thiobarbi tur ic  
acid assay of Fu t t e rman  and Saslaw (5) and 
retinol was determined in cyclohexane f rom its 
ext inct ion coefficient of 1832 at 328 m/~ (6) .  
Retinyl  ester levels were determined f rom the 
difference between total ret inol  and free retinol 
in each liver. These values were in agreement  

with those determined on each retinyl ester 
fraction by the three-point  correction method. 

R e t i n a l  R e d u c t a s e  a n d  R e t i n a l  Ox idase  A s s a y  

Abou t  2 g of the liver was homogenized with 
6 ml of deionized water  in a Kontes glass 
homogenizer ,  size c, for  2 min. The  homog-  
enate was then centr i fuged at 100,000 x g for 
1 hr. The  supernatant  f ract ion was used as the 
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FIG. 2. Disappearance of retinal with time. The incubation mixture is the same as described 
in Figure 1. At the end of the reaction time, each tube was removed, ethanol was added, and 
retinal and retinol in the mixture were separated as described in the text. 
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FIG. 3. Retinal reductase activity in liver from 
rats exposed to 25 C or 5 C. Rats were first de- 
pleted of their retinol stores by feeding retinol-free 
diet and then replenished with retinyl acetate. At 
intervals of two and four weeks, retinal reductase 
activity in liver was determined in rats maintained 
at 25 C or 5 C on retinol-free diet. The mean 
value of liver retinal reductase activity at 5 C was 
significantly less ( P < 0 . 0 1 )  than that from ani- 
mals at 25 C four weeks after supplementation. 
Each bar represents the mean value and twice the 
standard error is represented by the vertical line 
through the mean. 

source of retinal reductase and oxidase activi- 
ties. 

The assay was carried out in a total volume 
of 2.0 ml containing 0.5 p, mole retinal, sus- 
pended in 30 mg of Tween 20; 1.0 /~mole 
NADH2;  2.0 /~mole glutathione (reduced); 50 
~mole 0.1 M phosphate buffer, pH 7.2 (4). 
The reaction was initiated by adding art aliquot 
of  supernatant containing between 0.6-2.0 mg 
of  protein, The incubation was carried out at 
37 C for 1 hr and stopped by adding 5 ml of 
ethanol .  

The reaction mixture was then extracted 
three times with 25 ml of petroleum ether (bp 
4 0 - 6 0  C).  The extracts were combined, evapo- 
rated to dryness in vacuo and dissolved in a 
few milliliters of petroleum ether. The reaction 
products were separated by adsorption on de- 
activated alumina as described above. 

Retinal reductase activity is expressed as the 
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FIG. 4. Retinal oxidase activity in liver from rats 
exposed to 25 C or 5 C. Rats were prepared as 
described in Figure 3. At intervals of two and four 
weeks, retinal oxidase activity was determined in 
rats maintained at 25 C or 5 C on retinoI-free diet. 
Each bar represents the mean and twice the stan- 
dard error is represented by the vertical line 
through the mean. The mean values of retinal 
oxidase activities of animMs at 5 C after two and 
four weeks were significantly more at P < 0.01 and 
at P ~ 0.001 respectively, compared to those from 
animals at 25 C. 

amount of retinol f o r m e d / h r / m g  protein while 
retinal oxidase activity is calculated from the 
difference between the con t ro l  value and the 
sum of remaining retinal and retinol values in 
each experimental tube. 

RESULTS 

In the present study, the activities of both 
retinal reductase and retinal oxidase were 
measured in liver supernatants from animals 
depleted of retinol stores and subsequently re- 
plenished for five days by the administration of 
retinyl acetate. Retinal reductase activity was 
measured on the basis of retinol formed from 
retinal. Figure 1 illustrates the time course of 
retinol formation. It can be seen that the rate 
of retinol formation is constant over the first 
60 min. 

The activity of retinal oxidase was obtained 
by calculating the difference in the amount of 
retinal in the control tube to which no enzyme 
was added and the sum of remaining retinal 
and retinol formed in each experimental tube. 
This was necessitated by the inability to detect 
retinoic acid as a product of the reaction pre- 

LIVtDS, VoL 4, No. 2 



1 12 P . R .  SUNDARESAN AND DONALD G .  THERRIAULT 

T A B L E  I 

Rat io  of Ret inal  Reductase to Ret inal  Oxidase 
Activi ty in Ra t  Liver  

Temperature 

Days after 25 C 5 C 
supplementat ion Mean ratio a Mean rat io a 

0 17.6 -+ 1.5 b 17.6 • 1.5 
14 9.9 • 0.9 2.8 -+ 0.2 e 
28 2,4 • 0.09 0.9 -+ 0.04 e 

aCalcula ted  from individual  values  of retinal reductase 
and retinal  oxidase activities (n = 8).  

bStandard  error  of mean. 

eValues are significantly different f rom experimental  ani- 
mals at 25 C at P < 0.01; Student 's  t test. 

sumably due to its oxidation to other metab- 
olites (7) .  Recently, retinoic acid has been 
shown to undergo oxidative decarboxylation 
both in vivo and in vitro in tissue slices from 
rat liver and kidney (8 -10) .  On purification of 
the liver supernatant fraction, it has been  pos- 
sible to identify retinoic acid as the product of 
the reaction, indicating that retinal oxidase ac- 
tivity is present in the liver supernatant frac- 
tion. Deshmukh et al. (11) also measured 
retinal oxidase activity in liver supernatant frac- 
tions by the disappearance of retinal. Figure 2 
shows that the disappearance of retinal is linear 
over a period of 2 hr. 

In rats fed a purified retinol-free diet, there 
is a progressive decrease in liver retinal reduc- 
tase activity (Fig. 3),  whereas retinal oxidase 
activity showed an increase (Fig. 4).  If the 
changes in enzyme activities in animals exposed 
to cold are compared with those in control ani- 
mals, the rate of decrease of retinal reductase 
and the rate of increase of retinal oxidase are 
significantly greater in the cold exposed rats. 
The ratios of retinal reductase activity to re- 
tinal oxidase activity were calculated, and are 

presented in Table I. At  zero time, immediate- 
ly after supplementation with retinyl acetate for 
five days, the retinal reductase activity far ex- 
ceeds that of the oxidase. However, the ratio 
of reductase to oxidase becomes progressively 
smaller With time on retinol-free diet. If  the 
animals maintained at 25 C are compared with 
those at 5 C, it is seen that the ratio decreases 
much more rapidly in the animal exposed to 5 C. 

The results of analysis of liver retinyl ester, 
retinol as well as the animal weight gains at 5 C 
and 25 C are presented in Table II. There was 
no significant difference in liver retinyl ester or 
retinol levels of rats exposed for two and four 
weeks at 5 C compared with their respective 
experimental controls at 25 C. However, the 
weight gains of  rats at 5 C were significantly 
less than those at 25 C. If  utilization of total 
retinol (retinyl ester and retinol) is expressed 
as a ratio of total retinol removed from liver 
to weight gain (depletion ratio) as suggested 
by Nir  and Ascarelli  (12),  then it is observed 
that there is an increase in total retinol deple- 
tion from the l iver per gram weight gain in the 
animals maintained at 5 C (Table I I ) .  These 
results are in agreement with those reported 
earlier by Sundaresan et al. (1).  

DISCUSSION 

It has been recently shown that fl-carotene is 
cleaved to 2 molecules of retinal by a soluble 
enzyme, fl-carotene 15, 15'-oxygenase, obtained 
from the intestine and liver (13,14).  Retinal 
reductase (5,15,16) and retinal oxidase activi- 
ties (17-20)  have both been demonstrated in 
liver and other tissues. Retinal reductase cat- 
alyzes the reversible conversion of retinal to 
retinol; whereas retinal oxidase causes the irre- 
versible conversion of retinal to retinoic acid. 

T A B L E  I I  

Effect of Envi ronmenta l  Temperature  on Retinyl  Ester, Ret inol  and 
Weight  Gains  of Rats  Given  Retinyl  Acetate Oral ly  

Days Re t ino l / l ive r  
after Tern- No. Total  Mean 

supple- pera- of Alcohol  Weight  Deplet ion 
mentat ion ture rats Ester Alcohol  as % of total  Gain  Ratio~ 

(f.u.)a (Lu.) (g) 
0 25 C 4 2993 • 97b 148 + 12 4.7 _+ 0.4 . . . . . . . . . . . . . . . . . . . . . . . .  

14 25 C 6 2602 -+ 110 e 342 -+ 40 e 11.8 • 1.6 31.0 -~- 3.7 9.8 • 1.6 
5 C 5 2535 • 72~ 256 • 14 e 9.2 - 0.6 8,6 • 5.1 d 35.0 - 4.6 d 

28 25 C 6 2347 -+ 154e 291 - 18 e 11.3 • 1.2 49.3 + 5.7 17.4 + 2.3 
5 C 5 2369 • 86 e 266 • 22 e 10.1 --_ 0,9 23.4 • 6.9 a 25.6 -+ 2.7 d 

a l  in ternat ional  unit  (1.U.) is equivalent  to 0.344 leg of retinyl acetate or 0.3 #g of retinol. 

bStandard  error of mean. 

eValues are significantly different f rom zero t ime controls at 25 C at P < 0.05; Student 's  t test. 

dValues  are significantly different f rom comparable  animals  at 25 C at P < 0.05; Student 's  t test. 

eMean depletion ratio = total  ret inol deple t ion/ to ta l  weight gain. 
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The participation of retinal in visual processes 
has been well elucidated (21). Retinal has also 
been detected in liver and other tissues (22). 
Its biological activity in rat is about 90% of 
that of all-trans retinyl acetate (23). Retinoic 
acid, which is formed from retinal by irreversi- 
ble oxidation, can replace retinol in biological 
processes such as growth and tissue mainte- 
nance (24);  however, unlike retinol, it is in- 
active in vision (25) and reproduction (26). 
The current hypothesis is that retinoic acid is 
the precursor of, or is itself the systemically 
active form of retinol. The metabolism of 
retinol involving these reactions is schemati- 
cally shown below: 

fl-carotene 

Retinol "---'Z'--.. Retinal ~Retinoic acid---, 
(transport) --(vision) ~ [.__Tissue 
Retid~l~ ester "'Active" form ---j funct,on 

(storage) 1 Jctive metabolic 
products 

Since the formation of retinoic acid depends 
upon the availability of retinal as well as the 
activity of the enzyme which catalyzes its con- 
version to retinoic acid, it can readily be seen 
that the utilization of retinal depends upon the 
relative activities of both retinal reductase and 
oxidase. Retinal reductase favors the storage of 
retinol by the conversion of retinal to retinol 
and subsequently to retinyl ester, while retinal 
oxidase causes the utilization of retinal through 
conversion to retinoic acid. 

It is apparent that immediately after supple- 
mentation with retinyl acetate for five days 
(Table I) ,  retinal reductase activity is far 
greater than that of retinal oxidase. It would 
seem from these observations that the supply of 
retinal is in excess and that the rate limiting 
factor is the conversion of retinal to retinoic 
acid. Interestingly, maintaining these animals 
on retinol-free diet results in a gradual decrease 
in the activity of retinal reductase and an in- 
crease in the activity of retinal oxidase. The 
decreased retinal reductase activity would re- 
sult in a decreased rate of conversion of retinol 
to retinal. This may explain the build-up of 
liver retinol during a regimen of retinol-free 
diet (Table II).  The concomitant increase in 
retinal oxidase activity results in a diminished 
ratio of retinal reductase to retinal oxidase 
(Table I). Consequently, a greater proportion 
of retinal formed will be converted to retinoic 
acid. This may be an adaptive mechanism for 
maintaining a normal flow of retinal to retinoic 
acid in the presence of diminished conversion 
of retinol to retinal. 

Exposure of the animal to a cold environ- 
ment seems to accelerate these adaptive me- 
chanisms. Both the rate of decrease in retinal 
reductase and the rate of increase in retinal 
oxidase are greater in rats exposed to 5 C. 
After four weeks in the cold, the ratio of retinal 
reductase to retinal oxida.se is less than 1 
(Table I) ,  indicating that the rate limiting step 
for the utilization of retinal is no longer its 
oxidation to retinoic acid. 

It is difficult at this time to assess the physi- 
ological significance of these adaptive mechan- 
isms. However, one may be able to explain the 
data obtained in the present study in the follow- 
ing manner. Because rats are normally reared 
on a feed which consists of /3-carotene as the 
precursor of retinol, the enzyme retinal reduc- 
tase is initially adapted to t-carotene and 
favors storage of retinol. When the rats are 
placed on retinol-free diet, the rats tend to 
store less and increase the utilization of retinol. 
Consequently, it is possible that retinal reduc- 
tase is lowered with concomitant increase in 
retinal oxidase activity. 

When rats are exposed to cold there is an 
immediate and sustained increase in metabolic 
rate (2) which is accompanied by a decreased 
rate of growth. Johnson and Baumann (3) 
have shown that these two phenomena have 
opposing effects on utilization of retinol. In- 
creased metabolic rate results in an increased 
utilization of retinol, while decreased growth 
rate is accompanied by decreased utilization. 
They further show that growth rate is the domi- 
nant factor in controlling retinol utilization. 
The high retinal oxidase activity could presum- 
ably be an adaptive response to the elevated 
metabolic rate as a result of cold exposure. This 
in itself would result in an increased flow of 
retinal to retinoic acid. The increased retinoic 
acid requirement of rats exposed to cold (1) is 
consistent with this interpretation. Also in line 
with these observations, Bamji and Sundaresan 
(27) reported decreased liver storage of retinol 
in hyperthyroid rats fed retinal, presumably 
due to increased utilization of retinol. 

It is known that thyroid activity in cold ex- 
posed rats is increased (28). To offset the 
increased requirement imposed by cold expos- 
ure, the animal's growth rate is diminished. 
This may be reflected in the decreased retinal 
reductase activity in cold exposed rats. In con- 
sequence, the flow of retinal to retinoic acid 
would be limited. Experiments are now in 
progress to assess the role that these enzymes 
may play in regulating the growth of the animal. 
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Plasma Lipid and Glucose Levels in the Adrenalectomized Rat 
Following Triglyceride Ingestion 
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ABSTRACT 

Adrenalectomy did not significantly alter 
plasma cholesterol, triglycerides and phos- 
pholipids in fasted naturally hypertriglyc- 
eridemic rats. Oral administration of cot- 
tonseed oil resulted in elevations in plasma 
cholesterol and phospholipids within 2 hr. 
Adrenalectomy negated these elevations. 
Triglycerides rose to an equal extent in 
both groups at the same time. A second- 
ary rise in plasma glucose was noted at 
about 7 hr in the control rats; this rise 
was also negated by adrenalectomy. 

INTRODUCTION 

Administration of a glucose load has been 
shown to exert an initial depressant action 
upon plasma free fatty acids (1,2) followed by 
a delayed secondary rise (3).  This secondary 
rise has been correlated with increased urinary 
excretion of 3-methoxy-4-hydroxy mandelic 
acid (3).  Shafrir et al. (4) and Salvador et al. 
(5) reported epinephrine caused the mobiliza- 
tion of plasma free fatty acids while Barrett 
(6) noted that changes in lipoproteins could 
be caused by increases in adrenocortical hor- 
mone secretion. 

Much of the work to date has been on the 
interrelationships between free fatty acids, glu- 
cose and adrenal hormones. Normally fats are 
ingested and transported in the circulation as 
triglycerides. It appeared of interest to examine 
some interrelationships between triglyceride ab- 
sorption, plasma lipids, plasma glucose and 
adrenal hormones. Results of some studies on 
these interrelationships in the rat are presented 
in this report. 

MATERIALS AND METHODS 

In these studies, 60 day old male rats, mean 
weight 222 SD 6 g, from an inbred hyper- 
triglyceridemic colony of the Long Evans strain 
were used. They were weaned at 23 days of 
age and maintained on a commercial rat diet 
(Purina Fox Chow) and tap water ad lib. 
Adrenalectomy was done by the method of 
Ingle and Griffith (7) ,  ensuring that the 

glands were removed encapsulated. N o  replace- 
ment therapy was given following adrenalec- 
tomy. At  the start of the experiments all ani- 
mals were 18 hr postprandial; adrenalectomized 
animals were 5 days post adrenalectomy. In 
fat absorption studies, 5 ml of cottonseed oil 
was given the rats by gavage. In order to 
obtain sufficient blood for plasma lipids, rats 
were anesthetized with sodium pentobarbital,  
50 mg /kg  body weight, at varying times after 
gavage, and exsanguinated via the dorsal aorta. 
The blood was collected in tubes containing 
potassium oxalate (4 rag) and ammonium ox- 
alate (6 rag);  the plasma was separated im- 
mediately and assayed. Glucose was deter- 
mined on blood taken from the tail of an 
additional eight animal cohort studied in four 
stages to observe the effect of oil gavage in 
both intact and adrenalectomized animals. Fif- 
ty micro liter heparinized capillary tubes were 
used for sampling. 

On each rat plasma cholesterol, triglycerides 
and phospholipids were determined as pre- 
viously described (8).  Glucose was deter- 
mined by an ultramicro modification of  the 
glucose oxidase-peroxidase method (9,10,11,- 
12). 

RESULTS 

The effects of adrenalectomy upon plasma 
cholesterol, triglycerides and phospholipids are 
shown in Table I. The results were obtained 
on ten rats in each group. No significant dif- 
ferences between the two groups were noted 
in cholesterol and phospholipids. There was 
a 28 mg/100 ml increase in plasma triglycerides 
attributable to adrenalectomy but this increase 
was not statistically significant due to the large 
variance. 

In Table II are shown the results obtained 
when 5 ml of cottonseed oil was given by 
garage. The results were obtained on five 
groups of five rats each; one group was killed 
at each time period. Analysis for changes were 
performed on the data by the use of appropri-  
ate estimates of error and student t-tests (13).  
In the control rats, plasma phospholipids rose 
by approximately 16% after 1 hr, P<0 .05 ,  and 
then remained essentially constant at the ele- 
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rated level for the duration of the experiment. 
In the adrenalectomized rat no significant 
change in phospholipids was noted from the 
fasting level. Plasma cholesterol in the control 
rats rose by 11% after 1 hr, increased to 24%, 
P<0 .05 ,  at 2 hr, and to 45%,  P<0 .01 ,  by 4 hr. 

A d r e n a l e c t o m y  completely negated these lipid 
rises in response to a fat challenge. Plasma tri- 
glycerides rose in both the control and adren- 
alectomized animals by approximately 36% 
and 23%, respectively, between 2 and 3 hr 
after the fat challenge. By the fourth hour 
the triglycerides approached the zero time level. 
Due to the large between-animal variances ob- 
served, the apparent differences in the rate 
and magnitude of triglyceride rise between 
the adrenalectomized and control rats were not 
statistically significant. 

In Fig. 1 the plasma glucose response to 
fat loading is depicted. For  each response 

TABLE I 

Effect of Adrenalectomy Upon Serum Lipids in 
60 Day Old Male Rats 

Adrenalec- 
Control tomized 

Body weight, day 0, g 214 + 4.5a 228,+ 9.4 
Body weight, day 5, g 221 ~ 5.4 206 + 9.4 
Body weight change, g + 7  + 2.2 -22 4- 3.6 

Survival 100% 100% 

Phospholipids, rag/100 ml 116 • 5.8 120 4- 5.8 
Cholesterol, rag/100 ml 56 -+- 3.0 46 4- 2.7 
Triglycerides, rag/100 ml 269 _ 15.0 297 4- 15.0 

aMean + SD. 
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variable and for each animal, normalized values 
were obtained by computing the ratio of each 
value to the value at zero time (100% ) .  This 
treatment materially stabilized the between ani- 
mal variance observed at each measurement 
interval. A 29% rise in glucose was observed 
during the first 2 hr, P<0 .01 ,  in the control 
rats. This was followed by a 10% drop, which 
was not significant, and a subsequent rise 

TABLE II 

Plasma Lipid Responses to a Triglyeeride Load 
in Adrenalectomized and Control Rats 

Plasma Lipids (rag/100 ml) 

Adrenalectomized 
Time (hr) Control rats rats 

Phospholipids 
0 1 0 8 •  5.8 a 100 • 5.8 
1 121 • 6.5 b 109 4- 5.8 
2 125 4- 6.5 b 106 4- 5.8 
3 129-+- 5.8 b 113 4- 5.8 
4 129 4- 6.5b 109 4- 6.5 

Total cholesterol 
0 45 4- 3.0 46 4- 2.7 
1 50 4- 3.0 42 4- 2.7 
2 56 __+ 2.7 b 44 4- 2.7 
3 55 4- 2.7 b 51 4- 2.7 
4 6 5 +  2.7 e 46 4- 3.0 

Triglycerides 
0 267 4- 15 279 4- 15 
1 239 __+ 17 271 4- 15 
2 312 • 15 364 4- 60 
3 363 ___+ 49 299 -4- 15 
4 294 • 37 276 4- 17 

a4- Standard Deviation Of 

b Significant at P < 0.05. 

eSignificant at P < 0.01. 

the Mean. 
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which at 7 hr  was 64% above the value at 
zero time, P < 0 . 0 5 ,  and remained  at this level 
to at least 9.5 hr. In the absence of a fat 
load, there was an 8% rise at I hr, P < 0 . 0 1 ,  
after which the p lasma glucose re turned  to 
and essentially remained  at the zero t ime level. 
Adrena lec tomy  complete ly  negated the glucose 
rise in response  to the fat  challenge and ac- 
tually resulted in a significant drop  in plasma 
glucose of  29% f rom the fasting level by 9.5 
hr, P < 0 . 0 1 .  In the absence of  a fat load, 
there was an apparen t  rise of  13% at 1 hr, 
which was not  s~nif icant ,  fol lowed by a sig- 
nificant d rop  of  2 3 % ,  P < 0 . 0 5 ,  at 9.5 hr. The 
response  noted  in the fat  loaded and non-  
loaded, adrenalec tomized  animals appeared  
similar. I t  would thus appear  that  adrenalec-  
tomy reverses the glucose response to fat load 
in this rat  substrain. 

DISCUSSION 

Fle ischman et al. (14) ,  repor ted  that  ser- 
um phosphol ipids  in the h u m a n  increase sig- 
nificantly after 1 hr  in response  to a triglyc- 
eride chal lenge and remain elevated during the 
period of  elevated serum triglycerides. These 
results are in agreement  with the data repor ted  
in the present  experiments .  Barrett  (6)  re- 
por ted  that  cort icosteroids p roduce  increases in 
cholesterol  and phosphol ipids  in the rat. In 
the present  study, the negat ion by  adrenalec-  
tomy of  this phosphol ip id  rise in response  to 
a fat chal lenge is suggestive of  hormona l  con- 
trol. 

It was noted  that  a fat  chal lenge was associ- 
ated with a significant but  delayed elevation in 
plasma glucose. Ash  et al. (15) ,  r epor ted  an 
increase in p lasma glucose fol lowing intra- 
venous adminis t ra t ion of  butyra te  and hexano-  
ate. They  showed that  the glucose elevation 
was not  due to gluconeogenesis  f rom fatty 
acids. The  greatly delayed hyperg lycemic  ef- 
fect  repor ted  here may be accounted for  by 
the time required for the t ranspor t  and hy- 

drolysis of  the exogenous  triglyceride and for 
the fo rmat ion  of  the a lbumin-free  fat ty acid 
complex.  The  negat ion by adrena lec tomy of 
the glucose rise fol lowing a fat  challenge would 
appear  to indicate involvement  of adrenal  hor- 
mones  in the product ion  of  the hyperglycemic  
state. 

The findings of  this s tudy point  to the ad- 
visability of  investigating the interrelat ionships 
of  adrenal  ho rmones  and lipid metabol ism.  
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Boron Trifluoride a s  Catalyst to Prepare Methyl Esters From Oils 
Containing Unusual Acyl Groups 
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ABSTRACT 

The procedure of Metcalfe et al. (3) for 
the preparation of fatty acid methyl esters, 
using boron trifluoride as catalyst, is shown 
to be suitable for use with oils containing 
fatty acids of unusual structures, such as 
conjugated unsaturation, hydroxyl or 
epoxy groups, and cyclopropenes in addi- 
tion to oils with only the common acids. 
In some cases, boron trifluoride was less 
destructive to unusual groups than con- 
ventional mineral acid catalysts; in others, 
derivatives were formed that were suit- 
able for quantitation in subsequent gas 
chromatographic analysis. 

INTRODUCTION 

Extensive chemical investigation of a variety 
of vegetable oils requires, for efficiency in 
operation, a rapid, generally applicable pro- 
cedure for conversion Of the oils to methyl 
esters. Conventional acid- or base-catalyzed 
methanolysis involves extended reaction time 
and recovery of the esters by extraction with 
solvent. Early procedures employing boron tri- 
fluoride (1) or boron trifluoride etherate as 
catalysts included a solvent extraction step 
and, if the catalysts were used in too high 
concentrations, artifacts (polymers or unidenti- 
fied derivatives) were formed that interfered 
with subsequent analysis (2). The later meth- 
od of Metcalfe et al. (3) using 12.5% (w/v)  
boron trifiuoride in methanol eliminated ex- 
traction and was found suitable for volatile 
fatty acids. We have found it to be suitable 
not only for the usual oils but also for those 
containing unusual structures such as cyclopro- 
pene rings, vicinal hydroxyls, oxirane oxygen, 
conjugated dienols and conjugated trienes. 

A recent report of the Instrumental Tech- 
niques Committee (4) indicates that the boron 
trifluoride method is applicable to the common 
oils, to dehydrated castor oil and to fats con- 
taining isolated t r a n s  unsaturation, but prohibits 
its use with some of the structures mentioned 
above. Results presented here indicate that, 
if the methyl esters are intended for gas 

~No. Utiliz. Res. Dev. Div., ARS, USDA. 

chromatography, the scope of the method may 
be extended. 

M ET H,O D S 

Ester preparations were catalyzed by hydro- 
chloric acid, sodium methylate, or boron tri- 
fluoride. In most preparations catalyzed by 
mineral acid, oils were refluxed with 5% an- 
hydrous hydrochloric acid or 1% sulfuric acid 
in methanol for 3 hr, diluted with water, ex- 
tracted with ether, washed and recovered by 
removal of the ether under nitrogen on a 
steam bath. With 0.5N methanolic sodium 
methylate (5),  samples were shaken 3V2 hr at 
room temperature and recovered as above. 
Boron trifluoride was used essentially as di- 
rected by Metcalfe et al. (3) except that Bab- 
cock milk test bottles were used for the reac- 
tions. 'Catalyst concentration in the reagent was 
5% or 12.5% and reaction times ranged from 
2 to 10 min. Hydrochloric acid was used with 
the Metcalfe technique at the same concen- 
trations and reaction times. Ten millimeters of 
boron trifluoride etherate (Eastman) was used 
as catalyst for one sample of soybean oil 
refluxed for 1 hr. After the heating period, 
saturated sodium chloride solution was added 
until the bottle was almost full and the mixture 
was well shaken. Additional salt solution was 
added to bring the liquid level into the neck 
of the bottle. The bottle was centrifuged at 
1800 rpm (International Centrifuge head no. 
233, carrier no. 362) and the ester layer was 
drawn off with a narrow tipped pipette. 

In  one such preparation by this procedure 
with anhydrous hydrochloric acid-methanol the 
resulting salt precipitate, from the hydrochloric 
acid-sodium hydroxide neutralization, was re- 
covered by decantation and washed three times 
with ether. The salt was redissolved in water 
and the solution was extracted with ether. The 
extract was washed with water and the solvent 
was removed on a steam bath. 

All esters were analyzed by GLC on a 
Burrell K-5 instrument equipped with a thermal 
conductivity detector (6). 

When oil samples of less than 50 mg were 
esterified, Babcock skim milk test bottles (Kim- 
ble no. 530) with a capillary neck were nsed. 

TLC was carried out on plates spread with 
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a 275 /t layer of Silica Gel G impregnated 
with boric acid. The plates were developed in 
a 1 mm "sandwich" open chamber (7) ,  with 
hexane-ether (70:30)  as the developing solvent. 
The front was allowed to move 15 cm. The 
spots were visualized by iodine vapor. 

Infrared ( IR)  analyses were performed by 
use of a Perkin-Elmer Infracord Model 137 
with liquid films on sodium chloride disks. 

Ultraviolet (UV) absorption was measured 
with a Beckmann Model DK-2A spectropho- 
tometer in 1 cm silica cells with 95% ethanol 
as solvent. 

Methoxyl groups were determined by the 
Vieb/Sck and Schwappach method (8).  

RESULTS AND DISCUSSION 

Substitution of Babcock bottles for volu- 
metric flasks as reaction vessels provides two 
major advantages: they can be easily centri- 
fuged, thereby causing the esters to separate 
quickly from the saline solution; and in their 
slender (or capillary) necks, the esters form 
in longer columns more easily removable from 
the aqueous layer. 

Use of a capillary-necked flask has been 
reported (9) but it must be specially made, 
whereas the Babcock bottle is commercially 
available. 

Esters From Oils With Normal Unsaturation 

GLC analyses of esters prepared by the 
Metcalfe procedure and by the traditional 
methods show little differences in relative 
amounts of those acids found in common seed 
oils. Analysis of Crambe oil, in which more 
than 60% of the acids have chain lengths 
greater than C1~, also gives almost identical 
results for the two types of ester preparations. 

The boron trifluoride-etherate reagent, used 
with 5 rain or 1 hr heating time, produced 
the previously reported artifact (2) (Table I ) .  
The esters prepared from soybean oil, using 
this catalyst for the longer time, were markedly 
low in methyl linoleate and the methyl linole- 
nate was completely removed (Table I ) .  Such 
loss was never observed when boron trifluoride 
in methanol was used in the amounts and con- 
centrations indicated. 

TLC of the reaction products showed only 
methyl esters except when 5% boron trifluoride 
reagent was used. In this case, a component 
was found which corresponded to free acid, 
indicative of incomplete esterification, but the 
esters formed were representative of the oil. 

When hydrochloric acid was used as catalyst 
in the Metcalfe procedure, a precipitate of 

potassium chloride or sodium chloride was 
formed and yields of ester were low because 
of occlusion or absorption by the salt precipi- 
tate. Esters recovered from the washed pre- 
cipitate were enriched in polyunsaturates, 
whereas those recovered by flotation were 
comparable to esters prepared by the usual 
methods. The error caused by this effect is 
negligible for soybean oil but might be serious 
with other oils. 

Esters From Oils With Unusual Acids 

UV analysis of the oil of Maytenus illici- 
/olia indicated the presence of an aromatic 
component (10) that, if calculated as benzoic 
acid (Xm~x 227 m/x, e 10,960), constituted 
7.9% of the oil. GLC analyses of esters pre- 
pared by the hydrochloric acid transesterifica- 
tion procedure with ether extraction failed to 
show any benzoate. GLC of the esters made by 
the Metcalfe procedure revealed 2.8% of a 
component with retention characteristics iden- 
tical to those of methyl benzoate. No attempt 
was made to resolve the difference between 
the UV and GLC results. Acetic acid is also 
present in Maytenus oil (10) ,  but the condi- 
tions used for analysis precluded detection of 
methyl acetate in either preparation. 

GLC (Table I) and TLC analysis of the 
ester preparations, catalyzed by boron trifluor- 
ide, from castor and Lesquerella lescurii oils 
showed no alteration of the ricinoleic, densi- 
polic (12-hydroxy-cis-9-cis-15 octadecadieno- 
ic), hydroxypalmitic, and hydroxystearic acids 
contained in these oils. These results agree with 
previous work (11) which showed that the 
hydroxyl group of 2-hydroxymyristic acid was 
not affected by boron trifluoride. 

When boron trifluoride was used as a catalyst 
for ester preparations of oils containing ver- 
nolle acid (Vernonia anthelmintica and Eu- 
phorbia lagascae), almost all of the vernolic 
acid was converted to a derivative with equiva- 
lent chain lengths (12) of 20.2 on Apiezon L 
columns and 25.1 on LAC-2-R 446 columns 
(Fig. 1). Only 2 -3% of the oil was con- 
verted to methyl vernolate (Table I ) .  The 
mixed esters from the oils had strong IR ab- 
sorption bands at 2.77 and 9.13tJ., the wave- 
lengths associated with hydroxyl and ether 
groups, respectively (13).  Methoxyl analysis 
of mixed esters from V. anthehnintica oil gave 
13.9%-OCH 3. The methoxyl analysis supports 
the assumption that the derivative is the methyl 
methoxy-hydroxy-oleate. The positions of the 
substituents are not indicated. The derivative 
can be used for the quantitative analysis of 
the esters because its weight per cent can be 
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T A B L E  I 

Comparison of Esterification Procedures on Some Oils Conta ining Unusual  Fa t ty  Acids 

Oil Catalyst  

N o r m a l  c o m p o n e n t s  
by G L C  (area % )  

Unosua l  components 

Satu- Mono-  Equivalent  chain length 

rated enoic Apiezon LAC-  
esters esters 18:2 18:3 L 2-R 446 % Identity 

Soybean oil 

Maytenus illici]oliab 
Mart.  

Castor oil 

Lesquerella lescurii 
(Gray)  S. Wats. 

Vernonia anthelmintica 
(L.)  Wil ld .  

Euphorbia lagascae 
Spreng. 

Tung oil e 

Dimorphetheca 
sinuata DC.d 

HCI 17 26 52 5 - -  - -  
BF3 17 26 52 5 - -  - -  
BF3 

etherate 22 31 24 ~ 18.1 - -  
18.7 
19.1 20.7 

BFa 20 42 34 0.1 8.6 11.8 
4.0 4.0 
8.0 8.0 

HC1 20 43 35 1 16.7 - -  
19.5 

BF3 2 3 5 - -  19.6 24.3 
HC1 2 4 5 - -  19.6 24.3 

BF~ 12 38 2 15 17.7 23.0 
19.8 24.6 
19.6 24.8 
19.6 25.0 

H'.,SO4 12 35 3 14 17.7 23.0 
19.8 24.6 
19.6 24.8 
19.6 25.0 

BF~ 6 4 14 0.4 19.2 23.0 
20.1 25.1 

20.7 29.5 

NaOCH3 7 5 13 0.1 19.2 23.0 
20.7 28.9 

BFs 7 23 9 0.3 19.2 23.0 
20.1 25.1 

NaOCH3 7 22 9 0.4 19.2 23.0 62 

BFs 7 7 7 - -  19.3 22.2 79 
19.6 22.6 Trace 

HCI 7 10 7 - -  19.3-19.7 22.2 76 
22.6 

BF3 5 13 14 0.2 19.1 21.8 68 
19.9 22.6 

HCI 5 13 15 0.2 19.5 21.7 66 
19.9 22.6 

_ _  m 

12 a 
8 
3 

3 Benzoate 
0.3 4:0 
Trace 8:0 

0.4 Unknown 
0.3 Unknown 

90 18:1 OH 
89 18:1 OH 

1 1 6 : 0  OH 
1 18:0 OH 
4 18:1 O H  

27 18:2 OH 

2 16:0 OH 
2 18:0 OH 
4 18:1 OH 

28 18:2 OH 

3 Vernolate 
66 Vernolate 

derivative 
6 Dihydroxyoleate 

68 Vernolate 
7 Dihydroxyoleate 
2 Vernolate 

58 Vernolate 
derivative 

Vernolate 

Conj. 18:3 

Conj. 18:3 

Conj. 18:3 

Conj. 18:3 

a Probably the artifact reported by Lough (2).  

bUW analysis: 7.9% as benzoate. 

eUV analysis: 83% as a-eleostearic. 

d U V  analysis: 70% as dimorphecolic.  

related to the weight per cent of  the original 
methyl vernolate. Under the conditions of 
analysis used, the response of the derivative 
seems equal to the response of methyl ver- 
nolate. The V. anthelmintica oil used in this 
study contained 7% dihydroxyoleic acid as well 
as the vernolic acid. Since the GLC analysis 
of the boron trifluoride-catalyzed esters gave 
6% dihydroxyoleic ester, the dihydroxy func- 
tional grou0s were not altered during esterifi- 
cation (Table I ) .  

IR analysis of the boron trifluoride-catalyzed 
esters from Sterculia Joetida showed a strong 
band at 9.92 /~. This band is characteristic of 
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the cyclopropene structure (14). The hydro- 
gen bromide equivalent of the oil at 55 C 
was 60% (as sterculic acid) and that of the 
esters was 66%. While the titrations are not 
in good agreement, these results indicate that 
the cyclopropenoid functional group in the 
acids of Sterculia oil was undisturbed during 
the esterification reaction. Conventional acid 
catalysts altered this functional group, pre- 
sumably by a reaction analogous to the addi- 
tion of hydrogen bromide to cyclopropenes 
(15).  

UV analysis of tung oil indicated 84% ccn- 
jugated triene calculated as ~-eleostearic [?'r~a~ 



E S T E R S  F R O M  U N U S U A L  S E E D  O I L S  1 2 1  

Vernolate 

NaOMe 
Dis 

I 

C16 I 

I I I J 14 16 18 19.2 

CI8 B F._23 

Derivative 

5% HCI 
Ct8 

? 
Air 

- ~  ~ / ' ~ A i r  Ct6 i C1~ 2 . ~  ~ 1  DIG ? ~ ? 

I I I I I I 14 16 18 20 14 16 18 20 
Equivalent Chain Length 

FIG. 1. Gas-liquid chromatography of methyl esters of Euphorbia lagascae oil prepared with 
different catalysts as shown. Column: 125 cm, 1% Apiezon L on Chromosorb G, isothermal 
at 258C. 

270 m~, e 47,000 (16)] acid. Esters prepared 
by refluxing with the hydrochloric acid-meth- 
anol reagent have maxima at 258, 268, and 
278 m/~ while the esters prepared by the 
boron trifluoride method retained the original 
chromophore [)~m~x 261, 270, and 282 m/~ 
(16)]. In addition, the chromatogram result- 
ing from the GLC of the hydrochloric acid 
esters showed several components in the con- 
jugated triene region while the boron trifluoride 
esters showed basically one peak (Fig. 2). 
Quantitation of these chromatograms agreed 
well: 76% combined conjugated triene in the 
hydrochloric acid esters and 79% conjugated 
triene in the boron trifluoride esters. It appears 
that the prolonged heating required with the 
hydrochloric acid method, caused isomerization 
while the boron trifluoride method caused little 
or none. 

The oil of Dirnorphotheca sinuata contained 
70% dimorphecolic acid by UV analysis [Xm~x 
231 m/~, e 33,600 (17)]. The boron trifluoride- 
catalyzed ester preparation had UV absorp- 
tion (X . . . .  258, 268, and 278 m/~ equivalent to 
19% calculated as fi-eleostearic acid and a 
broad band at 231 m~ (44% as methyl di- 
morphecolate) .  The IR analyses of these 
esters revealed a strong band at 10.1 /~, indica- 
tive of conjugated trans unsaturation (18) and 
showed no evidence of hydroxyl. A band at 
9.18 t~ indicated the presence of an ether 
linkage (13).  I t  is asssumed that the absorp- 
tion at 231 m/z is due to methoxy dienes re- 
ported by Powell et al. (19) to be formed 
from hydroxy dienols in the presence of acid. 
The methoxyl content of the esters was 14.1%, 
which is in good agreement with the 14.5% 
expected of the methoxy diene derivative. The 

conjugated triene in the esters was presum- 
ably formed from dimorphecolic acid by heat- 
ing under acidic conditions as described by 
Smith et al. (20).  In the GLC analysis, the 
methoxy diene is converted to conjugated 
trienes much as acetylated methyl dimorpheco- 
late is converted under the same conditions to 
conjugated trienes (21).  

22.2 22.6 
Equivalent Chain Length 

FIG. 2. Conjugated triene region from gas-liquid 
chromatography of Tung methyl esters. Column: 
200 cm, 15% LAC-2-R 446 on Chromosorb W, 
isothermal at 197C; esterification catalyst as indi- 
cated. 
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Probable Sources of Plasma Cholesterol During Phosphatide 
Induced Hypercholesterolemia 
SANFORD O. BYERS and MEYER FRIEDMAN, Harold Brunn Institute, 
Mount Zion Hospital and 'Medical Center, San Francisco, California 94115 

ABSTRACT 

Rats in isotopic steady state with respect 
to 4-1~C-cholesterol were infused intra- 
venously with massive amounts of lecithin 
and also injected once with Na  acetate 
3H. During the following 8 hr their plasma 
gained an average of 11.3 mg of choles- 
terol; the specific activity of 'JC-cholesterol 
fell in plasma while total l'~C-cholesterol 
and '~H activity doubled as compared to 
controls. The specific activity of a'C-cho- 
lesterol diminished in livers of rats receiv- 
ing lecithin but not in controls. Specific 
activity of either isotope in cholesterol of 
intestine, lungs, muscle, skin and brains 
was the same in control and experimental 
groups. Total activity of a'C and 3H fell 
in cholesterol of liver. The results show 
that plasma accumulation of cholesterol 
during lecithin infusion derives from both 
cholesterol pre-existing prior to infusion 
and from that newly synthesized after the 
start of infusion and that about one third 
of this cholesterol of mixed origin is sup- 
plied from the liver. The authors specula- 
tively suggest skin as a likely source for 
most of the remainder, with a small addi- 
tional contribution from brain. 

INTRODUCTION 

Massive infusion of phospholipid causes an 
increase in plasma cholesterol concentration 
without directly changing the rate of synthesis 
of cholesterol (1).  The increment of plasma 
cholesterol which is derived from that pre- 
existing in tissues prior to the infusion and 
the increment derived from newly synthesized 
sterol (although without increase in the rate 
of synthesis) is not known. Nor is the relative 
contribution made by various tissues to the 
plasma cholesterol known. These questions are 
of general interest and also of particular in- 

~Cholesterol. regenerated from the dibromide,  was  dis- 
solved and mixed with isotopic cholesterol. The solution 
was  dried at 50C and the powder dispensed into capsules. 

2Lecithin suspension was prepared from a mixture of 
three parts of  L-a-(dimyristoyl) lecithin (prepared by C. 
V. Holland under the supervision of Dr. Jonas Mauruka, 
Elyria Memorial Hospital, Elyria, Ohio) and one part of  
essential principal o f  Lipostabil (1). Liebermann-Burchard 
positive material in the digitonin precipitate from this sus- 
pension, calculated as cholesterol, was 15 rag/100 ml. 

terest in connection with therapy of athero- 
sclerosis. It was thought that the method of 
Wilson (2) for production of an isotopic steady 
state with regard to 4-14C-cholesterol would 
suffice to approximate the contribution of cho- 
lesterol already existing before phospholipid 
infusion while pulse injection with all-sodium 
acetate 1 hr after infusion began would allow 
approximation of the amount of newly synthe- 
sized cholesterol. Used together, the two 
methods yielded a relative estimation of these 
contributions in the intact rat. 

METHODS 

Long-Evans strain male rats were used. 
These weighed approximately 150 g at the 
time ~'C-cholesterol was implanted to begin 
induction of the steady state. Each animal was 
anesthetized with ether and a gelatin capsule 
containing approximately 100 mg of 4-14C- 
cholesterol (25,000 d p m / m g  a) was inserted 
into the subcutaneous tissue through a longi- 
tudinal dorsal incision. The animals were 
maintained on a commercial diet (Simonson 
Farms)  of constant composition and bled from 
the tail each week under ether anesthesia. A 
lipid extract of each whole blood sample was 
assayed for radioactivity as cpm/uni t  volume 
by drying at 50 C in a counting vial, dissolving 
in 10 ml of liquid scintillant and counting in 
a Packard scintillation counter. Quenching w a s  
checked by addition of internal standard and 
was corrected by the channels ratio method. 

At the end of the tenth week an indwelling 
catheter was inserted into the iliolumbar vein 
of each rat under ether anesthesia. A 1 ml 
blood sample (time 0 sample) was withdrawn 
through the catheter and 1 ml of infusion fluid 
(lecithin'-' suspension or 0.85% NaC1) injected 
within 10 sec. The lecithin was given as a 
5.2% suspension in 0.85% NaC1, adjusted to 
pH 7.2 with Na._,HPO,. Each catheter was 
connected to a motor-driven syringe delivering 
1 ml of infusion fluid per hour. After infusion 
had continued for 1 hr each rat received 
through the catheter 0.3 ml of a solution o f  
32.5 mg (25.0 mc) of 3H sodium acetate (New 
England Nuclear Lot #163-201-9)  dissolved 
in 8 ml of KH2PO4-Na2HPO 4 buffer, pH 7.2. 
Infusion was continued at the rate of 1 ml /h r  
for a to'.al of 8 hr. Blood was obtained through 
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the catheter 8 hr after the start of infusion, 
after which all animals were killed by opening 
the chest under ether anesthesia and 0.85% 
NaCI was perfused through the inferior vena 
cava until liver and intestines were blanched. 
Tissues were obtained as follows: the entire 
liver; the entire lungs; the in tes t ine--by cutting 
between double ligatures immediately caudal 
to the pylorus and immediately cephalad to the 
anal sphincter; the entire brain; muscle speci- 
mens consisting of portions of the gluteus mini- 
mus and rectus femoris muscles; and skin speci- 
mens removed from over the rear thigh on the 
side opposite to that under which the 4-14C - 
cholesterol pellet had been implanted. The 
separate tissues were preserved at - 1 0  C. 

Plasma was hydrolyzed with alcoholic K O H  
and extracted with petroleum ether according 
to the method of AbeU et al. (3) .  The petro- 
leum ether extract was evaporated to dryness 
on a 50 C hot  plate and radioactivity assayed 
in toluene scintillation solution as before. Cho- 
lesterol was quantitatively analyzed in separate 
samples of these same plasmas by extracting 
into 20 vol of chloroform-methanol (2 :1 ) ,  
partitioning with water (4) ,  evaporating a 
sample of the chloroform layer to dryness and 
analysis by the method of Saifer and Kam- 
merer (5).  

Tissues were finely divided and extracted 
with alcohol-acetone (1 : 1 ) until the extracts 
were no longer radioactive. Free  cholesterol 
was precipitated from the combined extracts 
with digitonin; the clear supernatant was con- 
centrated to one half its volume, hydrolyzed 
with alcoholic KOH for 50 rain at 50 C, acidi- 
fied and again precipitated with digitonin. The 
digitonide precipitates were taken just to dry- 
ness on a hot plate at 50 C, then dissolved in 
1 ml of glacial acetic acid. A sample of the 
glacial acetic acid solution was removed for 
analysis by the Saifer and Kammerer  method 
(5).  The remainder was dissolved in scintil- 
lator solution and radioactivity counted until 
the count rate error had a standard error of 
less than 1%. Quenching was checked by 
addition of 3H and 14C standard, and routinely 
corrected by the channels ratio method. 

Values are reported as means +_ SE. The 
significance of differences between means was 
estimated by the t-test; values of P < 0 . 0 5  were 
considered significant. 

RESULTS 

Attainment of Isotopic Steady State 

As reported by Wilson (2),  six weeks after 
implantation of 4-14C-cholesterol capsules the 
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radioactivity per unit volume of whole blood 
had attained a plateau value characteristic of 
each individual animal; variation from week 
to week averaged 9% of each total value, al- 
though ranging up to 22% in individual cases. 
Variation between animals was much greater; 
the most radioactive blood was more than five 
times as active as the least. Presumably such 
differences reflect different rates of absorption 
of the capsule 4-14C-cholesterol (which may 
have offered a larger surface in one rat than 
in another).  Prior  to infusion, the average 
specific activity of plasma 4-14C-cholesterol in 
the entire group of 18 rats (9 later received 
lecithin) was 845 • 77 dpm/mg.  Since equil- 
ibration of liver, plasma and red blood cell 
free cholesterol occurs rapidly (6,7),  in the 
isotopic steady state this value ought to be 
also the specific activity of liver cholesterol. 
This was indeed found to be the case, for when 
the livers of the 9 rats infused with NaC1 were 
assayed, the specific activity of total choles- 
terol was found to average 786 --- 104 dpm/  
mg, that of free cholesterol was found to aver- 
age 828 • 90 dpm/mg,  and that for ester 
cholesterol, 855 • 113 dpm/mg.  Since all 
rats were on a single diet of constant composi- 
tion, and had attained steady plateau values 
for blood cholesterol specific activity, they were 
in a steady state with regard to tissue choles- 
terol specific activity and concentration. All 
animals were treated identically until infusion 
was begun. 

Effect of Infusion on Quantity of Cholesterol 

Infusion of lecithin for 8 hr increased the 
average concentration of cholesterol in the 
plasma of 9 rats from 53 mg/100  ml prior to 
infusion to 179 mg/100 ml after infusion 
(P< 0 .001 ) .  The 10 rats infused with 0.85% 
NaCI averaged 62 mg/100 ml prior to infusion 
and 74 mg/100 ml afterward. This latter dif- 
ference was not statistically significant. The 
amount of cholesterol in the entire plasma of 
each rat was calculated upon the assumption of 
a plasma volume of 9.5 ml for rats of this 
weight (366 g),  as found by Sharpe et al. (8).  
The assumption of constant plasma volume, de- 
spite infusion of large amounts of saline solu- 
tions or of lecithin suspension, is not strictly 
true. Determination of hematocrit  before and 
after infusion yielded an average value for plas- 
ma volume of 54% of the blood volume for 
each group prior to infusion, changing after- 
ward to 61% and 59% for lecithin and saline 
groups, respectively. In consequence, the 
amounts of cholesterol calculated for the post- 
infusion plasma of the lecithin group are under- 
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stated by 13% ( 6 1 / 5 4  x 100) - 100; the corre-  
sponding unders ta tement  in the saline group is 
9 % .  Prior  to infusion the amount  of cholesterol  
in plasma averaged 5.8 _ 0.4 m g  and 5.9 _+ 
0.4 mg  of cholesterol  for lecithin infused and 
control  rats, respectively. Af te r  infusion the re- 
spective direct  averages were 16.4 _+ 1.7 mg  
and 7.1 • 0.3 mg  of cholesterol.  W h e n  the 
amount  of  cholesterol in the ent ire  plasma of 
each individual rat prior  to infusion was sub- 
tracted f rom the post-infusion value of  that 
same animal,  and these individual differences 
averaged for  the- two groups, it was found that 
the plasma of lecithin infused rats gained an 
average of  11.3 -+ 1.7 mg  of cholesterol dur- 
ing the 8 hr  period. The  corresponding value 
for  the control  group was 1.1 -+ 0.5 mg. The  
difference, of  course, is highly significant, 

The  cholesterol  content  of  tissues is presented 
in Table  I. The  livers of  lecithin infused rats 
average significantly less cholesterol than those 
of  saline infused animals, the difference 
amounts  to 3.8 mg. Other  tissues do not  differ 
significantly. 

Effect of Infusion on ~4C-Cholesterol 

The  specific activities of plasma and tissue 
4-14C-cholesterol are presented in Table  II, 
which shows that during the infusion a signifi- 
cant  ( P < 0 . 0 5 )  dilution of  specific activity took 
place in the plasma of the group receiving 
lecithin. 

The  variat ion in absolute values between 
animals in the same group ranged over  500%,  
that is, the most  radioactive b lood contained 
more  than five times as much  14C-cholesterol 
as did the least. This  was apparent  before  in- 
fusion and presumably  reflects chiefly different 
rates of  absorption of 14C-cholesterol f rom the 
subcutaneous deposit. This variat ion within a 
group of course is not  referable to any effect of  
infusion, yet results in large standard errors 
of  the mean which preclude at taching statistical 
significance to  fair ly large differences be tween  
the means of  saline and lecithin groups such 
as in Table  II  for plasma, l iver and intestine. 
In  the case of  plasma and liver, this obscuri ty 
can be  resolved by using each rat  as its own 
control.  With  regard to plasma, this was done 
by subtracting the plasma specific activity of  
each rat  after 8 hr  infusion f rom the pre- 
infusion value for that same animal. With  
regard to liver, the same subtraction can be 
made  by taking advantage of  the fact  that, 
pr ior  to infusion, the specific activity of  I~C- 
cholesterol  in liver is the same as that in 
plasma. When  these computat ions,  using each 
rat  as its own control ,  were made,  the paired 

TABLE I 
Cholesterol  in Tissues  Af ter  Infus ion  

Saline Lecithin 
Tissue mg nag 

Liver 24.5 -+ 0.8 a 20.7 "+- 1.7 a 
Intestine 20.5 4- 0.91 18.4 4- 0.94 
Lungs 5.9 4- 0.1 6.4 4- 0:2 
Brain (5 rats/group) 23 + 8 21 4- 10 

Values are average mg of cholesterol per entire organ 
+ SE. 

aThese averages are significantly different at the 95% 
confidence level. 

differences showed that during 8 hr  the specific 
activity of 14C-cholesterol in plasma diminished 
by an average of  305 • 83 d p m / m g  in lecithin 
infused animals and by only 42 _+ 23 d p m / m g  
in those infused with saline. The  difference 
between these respective diminutions is highly 
significant ( P < 0 . 0 0 1 ) .  In  the case of  liver, 
when 14C-cholesterol specific activity in l iver  
before  infusion (equal  to that  o f  pre-infusion 
plasma)  was compared  with that  of  the re- 
spective livers af ter  infusion, the specific ac- 
tivity in the livers of  lecithin infused rats was 
found to diminish by an average of  212 -+ 56 
d p m / m g ,  while livers of  saline infused animals 
were vir tually unaffected, gaining an average 
of  30 -+ 27 d p m / m g .  The  difference between 
groups is highly significant ( P < 0 . 0 0 1 ) .  

This  procedure,  using each rat  as its own 
control,  cannot  be employed for  o ther  tissues 
since the pre-infusion specific activities are un- 
known.  The  means for intestine in Table  II  
differ by 15%,  but this difference is not  statis- 
tically significant. The  average values for lungs, 
muscle, skin and brain in each group are simi- 
lar. The  highest specific activity of  x4C-choles- 
terol was that of  lung, the lowest  that  of  brain, 
which was less than one eighth as great. 

The  radioact ivi ty attr ibutable to a4C-choles- 
terol in the total vo lume  of plasma ( taken as 

TABLE II 
Specific Activity of Total 4- C-Cholesterol 

Saline Lecithin 
Tissue (10 rats) (9 rats)  

Before infusion 
Plasma 811 4- 97 882 4- 133 a 
After infusion 

Plasma 797 + 109 568 + 67 a 
Liver 786 4- 104 661 4- 111 
Intestine 533 4- 91 626 4- 108 
Lungs 1048 4- 100 1020 4- 160 
Muscle 623 4- 110 632 4- 141 
Skin 410 4- 65 380 4- 72 
Brain (5 rats/group) 120 4- 13 121 4- 33 

Values are average dpm/mg 4- SE. 
aThese averages are significantiy different at the 95% 

confidence level. 
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TABLE II I  
Specific Activity of Total *H-Cholesterol After 8 hr 

of Infusion a 

Saline Lecithin 
Tissue (10 rats) (9 rats) 

Plasma 4864-78 4404-76 
Liver 515___60 380_+43 
Inte~ine 5494-35 6644-37 
Lungs 204'___24 2084-26 
Muscle 564- 4 574- 7 
Skin 1 0 6 •  6 1164-10 
Brain 124- 1 134- 1 

aEach rat received 0~94 mc of aH-sodium acetate after 
the first hour of infusion. 

Values are average dpm/mg x 102 • S E x  102. 
None of the averages in the saline group differed signifi- 

cantly from the corresponding averages in. the lecithin 
group at the 95% confidence level. 

9.5 ml, see Ref. 8) averaged 4579 +-_ 560 
(dpm + SE) and 4531 -+ 950 in the saline 
and lecithin groups, respectively, before in- 
fusion; the corresponding values after infusion 
were 5434 -4- 703 and 9509 _ 1586. These 
t w o  latter values differ at the 95% confidence 
level, while the increase in the lecithin group 
is significant at the 99 % level. By either index, 
then, lecithin infusion is seen to approximately 
double the 14C-cholesterol activity in plasma. 
The amounts of x4C-cholesterol radioactivity 
before and after infusion in those other tissues 
where this was determined were, for saline and 
lecithin infusions respectively: liver, 19,200 - 
2700 (dpm _+ SE) and 14,000 • 2800; intes- 
tine, 10,900 + 1700 and 11,200 +- 1400; lungs, 
6706 _+ 616 and 6583 - 1127; brain, 2699 
.4- 344 and 2622 _ 1000. None of these aver- 
ages show statistically significant differences 
between saline and lecithin infused groups, 
though in the case of  liver the difference is 
great enough to suggest the possibility of at- 
taining significance if more rats were used. 

Contribution of ~H to Cholesterol 

The specific activities of p]asma and tissue 
tritiated cholesterol are presented in Table III. 
No significantly different specific activity in 

T A B L E  IV 
Total Radioactivity of 3H-Cholesterol After 8 hr 

of Infusion 

S aline Lecithin 
Tissue (10 rats) (9 rats) 

Plasma 36 • 4 a 76 • 13 a 
Liver 124 _ 14 a 77 + 8 a 
Intestine 109 -4- 10 118 4- 11 
Lungs 13 4- I 13 4- I 
Brain (5 rats/group) 3 4- 1 3 4- 1 

Values are dpm x 104 per entire organ 4-_ SEx 104 . 
Plasma total volume is taken as 9.5 ml (8). 

aThe value in the column marked Saline is sigrdficanfly 
different from the corresponding value in the column 
marked Lecithin at the 99% confidence level. 
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the lecithin infused animals is seen in compari- 
son with that of the saline infused group. The 
lower value for specific activity in the livers 
of lecithin infused animals is suggestive in that 
it approaches, but does not reach, statistical 
significance. 

The total radioactivity attributable to tritiated 
cholesterol in plasma and tissues is presented 
in Table IV. The plasma of lecithin treated 
animals contained more than twice as much 
3H-cholesterol radioactivity as did control plas- 
ma. Conversely, the livers of lecithin treated 
rats contained significantly less ZH-cholesterol 
activity than did those of controls. 

DISCUSSION 

In a previous study (1) we reported that 
the excess cholesterol accumulating in the plas- 
ma of the rat infused with lecithin did not 
result from a primary increase in the rate of 
cholesterol synthesis, that is, the fraction of 
administered ~4C-acetate incorporated into cho- 
lesterol remained the same in experimental and 
control groups after 8 hr infusion, as did ex- 
pired ~4CO 2 and excreted acetyl-l-~4C-p-amino- 
benzoic acid. However, in this previous study 
the organ or tissue provenance of such plasma 
excess cholesterol was not determined, nor was 
it determined whether this excess cholesterol 
was pre-existing or newly synthesized (albeit 
without increase in the rate of such synthesis). 

In the present study we again observed 
similarity in the rate of incorporation of acetate 
into cholesterol; in this instance after 1 hr in- 
fusion. Thus, the ~H-cholesteroI radioactivity 
found in the entire plasma volume plus that 
in the liver and intestine (Table IV) was 271 
- 24 x 104 dpm for the lecithin g roup  and 
269 _ 22 x 104 dpm for the saline controls. 

The present study indicates that part of the 
plasma cholesterol was derived from that newly 
synthesized in the liver and that such new (3H- 
labeled) cholesterol, although its actual weight 
is not known, was twice as abundant in the 
plasma of lecithin infused rats as in that of 
controls. In addition, some of the plasma cho- 
lesterol evidently came from pre-existing 04C - 
labeled) cholesterol present in the animal's 
body prior to infusion (see Results section), 
since the total amount of 14C label also was 
increased in plasma cholesterol. 

Examination of the ratios 14C/ZH, obtained 
by dividing each value in Table II by the cor- 
responding value in Table III, shows differ- 
ences in plasma and liver of the lecithin group. 
The ratio is 568 /440=1 .29  in plasma and 
661 /380=1.74  in liver for this group, while 
the corresponding values for the saline group 
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are 7 9 7 / 4 8 6 =  1.64 and 7 8 6 / 5 1 5 =  1.52. Saline 
infusion is seen not to disturb the equilibrium 
between plasma and liver which existed prior 
to infusion, whereas this is disturbed by lecithin 
infusion. The changes in specific activity which 
alter the 14C/8H ratios suggest differences in 
rate of transport  of old and new cholesterol. 
Thus, the ratio of 1.29 in plasma results chiefly 
from the lower specific activity of x4C-choles- 
terol while the ratio of 1.74 in liver results 
chiefly from a low specific activity of 8H- 
cholesterol. This suggests newly synthesized 
sterol is preferentially removed from liver to 
plasma under the influence of lecithin. 

While cholesterol labeled with either isotope 
was increasing in the plasma of rats infused 
with lecithin, it was diminishing in the livers 
of those same rats, whether measured by the 
3H content, or  by weight. Content of t4C- 
cholesterol also diminished but the amount of 
diminution did not attain statistical significance. 
However, the deficit of liver cholesterol was 
not sufficient--indeed, in our previous work 
(1),  we did not notice this def ici t - - to  account 
for the increment in plasma cholesterol. Thus 
the livers of lecithin rats lost an average of less 
than 4 mg of cholesterol as compared with 
controls while the plasma gained over 11 mg. 
The relative loss of ~H-cholesterol from the 
liver is significant statistically and is more than 
sufficient to account for the excess 3H-choles- 
terol in plasma of lecithin treated (Table IV) .  

From the above, it seems likely that most 
cholesterol added to the plasma of lecithin 
treated rats was pre-existing and came from 
tissues other than liver. In this connection, it 
should be recalled that lecithin infusions will 
elevate the blood cholesterol level of the rat  
even when the liver is excluded from the cir- 
culation (9) .  An indication of which tissues 
are most likely sources can be derived from 
consideration of the reason for the drop in 
specific activity of plasma ~4C-cholesterol dur- 
ing lecithin infusion. Possible sources of the 
increments of ~4C-cholesterol (at various spe- 
cific activities in various organs) entering the 
plasma can be indicated roughly if assumption 
is made that such increments simply enter 
plasma and remain in plasma. It must be 
emphasized that this assumption is for purposes 
of rough calculation only and does not deny 
the actual exchange of cholesterol molecules 
between fixed tissues, body fluids and erythro- 
cytes. In the isotopic steady state, before the 
start of infusion, each tissue maintains its ~4C- 
cholesterol at a specific activity characteristic 
of the tissue, being in balance between new 
synthesis and contributions to and from plasma. 

Assume then that: the 5.8 mg of plasma !4C- 
cholesterol at specific activity 882 d p m / m g  
found in plasma before the start of infusion 
remains in the plasma, as does the 1.4 mg of 
Liebermarm-Burchard positive material at spe- 
cific activity of 0 d p m / m g  which is introduced 
with the 9 ml of lecithin infusion; and that 
the 3.8 mg of liver cholesterol deficit also re- 
mains in plasma at the end of infusion after 
entering at specific activity 661 d p m / m g  (the 
final specific activity of 14C-cholesterol in livers 
of lecithin treated rats) .  Since the final amount 
of cholesterol in plasma is 16.4 mg at specific 
activity of 568 dpm/mg,  then 16.4 - (5.8 + 1.4 
+ 3.8) = 5.4 mg of  14C-cholesterol from 
tissues other than liver remains in plasma after 
having entered at a specific activity which satis- 
fies the relation, S.A. = 

(16.4 X 568) - (5 .8  • 
882 + 1.4 • 0 + 3.8 • 661) 

= 313 d p m / m g  
5.4 

Of the tissues measured, this specific activity 
is closest to that of skin, 380 dpm/mg.  

Chevallier and Giraud (10) have found 23 % 
of the total brain cholesterol of the adult rat  
to be exchangeable with plasma cholesterol. 
Chevallier and Petit (11) have shown that al- 
though the rate of exchange is slow in anatomi- 
cal locations where the proport ion of exchange- 
able cholesterol in adult rat  brain is high, a 
rapid exchange takes place where the quantity 
of exchangeable cholesterol is small. These lat- 
ter authors suggest that in one of the structures 
adjacent to myelinated fibers all the cholesterol 
is totally exchangeable. Kabara  et al. (12) 
have found 18% loss of brain cholesterol in 
mice within 4 hr after being given a psycho- 
motor  stimulant; this loss reached a maximum 
of 20% at 24 hr. It therefore seems permissible 
to introduce the further assumption of a con- 
tribution to plasma of 1 mg of cholesterol from 
brain at specific activity 121 dpm/mg.  When 
calculated as above, the specific activity at 
which the remaining 4.4 mg o f  cholesterol 
enters the plasma then becomes 381 dpm/mg;  
this is the same specific activity as skin choles- 
terol. Of course, such calculations are specula- 
tive, at most, suggestive. However,  in the 
isotopic steady state most tissues have specific 
activities similar to that of blood (10) so that, 
once again, only skin and brain carry x4C-cho- 
lesterol at sufficiently low specific activity to 
be supposed to bring about the observed drop 
in plasma 14C-cholesterol specific activity. 

Consideration of the amount of cholesterol 
in rat  tissues reinforces this speculative con- 
clusion. Most  rat tissues contain little choles- 
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terol. Those  conta ining mos t  are skin and 
muscle  (13) ,  which account  for  over  80% of 
the cholesterol  in rat  carcass minus  brain.  Since 
the cholesterol  con ten t  of  the entire carcass 
minus  brain is about  1.6 m g / g  carcass weight,  
a shift  of 2% into p lasma would  be more  than 
enough  to account  for  the inc remen t  of p lasma 
cholesterol  over and above that  fu rn i shed  by 
liver. A shift  of 3% of  skin cholesterol  into 
p lasma would suffice and, of course would not  
entail any change of  the specific activity of 
cholesterol  in skin. 

The  sources of *H-cholesterol  are subject  to 
a similar speculation. Thus  leci thin infusion 
doubled the amoun t  of  SH-cholesterol activity 
in p lasma just as it approximate ly  doubled  the 
amoun t  of 14C-cholesterol activity and, at the 
the same time, lecithin diminished the total SH- 
cholesterol  activity in liver. Howeve r  the 
specific activity of ZH-cholesterol in p lasma did 
no t  diminish,  as compa red  with controls .  This 
implies that  under  the influence of lecithin 3H- 
cholesterol  was furn ished  to p lasma f rom areas 
of  relatively high specific activity, in contras t  
to the case of 14C-cholesterol. Such high spe- 
cific activity areas are most  p robably  liver and 
intestine, which are known  to be the tissues 
mos t  active in synthesis of cholesterol  f rom 
intravenously  injected isotopically labeled ace- 
tate (6 ) .  

In conclusion,  the results suggest  liver as 
one  of  the organs contr ibut ing a considerable  
amoun t  of both  the newly synthesized and pre- 

f o rmed  cholesterol  which  accumulates  in plas- 
ma  af ter  lecithin infusion in the rat;  however ,  
the bulk  of this cholesterol  originates else- 
where.  Speculatively, the most  likely addit ional 
sources are suggested to be skin and possibly 
brain. 
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a-Oxidation of 2-Hydroxy Tetracosanoate in the Rat 
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School of Medicine and Laboratory of 'Nuclear fMedicine and Radiation Biology, 
Los Angeles, California 90024 

ABSTRACT 

Four hours after oral administration of 
uniformly tritiated 2-hydroxy tetracosano- 
ate, most of the dose was recovered in the 
lipids of the digestive organs and liver of 
the rat. In contrast to the unchanged sub- 
strate detected in the lipids of the stomach 
tissue, the radioactivity recovered from the 
cells of the intestine and from the liver 
was predominantly in saturated fatty acid 
moieties of complex lipids and the small 
per cent of recovered hydroxy tetracosano- 
ate was also incorporated into these lipids. 

INTRODUCTION 

Hydroxy fatty acids are normally found in 
brain and other tissues as amide-linked compon- 
ents of cerebrosides (1). Cerebrosides are de- 
graded to ceramides (2-4)  which may be hy- 
drolyzed by liver, brain or kidney ceramidase 
to sphingosine and fatty acids (5), but the pres- 
ence of ceramidase in the intestine has not 
been demonstrated. The oxidation of the 
straight chain 2-hydroxy fatty acids by plant 
particulate fractions has been reported (6) and 
the in vivo degradation o f  these acids has also 
been studied in yeast (7) but no reports con- 
cerning their metabolism in vivo in mammalian 
systems have been published. The present in- 
vestigation was undertaken to study the in vivo 
metabolism of 2-hydroxy tetracosanoate, a 
major component of  brain cerebrosides (8). 

MATERIALS AND METHODS 

Lipid Samples and Reagents 

Fatty acids, methyl esters, phosphatidyl- 
choline, cerebrosides and hydroxyceramide were 
purchased from Applied Science Laboratories, 
State College, Pa,, and the Hormel Institute, 
Austin, Minn. Cholesteryl oleate and mono-, 
di- and tripalmitin were bought from Supelco 
Inc., Bellefonte, Pa. Phosphatidyl ethanolamine 
was the product of Mann Research Labs, New 
York, N. Y. Solvents and chemicals were 
analytical reagent grade from J. T. Baker Co., 
Phillipsburg, N. J. and n-pentane was bought 
from Phillips Petroleum Co., Bartlesville, 
Okla. The silicic acid used for column chroma- 
tography was Baker analytical reagent grade and 
the silica gel G used for TLC was obtained 
from E. Merck A.G., Darmstadt, Germany. 

Hydroxide of Hyamine 10-X [p-diisobutyl cres- 
oxyethoxyethyl-dimethylbenzyl-ammonium Hy- 
droxide] was purchased from Packard Instru- 
ment Co., Downers Grove, I11. and Tween-20 
(polyoxyethylene sorbitan monolaurate) was 
the product of Atlas Chemical Industries, Wil- 
mington, Del. 
Substrata Preparation and Administration 

Uniformly titrated 2-hydroxy tetracosanoate 
(A. J. Fulco of this laboratory) was purified by 
silicic acid chromatography of the methyl ester 
and recrystallization of the free acid from petro- 
leum ether (7). A clear suspension of this acid 
(0.85 ml in distilled water and containing 6.2 
• 106 cpm/ml  (1.6 • 109 dmp//~mole) and 
1% Tween-20) was administered orally to 24- 
hr fasted rats (Carworth Farms, Rockland, 
N. Y.) under light ether anesthesia using a 
blunt needle and syringe. After 4 hr, the organs 
were removed, weighed and homogenized for 1 
min in a Waring blender in 20 volumes of 
chloroform-methanol (2:1 v /v) .  After filtra- 
tion, the extracts were washed free of non- 
lipid contaminants (9). 

Thin-Layer Chromatography 
Radioactive compounds were separated on 

20 • 20 cm glass plates coated with a 250 
micron thick layer of silica gel G. The plates 
were activated at 110 C for 1 hr prior to use 
and developed in various solvent systems. Suc- 
cessive 1 cm segments were scraped from the 
plates and assayed for radioactivity. Reference 
compounds were spotted on each plate and 
visualized by spraying with an alkaline solution 
of bromophenol blue. 

Aliquots of the stomach tissue, small intes- 
tine tissue and liver lipid extracts were analyzed 
on plates developed 10 cm past the origin with 
benzene-chloroform-methanol-acetic acid (80: 
20:20:1,  v /v) .  The polar lipid segment (Rf 
0-0.15),  the middle segment (Re 0.15-0.55) 
and the non-polar segment (Re 0.55-1.0) were 
eluted, subjected to methanolysis by heating 
with 4% He1 in methanol (7), and analyzed 
for unsubstituted (Re 0.8-0.9) and hydroxy 
(R~ 0.40-0.55) methyl esters on plates devel- 
oped 10 cm in petroleum ether-ether (1:1 v/v). 
The stomach lipid extract, after treatment with 
diazomethane (10) was similarly analyzed for 
unsubstituted and hydroxy esters. 
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T ~ L E I  

R r V a l u e s o f S t a n d a r d C o m p o u n d s i n S e v e r ~ S o l v e n t S y s t e m s  

Compound  

( I )  Petroleum ether-ether 
Benzene-CHCL,~- (80:20 v / v )  

Petroleum ether-ether MeOH-acetic acid (2) n-Propanol-acetic acid 
(1:1 v / v )  ( 8 0 : 2 0 : 2 0 : 1 v / v )  (100:1 v / v )  

Stearie acid 
Monopa lmi t in  
Dipa lmi t in  
Tr ipa lmi t in  
Cholesterol  oleate 
2-hydroxytetr acos annie acid 
2-hydroxytetracosanoate methyl ester 
Hydroxy ceramidr 
Cerebroside 
Cx~ to C~ unsubst i tuted acid 

methyl esters 
Phosphat idyl  choline 
Phosphat idyl  e thanolamine 
Mercuric acetate adduct of oleic acid 
Mercuric acetate adduct of  Iinoleic acid 
Mercuric acetate adduct of l inolenic acid 
Mercuric acetate adduct of 

arachidonic acid 

0.00 
0.40 - 0.55 

0.80 - 0.90 

0.70 - 0.80 
0.47 - 0.60 
0.77 - 0.89 
0.87 - 0.97 
0.87 - 0.97 
0.23 - 0.40 

0.40 - 0.50 
0.20 - 0.28 

0.9 

0.00 - 0.03 
0.05 - 0A0 

0.80 - 0.83 

0.87 - 0.93 

0.63 - 0.77 
0,33 - 0.50 
0.17 - 0.22 
0.01 - 0.03 

Silicic Acid Column Chromatography 
A separate aliquot of the total intestinal lipid 

extract was treated with HCl-methanol and 
pipetted onto a 15 g silicic acid column (2.5 
cm i.d. • 7.6 cm high) and eluted with 150 ml 
fractions of 1% to 10% ether in pentane, then 
with ether, and finally with methanol. One 
milliliter aliquots of each fraction were assayed 
for radioactivity. The 1-5% and 6-10% ether 
in pentane eluates were pooled separately. Each 
pool and the ether and methanol eluates were 
analyzed on thin layer plates for unsubstituted 
and hydroxy esters as described above. 

Gas=Liquid Chromatography 
In a separate experiment, the intestinal lipids 

were separated as described previously. The 
unsubstituted methyl esters were eluted from a 
silicic acid column with 3% ether in pentane 
and analyzed on a Cary-Loenco gas chromato- 
graph with ionization chamber and dual pen 
recorder using 4 ft • �88 in. stainless steel col- 

T A B L E  I I  

Tissue Dis t r ibut ion Radioact iv i ty  Fol lowing Adminis t ra t ion  
of Uni formly  Titrated 2-SH-Hydroxytetracosanoate 

Per  cent of 
Wet  administered 

Organ Weight ,  g cpm/Organ  dose 

Small  Intest ine 7.0 3.1 X 106 60.0 
+ contents 

Stomach + contents 2.5 2.1 X 10 s 3.9 

Large intestine 7.0 6.0 X 105 11.2 
+ contents 

Liver  8.5 1.4 X 105 2.5 
Kidneys 2.0 8.8 X 10 a 0.2 
Spleen 1.5 6.5 X 103 0.1 
Heart 1.0 3.6 X 10 ~ <0.1 
Lungs + esophagus 2.0 5.2 X 10 3 0.1 
Mesenteric fat 8.0 1.1 X 104 0.2 

Tota l  78.1 

umns coated with either 10% DEGS on 60/80 
mesh Chromosorb W treated with hexamethyl- 
disilizane and operated at 240 C using helium at 
20 l b / i n P  gage pressure. The  retention times of 
standard methyl esters were determined on each 
column and the per cent of the unknown 
methyl esters was estimated by comparing the 
areas under the radioactive peaks. 

Mercuric Acetate Adducts of Unsaturated 
Fatty Acid ,Methyl Esters 

Aliquots of either unsubstituted intestinal 
methyl esters eluted from the silicic acid column 
with 1-5% ether in pentane or of reference un- 
saturated methyl esters were allowed to react 
with mercuric acetate reagent (11,12). The 
extracted products were fractionated on a plate 
developed 15 cm in petroMum ether-ether 
(80:20 v / v ) .  After  air drying, the plate was 
redeveloped 15 cm in the same direction with 
n-propanol-acetic acid (100:1 v /v ) .  The Re 
values of reference compounds in the various 
solvent systems are summarized in Table I. 

Other Methods 
Radioactivity was assayed on a Packard 3003 

Scintillation counter using either toluene or 
naphthalene-dioxane solutions (13) ; counting 
efficiency was 80%. Protein was determined 
colorimetrically at 640 m/~/ by the biuret reac- 
tion (14).  

~R E S U LTS 

Distribution of Administered Radioactivity 
Most of the recovered radioactivity was 

found in the lipid extract of the small intestine 
with smaller amounts in the extracts of large 
intestine, stomach and liver. The other organs 
examined contained little radioactivity (Table 
II). 

LiPms, VOL. 4, NO. 2 
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Fro. 1. TLC distribution of radioactivity in 
lipid extract of stomach. Top half of figure: Plate 
developed 10 cm with benzene-chloroform-metha- 
nol-acetic acid (80:20:20:1 v /v ) .  Bottom half of 
figure: Plate developed before (solid line) and 
after (dotted line) treatment of lipid with diazo- 
methane with petroleum ether-ether ( 1 : 1 v /v ) .  

TLC Analysis of the Lipid Extracts of 
Stomach, Intestine and Liver 

A major radioactive peak was detected when 
the stomach lipids were analyzed using benzene- 
chloroform-methanol-acetic acid (80 :20 :20 :1)  
solvent system. After  treatment with diazo- 
methane and TLC analysis with petroleum 
ether-ether (1:1 v/v)  the Rf of the major radio- 
active peak changed from an Rf of 0-0.1, 
corresponding to the R~ of the 2-hydroxy- 
tetracosanoic acid to an R e of 0.4 +__ 0.1 
corresponding to the Rf of methyl,2-hydroxy 
tetracosanoate (Fig. 1 and Table I ) .  

Several radioactive zones were detected in 
the lipid extracts of both the intestine and the 
liver. The polar lipid segment contained 25-  
45% of the recovered radioactivity, the middle 
segment 10-30%,  and the remaining radio- 
activity was detected in the nonpolar segment 
of the plate (Fig. 2).  After  methanolysis, most 
of the radioactivity from each segment was 
detected at an Rr (0.73--0.90) corresponding to 
the Re of unsubstituted methyl esters. Less than 
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FIG. 2 TLC distribution of radioactivity con- 
tained in total lipid extracts of small intestine 
(upper half of figure) and liver (lower half of 
figure). Piate developed 10 cm in benzene-chloro- 
form-methanol-acetic acid (80:20~20:1 v/v) .  

10% of the recovered radioactivity was detect- 
e-t at the R e (0.5) corresponding to that of 
methyl,2-hydroxy tetracosanoate. An additional 
radioactive peak (Re 0.65) was detected in the 
radioactivity eluted from the middle segment of 
the plate containing the intestinal lipid extract 
(Fig. 3).  

Analysis of the Intestinal Fatty Acid Methyl Esters 
An aliquot of the intestinal lipid extract was 

treated with HCl-methanol and analyzed on a 
silicic acid column. In agreement with the re- 
sults obtained by thin-layer analysis, 71.4% of 
the recovered radioactivity was eluted in the 
unsubstituted ester fraction with 1 -5% ether 
in pentane while only 8.8% of  the radioactivity 
was eluted in the hydroxy ester fraction with 
6 -10% ether in pentane. The remaining radio- 
activity was eluted from the column with ether 
(14 .3%)  and methanol (5 .4%) .  The eluted 
fractions were tested for homogeneity on t h i n -  
layer plates developed in petroleum ether-ether 
(1:1 v / v ) .  More than 85% of the recovered 
radioactivity of  the pooled 1 -5% ether in pen- 
tane eluate was detected in a peak (Rr 0.9) 
corresponding in Rf to that of  reference unsub- 
stituted methyl esters while the remaining ra- 
dioactivity was detected at R~ 0.5 corresponding 
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FIG. 3. TLC distribution of radioactivity contained in intestinal (left side of figure) and liver 
(right side of figure) methyl esters derived from the polar (upper quadrant), middle (center 
quadrant), and nonpolar (lower quadrant) segments of thin-layer plates developed in benzene- 
chloroform-methanol-acetic acid (80:20:20:1 V/V) solvent system. Plate developed 10 cm in 
petroleum ether-ether (1:1 v/v). 

T A B L E  I I I  

G L C  Relat ive  Retent ion T imes  and Radioact iv i ty  of  
Fa t t y  Acid Methyl  Esters  F r o m  Intest ine a 

15:0  0.32 ( 3 )  0.38 ( 2 )  
16:0 0.47 0.50 ( 4 )  0.52 0.55 ( 3 )  
17:0 0.68 0.66 (26) 0.72 0.71 (28) 
18:0 1.00 , 1.00 1.00 ( 9 )  1.00 , 1.00 1.00 ( 4 )  
19:0  1.45 1.44 (18) 1.36 1.48 (22)  
20:0 1.96 , 2.17 2 . 0 0 ( t r a c e )  1.90 , 2.10 ( t r ace )  
21:0 3.08 2.96 ( t race)  2.62 ( t race)  
22:0  4.49 , 4.64 4.35 ( t r ace )  3.60 , 3.92 ( t r ace )  
23:0 6.46 6.14 (40) 4.84 4.33 (41) 

aAbove  re tent ion t imes  are relat ive to  retention t imes  
for  methyl  s teara te  of  10.1 and 10.3 rain on Apiezon  and  
5.0 and 5.6 rain on D E G S  columns  respectively. F igu res  
in parentheses  are relat ive percentages  of  areas under  radio-  
active peaks.  

LIPIDS,  V O L .  4 ,  N o .  2 

to the R~ value of methyl,2-hydroxy tetraco- 
sanoate. In contrast, approximately 48% of 
the recovered radioactivity in the pooled 6-10 % 
ether in pentane eluate was detected at Rr 
(0.3-0.5)  and the remaining radioactivity was 
located in a second peak (R r 0.5-0.8) inter- 
mediate in polarity between the hydroxy and 
unsubstituted esters (Table I ) .  Although the R~ 
value of this unknown peak corresponded to 
the R~ value of dimethyl acetals in this solvent 
system (15),  the dimethyl acetals would have 
been eluted from the silicic acid column with 
3 % ether in pentane (16).  Unidentified polar 
components containing 54% and 70% of the 
recovered radioactivity were detected at Rr 
0-0.2 when the ether and methanol eluates 
were similarly analyzed. These results are il- 
lustrated in Figure 4. 

The unsubstituted esters eluted from the 
silicic acid column were analyzed for degree of 
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FIG. 4. TLC distribution of radioactivity of intestinal methyl esters eluted from a silicic 
acid column with 1-5% ether in pentane (upper left), 6--10% ether in pentane (lower left), 
ether (upper right) and methanol (lower right). Plate developed 10 cm in petroleum ether- 
ether (1 : 1 v/v).  

unsaturation. Most of the radioactivity was 
detected in a single peak at R~ 0.9 correspond- 
ing to that of saturated methyl esters. Less 
than 10% of the recovered radioactivity was 
detected at an Rf corresponding to that of oleic 
acid adduct and only traces of radioactivity 
were detected at R~ values corresponding to 
those of mercuric acetate adducts of polyun- 
s/tturated acids (Table I).  

The unsubsfituted methyl esters eluted from 
the silicic acid column were analyzed on the 
GLC column. The retention times of the ra- 
dioactive peaks corresponded to those of both 
odd and even carbon number unsubsfituted 
methyl ester standards. A large proportion of 
the recovere~l radioactivity was contained in 
the tricosanoic acid peak and in other peaks 

corresponding to odd chain methyl esters. The 
results are summarized in Table lII. 

DISCUSSION 
Previously, ,x-oxidation of the 2-hydroxy 

fatty acids has been studied only in the brain 
(17,18) since these acids occur predominantly 
in this organ as amide-linked components of 
cerebrosides. In the present investigation, ex- 
tensive metabolism of orally administered 2- 
hydroxy tetracosanoic acid in the rat intestine 
was noted. Although it cannot be stated with 
assurance that this metabolism was not due to 
the intestinal flora, the finding that very little 
hydroxy acid appeared in the small intestine 
extracts and that decarboxylation occurred prior 
to entry into the large intestine would indicate 
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tha t  this  was the  case. Based on  the  e lu t ion  
pa t t e rns  f r o m  silicic acid and  gas c h r o m a t o -  
g raph ic  c o l u m n s  and  o n  the  Rt  values  on  this 
layer  plates,  the  sa tu ra ted  long  cha in  fa t ty  acids 
are appa ren t ly  the  ma jo r  me tabo l i c  products .  
T h e  f inding of  t r i cosanoic  acid as a m a j o r  
p roduc t  indicates  t ha t  2 -hydroxy  t e t r acosanoa te  
is ini t ia l ly  a-oxidized and  t ha t  the  sa tu ra ted  
fa t ty  acids are then  p r e s u m a b l y  f o r m e d  f r o m  
t r icosanoic  acid by  stepwise fl oxidat ion.  Al-  
t h o u g h  intes t inal  ce ramidase  act ivi ty has  no t  ye t  
been  demons t r a t ed ,  ingested amide- l inked  hy-  
d roxy  fa t ty  acids af ter  c leavage  of  the amide  
bond ,  init ial  a -ox ida t ion  to the nex t  lower  un-  
subs t i tu ted  acid, and  subsequen t  f l -oxidat ion,  
m a y  be one  source  of  the small  a m o u n t s  of  
odd  c h a i n  fa t ty  acids detected in the l ipid ex- 
t rac ts  of  va r ious  tissues. W e  h a v e  also no ted  
tha t  2 -hydroxys tea ra te  is m o r e  rap id ly  decar-  
boxy la ted  by  hear t ,  l iver and  k idney  h o m o g -  
enates  t han  b y  b ra in  h o m o g e n a t e s  (19)  bu t  
have  not  yet  de t e rmined  if the release of c a r b o n  
dioxide occurs  by  a -ox ida t ion  or some o the r  
mechan i sm.  However ,  the p re sen t  results  to- 
ge ther  wi th  the  f inding tha t  phy tan ic  acid is 
a -oxidized af te r  in t ravenous  in ject ion (20)  in- 
dicate  tha t  a -oxida t ion  occurs  in tissues o the r  
than  the  bra in .  M o r e  than  one  a-oxida t ion  
e n z y m e  sys tem apparen t ly  exists since the  
phy tan ic  acid oxidizing system is local ized in 
ra t  l iver m i t o c h o n d r i a  (21)  whereas  the  2- 
hydroxy  long  cha in  fa t ty  acid oxidiz ing sys tem 
is loca ted  p r e d o m i n a n t l y  in the  mic rosomes  
( 1 7 ) .  In  addi t ion  to rad ioac t ive  peaks  cor-  
r e spond ing  in Rt  (0 .8)  to tha t  of  unsubs t i tu t ed  
fat ty  acids, smal l  rad ioac t ive  peaks  co r respond-  
ing in Rt (0 .4 )  to  tha t  of me thy l ,2 -hydroxy-  
t e t r acosanoa te  were detected ( u p p e r  and  lower  
quadran t s ,  lef t  side of Fig. 3)  w h e n  the intes- 
t inal lipids f rom the polar  s egmen t  and f rom 
the  n o n p o l a r  segment  of the  th in- layer  plate  
( u p p e r  ha l f  of Fig. 2)  were ana lyzed  for  un-  
subs t i tu ted  and  hydroxy  esters. Small  am oun t s  
of  hyd roxy  t e t racosanoa te  were  apparen t ly  in- 
co rpo ra t ed  into n o n p o l a r  and  polar  l ipids 
(Tab le  I ) .  A l t h o u g h  es ter- l inked 2 -hydroxy  
acids o f  12 c a r b o n  cha in  length  have  been  re-  
por ted  in bac te r i a  ( 2 2 ) ,  longer  cha in  2 -hydroxy  
fat ty acids have  previous ly  been  repor ted  in 
m a m m a l i a n  b ra in  on ly  in amide  l inkage as com-  
ponen t s  of  cerebrosides .  

A n o t h e r  po in t  of  in teres t  s tems f rom the 
f inding t h a t  the  produc ts  of  f l -oxidat ion were  

stabil ized by  inco rpo ra t ion  into var ious  lipids. 
Tradi t ional ly ,  the p roduc t s  of  f l -oxidat ion have  
been  t hough t  of  as unde rgo ing  fu r the r  oxidat ion 
wi thou t  release f r o m  the enzyme.  However ,  
more  r ecen t  ev idence  (cf.  23 )  has  indica ted  
t ha t  at  least  those  fa t ty  acids wi th  cha in- leng ths  
of  16 ca rbons  or  grea te r  c an  be  re leased and  
even  e longated.  In  the  p resen t  exper iments ,  all 
the odd-cha in  fa t ty  acids, w h i c h  could  on ly  
have  ar isen by degrada t ion ,  were present  in the 
intes t inal  lipids. 

W h e t h e r  the a -ox ida t ion  reac t ion  normal ly  
takes place wi th  unsubs t i tu ted  fa t ty  acids in 
these  tissues will be  the  subjec t  of  ano the r  
invest igat ion.  
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A Rapid Microozonolysis-GLC Procedure for Locating Unsaturation 
in Olefinic Acids, Including Trienes and Tetraenes 1 
R. KLEIMAN, G. F. SPENCER, F. R. EARLE and I. A. WOLFF 
Northern Regional Research Laboratory, 2 Peoria, illinois 61604 

ABSTRACT 

Increased versatility has been achieved 
in the identification of unknown olefinic 
fatty acids by ozonolysis. The method 
has been applied to purified methyl esters 
containing up to four double bonds. Aide- 
hydic fragments, obtained from esters by 
the Stein-Nicolaides procedure (2) ,  were 
determined by GLC on two columns o f  
different polarity. Equivalent chain lengths 
of each fragment on the two columns 
provide identification. For  monoenoic es- 
ters the location of the double bond is 
clearly indicated by the aldehyde and alde- 
hyde-ester fragments. Dienes are identi- 
fied by the aldehyde and aldehyde-ester 
fragments when the original chain length 
of the ester is known; the dialdehyde frag- 
ment provides confirmatory evidence. 
Trienes and tetraenes are analyzed by in- 
terrupting the ozonolysis at various times, 
thereby producing unsaturated, as well as 
saturated, aldehydes and aldehyde-esters. 
Unsaturated fragments locate the central 
or interior double bonds. 

INTRODUCTION 

In the GLC analysis of methyl esters pre- 
pared from vegetable oils, components are 
usually identified as to chain length and num- 
ber of double bonds. Such identification is 
not specific unless supported by rigorous char- 
acterization by chemical or physical means. 
Ozonolysis has become widely used in de- 
termining the location of double bonds in 
fatty acids. The method reported here can 
be used without repeated ozonolysis o f  known 
materials in order to identify components and 
is of general applicability to mono- and poly- 
enoic fat ty  acids, even those containing double 
bonds more widely separated than the common 
methylene interruption. The method was used 
with esters having both cls and trans unsat- 
uration. 

M ET HO DS 

A 0.2% solution of purified methyl esters 

XPresented at the A O C S  Meeting, Chicago, October  1967. 

ZNo. Utiliz.  Res.  Dev .  Div. ,  A R S ,  U S D A .  

(1 to 10 mg) was prepared in dichlorometh- 
ane (Matheson Coleman and Bell, superior 
grade).  The solut ion was cooled in an ace- 
tone-dry ice bath and the ozone-oxygen mix- 
ture from a Bonner (1) ozone generator was 
bubbled through at 30 ml /min .  The concen- 
tration of ozone was such that 5 mg 18:1 
was completely ozonized in  1�89 rain. After  
this treatment, ozonides were reduced by add- 
ing to the solution a few crystals of triphenyl- 
phosphine (2) ,  and 15 /Aiter a l i q u o t s  o f  
the solution were analyzed in an F&M 402 
gas chromatograph equipped with glass col- 
umns and flame ionization detectors. One 12 ft 
x �88 in. column was packed with 5% LAC- 
2-R 446 (3) on Chromosorb W-AWDMCS and 
the other was 4 ft x 1/4 in. packed with 5% 
Apiezon L on Chromosorb W-AWDMCS.  
Samples were injected onto the two columns 
simultaneously and the temperature was pro- 
grammed from 80 to 200 C at 7.5 C/min .  

When trienoic or  tetraenoic esters were an- 
alyzed, the ozonolysis reaction was inter- 
rupted three to five times at 15 to 30 sec inter- 
vals. After  each interval, the entire reaction 
mixture was reduced with triphenylphosphine 
and two 15 /~liter aliquots were analyzed by 
GLC as above. 

Equivalent chain lengths (ECLs) (3) were 
calculated with even chain length methyl esters 
(CG-C22) as standards using the equation: 

E C L = S 1  + ( $ 2 - $ 1 )  t ~ - t ~ l  
ta2 --  tsl 

where: $1 = chain length of first standard 
ester; S 2 = chain length of second standard 
ester; ts( 1 or 2) = standard retention time: and 
tx = retention time of peak. The ECL of 
each peak was calculated using the two stan- 
dards closest in retention time to that of the 
peak. ECLs and relative area percentages for 
each component were Jcalculated by computer. 
In the case of monoenoic esters, the computer 
program provided identification of the frag- 
ments and the molar ratio of the parent esters. 

In esters with ( ,  3) bonds, the ozonides 
were formed at -23  C in CC14 and reduced 
with triphenylphosphine. The Ca aldehyde 
formed was determined by GLC on a 9 ft 
x 1,,~ in. stainless steel column packed with 
Porapak Q and held at 155C in an F&M 
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FIG. 1. Area vs. calculated response of monoenoic ester ozonolysis products from LAC-2-R 
446 column. Variable f : nonresponding carbon atoms. 

810 chromatograph equipped with a hydrogen 
flame detector (4) .  

Known fatty acid methyl esters of high 
purity were obtained from commercial sup- 
pliers, by preparation from known plant 
sources, or by synthesis. 

RESULTS AND DISCUSSION 

The products resulting from the ozonolysis 
reported by Stein and Nicolaides (2) are essen- 
tially all aldehydic in nature. Side products 
resulting from chain degradation or other 
anomalies (5) are almost completely absent 
from the mixture. This method has the fur- 
ther advantages that it involves no transfer 
of sample to a special reaction vessel, no 
catalyst preparation (6),  no solvent purifica- 
tion, and employs standard injection tech- 
niques. 

Our chromatographic method, which en- 
tails on-column injection into glass columns 
without preheaters, minimizes polymerization 
and loss of reactive ozonolysis products. Re- 
tention characteristics in the two columns, 
which have different stationary phases, provide 
identification of each fragment, 

Relative Response of Flame Ionization 
Detectors to Ozonolysis Products 

The aldehyde-ester fragments have been used 
in the past to quantitate the relative amounts 
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of monoenoic esters (7,8) ; little has been done 
quantitatively to relate the aldehyde fragments 
to the aldehyde-ester fragments and to the par- 
ent ester. In the use of the flame ionization 
detector, quantitation is complicated by the 
unequal detector response to different organic 
molecules. The response has been reported to 
be proportional to the number of carbon atoms 
in the molecule. Dal Nogare and Juvet (9) 
describe a correction factor (C-factor) for con- 
version of area response to weight response. 
They equate this factor to (molecular weight) /  
(12 • number of carbon atoms) and suggest 
that carbon atoms bonded to oxygen be ex- 
cluded from this calculation. A later report 
(10),  however, indicates that methoxyl carbon 
atoms do respond to flame ionization detectors 
and that the absolute response of carboxyl 
carbon atoms is not clearly defined. In Figure 
1 the ratios of the areas of aldehyde fragments 
to the areas of their corresponding aldehyde- 
esters from individual monoenoic esters are 
plotted against the ratios of the number of 
responding carbon atoms in each fragment. 
Aldehydic carbon atoms are assumed to have 
zero response while the number of nonrespond- 
ing atoms in aldehyde-esters is set equal to 
the variable (f) so that a one to one relation- 
ship between the two ratios can be established. 
The line with f = 2.1 has unit slope. An addi- 
tional assumption that the carboxyl carbon 
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Fro. 2. Equivalent chain lengths (based on saturated methyl esters) of aldehydes and alde- 
hyde-esters. Points on aldehyde lines were omitted for clarity but showed the same relation to 
the lines as in the aldehyde-ester plots. 

is unresponsive and that the methoxyl carbon 
has nine-tenths the response of a methylene 
carbon would conform to this result. For 
practical use, it is adequate to consider that 
the carbonyl and carboxyl carbon atoms give 
no response and that the methoxyl carbon 
atoms respond equally with methylene carbon 
atoms. Therefore, the response of aldehyde 
fragments is proportional to number of carbon 
atoms in the molecule minus one and the 
aldehyde-ester response is proportional to its 
number of carbon atoms minus two. 

Analysis of ,Monoenoic Esters 

The products from reductive ozonolysis of 
monoenoic esters are aldehydes (A) and alde- 
hyde-esters (AE).  Ozonolysis of esters of 
known structure (16:1s; 16:19; 18:1 (indi- 
vidual isomers A 5 through A 12); 2 0 : P ;  
20: 111; 22: lla; 24:11~) produced a variety of 
fragments of known chain length as reference 
materials. ECLs (based on saturated methyl 
esters) of these fragments were determined 
from both Apiezon L and LAC-2-R 446 
columns and were then plotted vs. their re- 
spective chain lengths. The straight line re- 
lationships evident i n  Figure 2 show that 
ECLs from the two columns can be used to 
identify ozonolysis fragments without further 

comparison with fragments from ozonized ref- 
erence compounds. Methyl esters were used 
as standards instead of aldehydes because they 
are stable and readily available in high purity. 

The ECLs of an aldehyde are essentially 
the same from both Apiezon L and LAC-2-R 
446 columns, but those of aldehyde-esters dif- 
fer markedly. Therefore, each component can 
be identified from the ECL data. Furthermore, 
components which overlap in one column are 
well separated by the other and quantitative 
relationships can be determined (11). The 
identification and quantitation of mixtures of 
monoenes of the same chain length and of 
simple mixtures of different chain lengths (if 
the relative proportions of esters of each chain 
length are known) are easily accomplished. 
In mixtures of monoenoic esters, peak areas 
from the ozonolysis fragments are used to 
calculate the mole percentages of the parent 
esters from the following relationships: 

wt % -- area % x C-factor, and C-factor 
= MW/  (responsive carbon atoms X 12). 

Responsive carbon atoms -- No.  of carbon 
atoms - -  [carbonyl + carboxyl carbon(s)].  

area % x MW 
Therefore wt % - ( N - f )  • 12 ' where 

N = total number of carbon atoms and f = 

LIP1DS, VOL. 4, NO. 2 
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FIG. 3. Graphical determination of double bond position in monoenes from the ratio of peak 
areas of ozonolysis fragments: A from LAC-2-R 446 column, Q) calculated (see text). 
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area %x X MWx 
MW~ X ( N - f ) ~  • 12 
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(N - f)a 
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x = ] 

The mole fractions of the fragments pro- 
duced on complete ozonolysis of a monoenoic 
ester are equal and, in a mixture of pure 
monoenes, their sum equals mole fraction of 
the parent ester in the original mixture. The 
ratios of the mole fractions of the fragments 
from the parent esters are the same as the 
ratio of the parent esters, even upon incom- 
plete ozonolysis; the aldehyde fragments serve 
as well as the aldehyde-ester to establish the 
ratio. 

A correlation was found when the logarithms 
of the ratios of the peak areas of the alde- 
hydes to the corresponding aldehyde-esters 
were plotted vs. the ratios of the position of 

LIPIDS, VOL. 4, NO. 2 

the double bond to the original chain length 
(Fig. 3). The calculated points, l o g [ ( N A - 1 ) /  
( N A n - 2 ) ] ,  vs. position of the double bond/  
chain length of original ester, are essentially the 
same as those found from the peak area ratios 
from the LAC-2-R 446 column. The relation- 
ship between the areas from fragments and the 
double bond position allows calculation of the 
position of the double bond from the peak areas 
of the aldehyde and aldehyde-ester if the parent 
chain length is known. Location of the double 
bond is a check on the identification of the 
aldehyde-ester made from retention data. 

The ozonolysis procedure used permitted de- 
tection of some components not usually found 
from K M n O J K I O  4 oxidation (12). For ex- 
ample, analysis of K M n O J K I O  4 cleavage of 
16:13 showed only one product, tridecanoic 
acid (13,14). Using the above ozonolysis pro- 
cedure both 13A and 3AE were observed. 

Analysis of Dienoic Esters 

The products formed from the ozonolysis 
of dienoic methyl esters are aldehydes, alde- 
hyde-esters and dialdehydes. To establish the 
positions of the olefinic bonds in pure single 
component esters, only correct identification of 
the aldehyde and aldehyde-ester fragments are 
necessary, although dialdehydes supply confirm- 
atory evidence. 

An example of a dienoic methyl ester from 
which the dialdehyde fragment is a major com- 
ponent is the 22:25,13 from Limnanthes doug- 
lassii (15, 16). The eight carbon dialdehyde 
(AA) has ECLs of 13.9 (LAC-2-R 446) and 
8.8 (Apiezon L). A plot of ECLs of several 
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urated methyl esters) of dialdehydes. 

dialdehydes vs. their chain length is shown in 
Figure 4. The sources of these dialdehydes 
are listed in Table I. The detector response 
to dialdehydes is analogous to that of other 
aldehydic components in that neither carbonyl 
carbon atom responds to flame ionization. 
Therefore, 3AA has only one responding car- 
bon atom and is not easily detected. 

Another example of the superiority of the 
ozonolysis procedure for double bond location 
is shown by its application to the allenic diene, 
5,6-octadecadienoic acid from Leonotis nepe- 
tae/olia (17). When the methyl ester of this 
acid was oxidized by KMnO,/KIO~ (12) only 
lauric acid was observed (17). Addition of 
acetic acid before oxidation was necessary be- 
fore glutaric acid was detected (17). Ozonoly- 
sis revealed two products, 5AE and 12A, which 
clearly define the positions of the double bonds. 

Analysis of Trienoic and Tetraenoic Esters 

Complete ozonolysis of trienoic and tetra- 
enoic esters and identification of the resulting 
aldehyde and aldehyde-ester fragments to re- 
veal the structure of the esters is well docu- 
mented (6,18). In both reports, the unsatura- 

TABLE I 
Source of Known Dialdehydes 

Dialdehyde Source Reference 

3AA 20:4 ~.x~.~4,1r 25 
4AA 18:35,9,~ 21 
5AA Aldrich Chem. Co. - -  
6AA 20:35,n,14 25 
8AA 22:25,13 17 

10AA 18:3 ~,~.xe 22 

18:3~,s.12 

5AE + 13:2t 9:1~, + 9:1~,s 12:2~,s + ~l 

4AA § 9 : I A A ~ 6 A  + 3AA 4AA + 5AE~9: IAE + 3AA 

V 
Fxo. 5. Reaction scheme for  ozono lys i s  of  

18:3.,9, ~. 

tion in the esters is either all conjugated or all 
methylene-interrupted. Complete ozonolysis, 
therefore, resulted in aldehydes and aldehyde 
esters which served as identifying fragments. 

If  an ester has isolated olefinic bonds, com- 
plete ozonolysis would not unequivocally lo- 
cate the positions of unsaturation. For example, 
20:45,x1,14,17 ester, upon complete ozonolysis, 
yields 5AE, 3A, 6AA, and 3AA as the only 
products. These products could also result 
from complete ozonolysis of two other esters: 
20:4 ~,s,11,~ and 20:4 ~,s,~4,at. Schlenk solved 
this problem in the characterization of the 
20:45,~1,~4,~ ester from Ginkgo lipids (19) by 
ozonolysis of the ester before and after alkali- 
isomerization, thereby locating the bonds that 
were methylene-interrupted. By interrupting the 
ozonization at various stages before completion, 
unsaturated fragments (20) are produced as 
well as the products from complete reaction. 
The unsaturated intermediates serve to locate 
the interior olefinic bonds. For example, the 
"interrupted ozonolysis" method, when applied 
to the 20:45,~,~4,17 ester, produced two struc- 
ture-determining u n s a t u r a t e d  f r a g m e n t s ,  
l l : I A E  and 6 : lA.  These fragments together 
with the end products (5AE, 3A, 6AA, and 
3AA) determine the locations of all double 
bonds. 

A simpler ester, 18:35,9,a2 (21), serves to 
illustrate the many possible unsaturated frag- 
ments that can form during interrupted ozo- 
nolysis (Fig. 5). The fragments necessary 
to locate the double bonds correctly are: 5AE, 
6A, 9 : IAE ,  or 9 : l A  (Fig. 6 and 7). The 
other fragments supply confirmatory evi- 
dence. The 3AA from an ester such as the 
20:4~,~1,~4, x7 or 18:39,12,~ is quite evident as 
two of these fragments are produced per ester 
molecule. 

Identification of unsaturated fragments was 
made on the basis of their ECLs on both the 
LAC-2-R 446 and the Apiezon L columns. 
The ECLs of fatty acid methyl esters are 
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FIG. 6. Concentration of ozonolysis fragments from 18:3 5'9'~ vs. reaction time. 

greater by 0.4 units per double bond on the 
polar LAC-2-R 446 column than their sat- 
urated analogues and unsaturated esters usu- 
ally have ECLs approximately 0.3 units less 
than their saturated analogues on the Apiezon 
L column (3). Similarly, 9AE has an ECL 
of 15.0 on LAC-2-R 446 while the ECL of 
the 9 : I A E  is 15.4; the ECLs on Apiez0n L 
are: 9AE = 10.8 and 9 : I A E  -- 10.5. This 
relationship holds for all chain lengths. Table 

II shows the ECLs of the components formed 
from ozonolysis of 18:3 5,9,12 ester. 

Confirmation of the unsaturated nature of 
the components formed early in the ozonization 
is provided by their decrease and disappearance 
as ozonolysis continues. Figure 6 illustrates this 
phenomenon. As expected, the molar amounts 
of the 5AE, 4AA, and 6A increase throughout 
the experiment, but the 9 : l A ,  9 : IAE,  7 : IAA,  
and 13:2A increase for a time and then de- 

Apiezon L 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ - - ,  f -  . . . . . .  ~ / . . . . . . . . . . . . . . . . . . . . .  

12:21E 13i21 '~' 9:1AE 

le:3i 
= 

I 
J 

t!18:3 SAE 

12:21,E 9:IAE 13:21 7:111 4AA 9:1A 

LAC-2-R 446 

9 

FIo. 7. GLC of ozonolysis products of 18:3 "'~'~ after 45 see reaction time from LAC-2-R 446 and 
Apiezon L columns. 
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TABLE II 
Ozonolysis Products of 18'3 ~ ~ 12 

Reac- 
tion 
time 

ECL Area % loniz- 
Corn- LAC-2-R Apie-(LAC-2-R able Mole 

ponent 446 zon L 446) carbons % 

sec 
45 

105 

6A 5.2 5.2 12.0 5 20.3 
5AE 10.9 6.8 11.8 4 25.0 

9 : l A  8.7 7.8 3.1 8 3.3 
9: IAE 15.4 10.5 2.7 8 2.9 

13:2A 13.3 11.8 1.1 12 0.8 
12:2AE 18.3 13.3 tr 12 tr 
7:1AA 13.2 7.6 1.8 5 3.0 

4AA 9.1 4.0 4.0 2 16.9 
18:3 19.4 17.7 59.0 18 27.8 

6A 5.2 5.2 37.3 5 29.6 
5AE 10.9 6.8 41.3 4 41.0 

9 : l A  8.7 7.8 0.2 8 0.1 
4AA 9.1 4.0 14.0 2 27.7 

18:3 19.4 17.7 7.1 18 1.6 

crease. The 9 :1A is the unsaturated fragment 
produced in the largest amount and is the only 
one remaining after 105 sec (Table I I ) .  

The allenic triene, 18:35,~,16 from Lamium 
purpureum (22),  was investigated by the in- 
terrupted ozonolysis method. After  30 sec 
ozonization, four major components were de- 
tected: 5AE, 10AA, 16:2AE (ECL: LAC-2-R 
446 = 23.8, Apiezon L = 17.4), and un- 
reacted 18:3. The 16:2AE was 28% of the 
total peak area. The trienoic ester disappeared 
completely before a significant decrease (to 
19% at 2 min) in the 16:2AE peak area was 
observed. Three minutes were required to com- 
pletely ozonize the 16:2AE. Since the double 
bonds of this component are allenic, it appears 
that such bonds react more slowly than isolated 
bonds. 

Three other esters with isolated double bonds 
were analyzed.  These and their identifying 
products are as follows: 18:3 ~,.%1z (23),  3AE, 
6A, 6AA, 9 : l A  and 9 : I A E ;  20:35,11,14 (24,- 
25),  5AE, 6AA, 6A, 9 : l A  and l l : I A E ;  and 
20:4s, la,14,1~ (19,24,25), 5AE, 3A, 6AA, 6 : l A  
and 11 : I AlL 
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Deposition of Dietary Epoxides in Tissues of Rats 1 
J. A. FI~ORITI, N. BUIDE and' 'R. J. SIMS, Technical Center, General 'Foods Corporation, 
White Plains, New York 1'0602 

t~BSTRACT 

Epididymal fat pad lipids from rats fed 
trivernolin at the 4.8% level in the diet 
for 90 days were found to contain 6.1% 
epoxyoleic acid. No epoxides were de- 
tected in the serum lipids and only trace 
amounts were found in the liver lipids. 
TLC, G E e  and a specific color reaction 
with picric acid were used to identify this 
fatty epoxide in the tissues. Epoxyoleic 
acid was shown to be present as a mixture 
of predominately monovernoloyl triglycer- 
ides with some divernoloyl triglycerides 
and small amounts of trivernolin. Lipase 
hydrolysis of the first two triglycerides has 
demonstrated that the vernoloyl groups 
are present mostly in the 1,3 positions. In 
a separate experiment, rats were fed cho- 
lesterol epoxide at the 0.5% and 1.5% 
levels in the diet for 90 days. TLC and 
GLC examination of lipids from these rats 
failed to reveal the presence of any choles- 
terol epoxide. Only one-half of the sterol 
fed could be accounted for in the fecal 
lipids. 

INTRODUCTION 

The formation of epoxides during the heat- 
ing of vegetable oils in air has been demon- 
strated by prior work (1, 2). Likewise, autox- 
idation of cholsterol has been shown to give 
rise to cholesterol epoxide (5~-cholestane-5a, 
6a-epoxy-3 flol) (3).  Although some feeding 
studies have been carried out with these and 
similar epoxides (4, 5),  the biological activity 
and the metabolic fate of such epoxides are 
largely unresolved. Holman and co-workers 
have shown that epoxyoleic (vernolic) acid 
does not function as an essential fatty acid, 
(6) and that it is absorbed from the digestive 
tract and deposited in fatty tissues (7) .  

In the study reported here, a 90 day feed- 
ing experiment was carried out to determine 
the level of epoxides which rats would tolerate 
in their diet. This paper reports the analysis 
of lipids resulting from the feeding study. The 
concomitant physiological effects on the rat 
will be discussed in a following report  (8).  

aPresented in part at the AOCS Meeting, Chicago, Oc- 
tober 1967. 

EXPER|~M ENTA,L PR~O,CEDU'RES 

A trivernolin concentrate was prepared from 
Vernonia anthelmintica seed oil by overnight 
crystallization at -10 C from four volumes of 
petroleum ether (bp 30-60 C).  After the super- 
natant liquid had been decanted, the crystals 
were melted and freed from solvent on a 
steam bath in a nitrogen stream, under vacuum. 
The oil was processed in 1-2 kg batches which 
were then combined to give the product de- 
scribed in Table I. The recovery averaged 
56% of a concentrate which, based upon an 
analysis for oxirane oxygen, contained 83.9% 
trivernolin. 

Cholesterol epoxide was prepared by oxidiz- 
ing cholesterol (American Cholesterol Co., Inc., 
Edison, NJ)  with 80% m-chloroperbenzoic 
acid as described in a recent publication (9).  
The procedure was modified slightly so as to 
combine the reduction and removal of excess 
reagent by washing the reaction mixture with 
5% NaOH.  Several batches of cholesterol 
(300-750 g) were oxidized and then com- 
bined to give the product  described in Table 
I. The yield of epoxide ranged from 50-60%. 

Three groups of 20 Sprague-Dawley rats 
were fed a commercially prepared diet (Wayne 
Chow, Carworth Farms, New City, NY) .  In 
two of these groups the diet was supplemented 
with 1.6% and 4.8% of trivernolin. After  90 
days the animals were killed and the sera, liv- 
ers and epididymal fat pads from each group 
were pooled. The lipids were extracted with 
chloroform-methanol (2 :1)  and analyzed for 
epoxides. Fecal samples were collected, pooled, 
extracted and the extracts analyzed for epox- 
ides. 

In a separate experiment two groups of 20 
animals were fed cholesterol epoxide at the 
0.5% and 1.5% levels in the diet. A f t e r  90 
days the animals were killed and the tissues 
from each group were pooled. In this case 
the sera, livers, epididymal fat pads, spleen, 
kidney and fecal lipids were analyzed. 

Details of the analytical methods used, in- 
cluding transmethylation, TLC and GLC, are 
given elsewhere (10).  Identification of epox- 
ide-containing spots on a TLC plate by visuali- 
zation with picric acid is described in a pre- 
vious publication ( i  1). 
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EPOXIDES IN  R A T  TISSUES 

T A B L E  I 

Character is t ics  o f  Epoxides  Fed  to Rats  

Tr ivernol in  concentra te  

Oxi rane  oxygen 4.34% a 
Tr ivernol in  content  83.9% 
Peroxide  value 11.5 meq /kgb  
Free  fat ty  acids 2,0% e 
Unsaponif iables  2.5% a 

Cholesterol  epoxide 

Oxi rane  oxygen 3.72% a 
Sterol epoxide content 93.7% 
Impuri t ies  ca. 5.0% cholesterol 
Mel t ing point  139-142C 
Peroxide  value 2.0 m e q / k g  h 
Free acid content  0,03%': 

a A O C S  Tenta t ive  Me thod  Cd 9-57. 
t3AOCS Official Me thod  Cd 8-53. 

cExpressed  as vernolic acid or  m-chloroperbenzoic  acid, 
respectively, 

a A O C S  Official Method  Cd 6a-40. 
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RESULTS AND D'ISI3USS10N 

Trivernolin Feeding 

Epoxides were readily identified in the rat  
lipids after trivernolin feeding. The TLC plate 
in Fig. 1 shows three distinct epoxide-contain- 
ing spots in the epididymal fat pad lipids from 
the rats fed trivernolin at the 4.8% level (lane 
6C, d and e).  These spots were visualized by 
spraying the plate with picric acid and were 
singled out on the plate by circling the red- 
dish-orange areas with a pencil. 

By GLC (10) the lipids spotted on lane 6 
contained 6.1% vernolic acid. One epoxide- 
containing spot, e, is also visible in lane 5 
which contains the epididymal fat pad lipids 
from rats fed 1,6% trivernolin. The epididy- 
real fat pad lipids taken from the control group 
(lane 4) show no epoxide-posifive spots. Lane 
7 contains liver lipids from the high level 
trivernolin feeding. N o  epoxide-containing 
spots are visible in this lane. However, when 
these liver lipids were streaked at the origin on 
a TLC plate, developed and the epoxide re- 
gion scraped from the plate, a concentrate 
was obtained which on respotting and develop- 
ing did show a small amount of epoxide-posi- 
tive material at e, the monovernoloyl triglycer- 
ide region. Lane 8 contains fecal lipids from 
rats which had been on the diet high in tri- 
vernolin. As expected, it shows sterols (be- 
tween b and c) and trivernolin (c) .  Also in- 
cluded on this plate is the original triverno- 
lin concentrate (lane 1 ) which contains a small 
amount of a second epoxide spot at d, diver- 
noloyl triglycerides. Lane 2 shows vernolic 
acid, which in the nonacidic solvent system 

FIG. 1. TLC of rat lipids from trivernolin feed- 
ing. Lane 1. Trivernolin (TV) concentrate; 2. Ver- 
nolic acid; 3. Transmethylated TV concentrate; 4. 
Epid. fat pad lipids, control group; 5. Epid. fat pad 
lipids, 1.6% TV group; 6. Epid. fat pad lipids, 
4.8% TV group; 7. Liver lipids, 4.8% TV group; 
and 8. Fecal lipids, 4.8% TV group, a. Monoglyc- 
erides; b. Vernolic acid; c. Trivernolin (TV); d. 
Divernoloyl triglycerides; e. Methyl vernolate or 
monovernoloyl triglycerides; f. Common triglyc- 
erides; and g. Unsaponifiables. 

used here moves as a streak to a short dis- 
tance from the origin. An additional material 
inchlded on the plate is transmethylated tri- 
vernolin (lane 3) to which squalane (g) had 
been added as an internal standard prior to 
GLC assay. Epoxides could not be detected 
in the serum lipids from animals fed 4.8% 
trivernolin even when the material was streaked 
on a TLC plate, the plate developed and the 
epoxide region removed, extracted and rechro- 
matographed. 

The epididymal fat pad lipids from the 4.8% 
trivernolin feeding were then separated into 
four fractions by column chromatography and 
preparative TLC on silica gel (10). In addi- 
tion to the common triglycerides, these lipids 
were found to contain mono-, di- and triver- 
noloyl triglycerides. A quantitative assay of 
these epididymal fat pad lipids and of the four 
fract ions from them was carried out, after 
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T A B L E  11 

G L C  Analysis  of  Ep id idymal  F a t  Pad  Lipids  F r o m  Rats  
Fed  Trivernol in  COncentrate a 

Fat ty  acids 

% Composi t ionb 

Divernol-  Monovernol-  
oyl oyl 

To ta l  fa t  Tr ivernol in  e tr iglycerides tr iglycerides 

Ca4 2.5 8.6 1.2 1.8 
C1~? 0.4 0.2 0.2 0.2 

Cle ' & C1~: ~ 34.9 32.7 15.6 25.1 
C~s & C18:1 27.1 21.6 11.8 20.4 

Cls:~ 27.4 6.8 6.3 24.4 
C1~:3 0.8 t race nil 0.5 
C~0:4? 0.3 1.0 nil 0.7 

Vernolic 6.1 29.0 64.8 31.7 

aTr iverno l in  fed at 4.8% level. 

b G L C  analysis  pe r fo rmed  on Carbowax  20M (10) .  The  
results given represent  the average  of two determinat ions.  

eThis  impure  f rac t ion  represents  < 1 %  of the total lipid. 

FIG. 2. TLC of fractionated epididymal fat pad 
lipids--the circled spots are the epoxide-containing 
moieties. A dotted circle indicates trace amounts. 
Lane 1. Vernonia seed oil; 2. Epididymal fat pad 
lipids, 4.8% TV feeding; 3. Trivernolin from 2; 4. 
Divernoloyl triglycerides from 2, and 5. Monovern- 
oloyl triglycerides from 2. a. Trivernolin; b. Di- 
vernoloyl triglycerides; c. Monovernoloyl triglyc- 
erides; d. Common triglycerides; and e. Unsapon- 
ifiables. 

transmethylation, by GLC. The results of this 
analysis on the total fat and on the three epox- 
ide-containing fractions, are given in Table II. 

The trivernolin fraction represents less than 
1% of the total lipid and, from the data, is 

obviously impure. The TLC separation of 
these epididymal fat pad lipids is shown in 
Fig. 2. Included on this plate is Vernonia seed 
oil (lane 1), the epididymal fat pad lipids (lane 
2),  and the three epoxy-containing fractions 
obtained by column chromatography (lanes 
3-5). By visual estimation as much as 90% 
of the total vernolic acid in these lipids was 
present as monovernoloyl triglycerides (lane 
5, c). 

To determine the distribution of the vernolic 
acid in the epoxide-containing fractions de- 
scribed above, lipase hydrolysis experiments 
were carried out. Lipase digestions of triver- 
nolin (13),  and of mono- and divernoloyl tri- 
glycerides (12,14) indicate that the enzyme 
attacks these epoxy triglycerides in the con- 
ventional manner, by preferential, but not ex- 
clusive, splitting at the 1,3 positions. Our pre- 
vious experience with Vernonia oil (10) has 
demonstrated that most of the divernoloyl tri- 
glycerides are in the VVC form, while most 
of the monovernoloyl triglycerides are in the 
VCC form (V represents vernolic and C a 
common fatty acid). This conclusion is based 
upon the reasoning that the symmetrical tri- 
glyceride CVC should yield only one diglycer- 
ide, whereas two were actually obtained by 
lipolysis. 

The present work has shown that the VCC 
distribution also holds for the monovernoloyl 
triglycerides from epididymal fat pad lipids in 
the trivernolin feeding experiment. TLC indi- 
cates that the monovernoloyl triglyceride frac- 
tion, on lipolysis, gives both common diglycer- 
ides and those containing vernolic acid. This 
conclusion is strengthened by GLC analyses of 
the lipase hydrolysate which also reveals a CC 
and a VC diglyceride. These results are reflect- 
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FIG. 3. TLC of lipids from rats fed cholesterol epoxide. Lane 1. Mixture of a, b, d and e 
below; 2. Epididymal fat pad lipids; 3. Liver lipids; 4. Kidney lipids; 5. Serum lipids; 6. Spleen 
lipids; 7. Transmethylated cottonseed oil; and 8. Cottonseed oil. a. Cholesterol epoxide; b. 
Cholesterol; c. Triglycerides; d. Epoxycholesteryl palmitate; and e. Cholesteryl palmitate. 

ed in Table III  in which the monoglycerides ob- 
tained by lipase digestion of epididymal fat 
pad lipids are compared with those obtained 
from Vernonia oil. 

TABLE II I  
Distribution of Vernoloyl Groups in Epididymal Fat 

Pad Lipids 

Sample 

Monovernolin, Proportion of 
mole % in vernoloyl 
monoglyc- groups in 

erides 2-positiona 

Trivernolin 100 33 
Divernoloyl triglycerides from 

Vernonia oil 72 36 
EFPL b 28 14 

Monovernoloyl triglycerides from 
Vernonia oil 8 8 
EFPLb 20 20 

mole % in 
monoglycerides )< 100 

aProportion in 2 position = (12). 
3 > mole % in sample 

b Epididymal fat pad lipids from 4.8% trivernolin feeding. 

The predominant epoxyglyceride fraction 
from rat lipids, the monovernoloyl triglycerides, 
was found to yield, on lipolysis, a monoglycer- 
ide containing 80% of common fatty acids and 
only 20% of vernoloyl groups. 

From the data assembled here it is evident 
that trivernolin fed to rats is deposited pre- 
dominately as monovernoloyl triglycerides in 
which the epoxyoleic acid is present mostly 
in the 1 position. The major pathway for tri- 
glyceride synthesis in the animal organism is 
known to involve direct acylation of 2-mono- 
glycerides (15). Thus the marked preference 
of t h e  vernolic acid for the 1 position in epi- 
didymal fat pad lipids argues for a possibly 
abnormal metabolic pathway with epoxyglycer- 
ides. 

Cholesterol Epoxide Feeding 

The epididymal fat pad lipids, the liver, kid- 
ney, serum and spleen lipids f rom the rats fed 
cholesterol epoxide at the 1.5% level were 
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chromatographed on a TLC plate along with 
some known sterols as shown in Fig. 3. This 
figure indicates the presence of cholesterol 
(b) in liver, kidney, serum and spleen lipids 
but shows an absence of cholesterol epoxide 
(a) .  As an indication of the sensitivity of the 
TLC method, lanes 7 and 8 show the traces 
of cholesterol present in cottonseed oil and in 
methyl esters from cottonseed oil (dotted cir- 
cles) (17).  Since it was possible that choles- 
terol epoxide might have appeared as a fatty 
acid ester, both epoxycholesteryl palmitate (d) 
and cholesteryl palmitate (e) were included in 
the mixture of sterols spotted in lane 1. The 
Rf of triglycerides (c) is quite close to that of 
epoxycholesteryl palmitate (d) which makes a 
differentiation between them on a TLC plate 
almost impossible. Nor  can a distinction be 
made between them by recourse to the usual 
sterol color reactions (3).  Unsaturated tri, 
glycerides were also found to give a brown 
color, similar to epoxycholesteryl palmitate, 
with H2SO4, SbC13, anisaldehyde and other 
sterol reagents (16).  For  this reason each of 
the lipid samples was transmethylated, streaked 
on a TLC plate and developed. The band hav- 
ing an Rf equal to cholesterol epoxide was 
scraped from the plate, eluted and rechroma- 
tographed. Conversion to the free sterol and 
concentration by the above technique failed to 
reveal even a trace of cholesterol epoxide in 
any of these lipids. By a GLC analysis of the 
fecal lipids collected from these rats approxi- 
mately 50% of the ingested cholesterol epox- 

ide could be accounted for. The fate of the 
remaining sterol is currently being investigated. 
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Enterohepatic Circulation of Cholic Acid and 
Cholesterol Metabolism in the Rat1 
LUDVI  K PERIC-GOLIA, Department of Pathology, University of Utah College of Medicine 
and Veterans Administration Hospital, Salt Lake City, Utah 84113 

ABSTRACT 

A role for cholic acid in the regulation 
of body cholesterol levels is emphasized 
by the following experiment and findings. 
Fifteen rats with biliary and duodenal fis- 
tulae were divided into three groups. 
4-14C-cholesterol was admistered intra- 
venously to all animals on day 1. Two 
groups received a duodenal infusion of 
either sodium taurocholate or of choles- 
terol at the same time and thereafter 
daily. Bile samples were collected daily 
for 15 consecutive days. Cholic, chenode- 
oxycholic acid and cholesterol were the 
major labeled compounds in the bile. 
Labeled cholic acid disappeared from the 
bile of control animals after day 8 while 
it persisted in the group receiving un- 
labeled cholic acid up to day 15. The de- 
crease of specific radioactivity of labeled 
biliary cholic acid in the rats receiving un- 
labeled cholesterol corresponded to that 
of control animals. A significant increase 
in the concentration of cholesterol was 
found in the plasma of animals receiving 
cholic acid and in the liver of those re- 
ceiving unlabeled cholesterol. 

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

The processes leading to the formation of 
cholesterol are well explored (1) but less is 
known about the mechanisms regulating the 
rate of i t s  synthesis and degradation. Working 
with an in vitro system, Siperstein and Fagan 
(2)  demonstrated inhibition of t3-hydroxy- 
13-methylglutaryl reductase in the liver of rats 
kept for a short time on a diet supplemented 
with small amounts of cholesterol, thus con- 
firming the earlier observations of Gould and 
Popj~ik (3), Bucher et al. (4) and Siperstein and 
Guest (5). Identical mechanisms have been ob- 
served in the liver of other mammals including 
man (6), but an inhibition of the regularly 
occurring extrahepatic mevalonate synthesis (7) 
by dietary cholesterol has not been demon- 
strated in any species. It has been proposed that 

1A preliminary report was presented at the 49th 
Annual Meeting of the Federation of American 
Societies for Experimental Biology, Atlantic City, 
1965. 

c h o l e s t e r o l  can inhibit the reduction of 
13-hydroxy-13-methylglutarate in the liver only 
after cholesterol passes through the intestinal 
wall and forms a specific cholesterol lipo-pro- 
tein complex since this inhibition cannot be 
shown after parenteral administration of choles- 
terol or if body cholesterol is elevated following 
increased endogenous production of the sterol 
(6). 

Due to the aforementioned limitations of 
the control of cholesterol biosynthesis at the 
step of the conversion of 13-hydroxy-~-methyl- 
glutarate to mevalonate, it does not seem likely 
that this control is the sole mechanism regu- 
lating concentration and distribution of choles- 
terol in plasma and tissues. Cholesterol content 
of plasma and tissues appears to depend upon 
the balance between the intake (exogenous) 
and biosynthesis on one side, and degradation 
and excretion on the other side. Only a small 
portion of cholesterol is excreted unchanged 
and a negligible amount is transformed into 
steroid hormones. Bile acids are the principal 
end products of cholesterol metabolism (8). 
The loss of these acids via the intestinal tract 
will increase their formation from cholesterol 
and as a consequence plasma and tissue choles- 
terol will decrease (9). A relation between the 
rate of formation of bile acids and cholesterol 
levels in plasma and tissues exists in several 
mammalian species (10) and studies in vitro 
indicate a selective effect of different bile acids 
on cholesterol metabolism (11). Experimental 
data reported by Dietschy (12) suggest that bile 
salts affect cholesterogenesis in the small bowel 
by, presumably, inhibiting the formation of 
mevalonic acid. It has been found that fol- 
lowing int ravenous injection of 4-14C-choles. 
terol to guinea pigs with biliary fistulae, labeled 
cho l i c  (3a,7o~,12a-trihydroxycholanic) acid 
appears slowly in the bile and undergoes a pro- 
longed enterohepatic circulation compared with 
the relatively rapid excretion of labeled chen- 
odeoxycholic (3a,Ta-dihydroxycholanic) and 
7-ketolithocholic (3a-hydroxy,7-ketocholanic) 
acids observed in such animals (13). The half- 
life of labeled cholic acid is prolonged and its 
formation from cholesterol reduced in patients 
with hypercholesterolemia (14). No elevation 
of plasma cholic acid can, however, be meas- 
ured in this patient category (15). 

The present study concerns the relation be- 
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Fig. 1. Mean specific radioactivity (d.p.m./mg) of cholesterol, cholic acid and chenodeoxycholic 
acid (CDA) isolated from bile, in control animals given 4-14C-cholesterol intravenously on day 1. 
�9 o, o o, x x, range of values. 

tween concentration of cholic acid in enter�9 
patic circulation and the rate of conversion of 
cholesterol into bile acids in the rat. 

EXPERIMENTAL PROCEDURES 

Male Sprague-Dawley rats weighing 300-400 
g were used. Animals were fed Purina rat chow 
and water ad lib. Biliary fistulae were per- 
formed in a manner similar to that previously 
described in guinea pigs (13), but the surgical 
procedure was modified because of the smaller 
caliber of the bile duct and the absence of the 
gallbladder in the rat. One polyethylene cathe- 
ter (PE-10) was inserted into the proximal and 
another into the distal portion of  the common 
bile duct which was then ligated and cut be- 
tween the two sites of the insertion of the cath- 
eters. The free ends of the catheters were 
passed under the skin to the back of the animal, 
pulled through a cutaneous opening and con- 
nected to allow enter�9 circulation. Ani- 
mals showing loss of weight, bacterial growth in 
cultures of bile, obstruction of catheters by bili- 
ary precipitates or any gross or microscopic evi- 
dence of disease at the post mortem exami- 
nations were excluded from this study. 

Fi f teen healthy animals were divided into 
three equal groups. Each of the 15 animals re- 
ceived 0.1 #c (6.6 #g) 4J4C-cholesterol, dis- 
solved in 0.2 ml 40% ethanolic saline per 100 g 

body weight into the tail vein 48 hr after the 
completion of the surgical procedure. The ani- 
mals of two groups received at the same time 
and thereafter daily a duodenal infusion of 2 
mg sodium taurocholate or 2 mg cholesterol re- 
spectively, dissolved or suspended in 2 ml 
12.5% ethanolic saline per 100 g body weight. 
Suspensions of cholesterol were very fine and 
remained stable for several hours. The five con- 
trol rats received only 12.5% ethanolic saline by 
duodenal infusion. All infusions were per- 
formed with a manually operated syringe over a 
10 min period. Continuous enter�9 circu- 
lation was maintained through the experiment 
except for short daily interruptions between 8 
and 9 a .m.  During this time bile samples of 
about 0.5 ml each were collected. Thus the loss 
of bile throughout the experiment was minimal. 
The animals were killed with a neck clamp 15 
days following the injection of labeled choles- 
terol. Blood was withdrawn by cardiac punc- 
ture, and liver, kidneys and aorta were col- 
lected. Bile, plasma and tissues were frozen im- 
mediately and kept frozen until  analyzed. 

Bile acids were determined in the bile essen- 
t ia l ly  as previously described (13,16). All 
samples were diluted to 50 ml with 1N sodium 
hydroxide, boiled 5 hr, acidified to pH 1 with 
conc. hydrochloric acid and extracted 3 times 
with 5 volumes ethyl ether each t i~e.  The 
pooled extracts were washed with water until  
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Fig. 2. Mean specific radioactivity (d.p.m./mg) of cholesterol, cholic acid and chenodeoxycholic 
acid (CDA) isolated from bile, in animals receiving unlabeled cholesterol by duodenal infusion. The 
symbols are the same as in Figure 1. 

free of hydrochloric  acid and the ethyl  ether 
evaporated to dryness. The content  of free bile 
acids in these samples was evaluated by paper 
chromatography (17). Chromatographic mobil- 
ity of  individual bile acids in the extract  was 
compared to that of standard compounds,  chro- 
matographed on duplicate strips and sprayed 
with 10% phosphomolybdic  acid in 70% eth- 
anol following chromatography.  The paper 
strips used for biological samples were scanned 
for radioactivity.  The radioactive zones of these 
strips corresponding to phosphomolybdic  acid 
positive spots on the standard strips were eluted 
with chloroform-methanol  (1 : 1) and the eluate 
evaporated to dryness. The residue was treated 
with 65% sulfuric acid and the resulting chro- 
mogen measured by spectrophotometry  (18). 
The cholesterol content of bile, plasma and 
homogenized tissues was determined spectro- 
photometr ical ly following previously described 
extraction and purification procedures (19). 

In order to determine purity of the radio- 
active products,  the isolated bile acids and cho- 
lesterol were mixed with authentic compounds 
and crystallized several times: cholic acid from 
aqueous methanol,  chenodeoxycholic  acid from 
mixture of ethyl acetate and petroleum ether, 
cholesterol from acetone and from aqueous 
methanol .  Specific activity (d.p.m./mg) re- 
mained constant through repeated crystalliza- 
tions. Radioactivity of the samples was meas- 
ured in a scintillation counter. 

RESULTS 

Isolated 14C-cholic and 14C-chenodeoxy- 
cholic acid contained 80-95% of the total  radio- 
activity present in the bile while 10-20% of the 
radioactivity in the biliary samples chromato- 
graphed like cholesterol. No other labeled ma- 
terial was present in sufficient amount to be 
identified. Biliary excretion of all labeled com- 
pounds determined (cholic, chenodeoxycholic  
acid, cholesterol) was most abundant in all ani- 
mal groups on the second day after the intra- 
venous admistration of 4-14C-cholesterol. The 
data are presented in Figures 1-3 as specific ac- 
tivity (d.p.m./mg) of cholic, chenodeoxycholic  
acid and cholesterol isolated from bile. 

Specific radioactivity of cholic and cheno- 
deoxycholic  acid in control  animals (Fig. 1) de- 
creased rapidly following the admistration of 
4-14C-cholesterol; labeled cholic acid disap- 
peared from the bile after the ninth day and 
labeled chenodeoxycholic  acid after the seventh 
day. Specific radioactivity of biliary cholesterol 
in control  animals was considerably lower than 
that of  the two bile acids. The last samples con- 
taining labeled cholesterol were collected on 
the fifth day after the injection of 4-14C-cho - 
lesterol. 

Specific radioactivity of cholic acid, cheno- 
deoxycholic  acid and cholesterol in the group 
receiving duodenal  infusion of unlabeled choles- 
terol (Fig. 2) did not differ significantly from 
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Fig. 3. Mean specific radioactivity (d.p.m./mg) of cholesterol, cholic acid and chenodeoxycholic 
acid (CDA) isolated from bile, in animals receiving unlabeled cholic acid by duodenal infusion. The 
symbols are the same as in Figure 1. 

that observed in the control group. 
In the animals receiving non-labeled cholic 

acid by duodenal infusion (Fig. 3) the daily 
excretion of labeled cholic acid was never as 
high as in the control group. Its specific radio- 
activity decreased rather rapidly until  the fifth 
day of the experiment, thereafter the decrease 
per day was very moderate. Labeled cholic acid 
persisted in the bile of this group until  the 15th 
day following the administration of labeled 
cholesterol. This was the only group where 
labeled cholic acid could be measured nine days 
after the administration of 4-14C-cholesterol. 
The decrease of specific radioactivity of cheno- 
deoxycholic acid in this group was practically 
identical to that in the control group. The spe- 
cific radioactivity of cholesterol in the bile of 
animals with supplement of cholic acid was in- 
itially higher than in the other two groups but 
samples obtained after the 10th day contained 
only small and quite variable amounts of la- 
beled cholesterol. 

Cholesterol concentrations in plasma, liver, 
kidneys and aorta are listed in Table I. A signifi- 
cant increase was noted in the plasma of the 
group receiving cholic acid and in the liver of 
the group receiving unlabeled cholesterol. 

DISCUSSION 

The rate of formation of bile acids from cho- 
lesterol is inversely proportion to their con- 

centration in the enterohepatic system (20). 
The present study demonstrates a delay of con- 
version of exogenous cholesterol to cholic acid, 
a prolonged biliary excretion of the formed 
cholic acid and elevated plasma levels of choles- 
terol when the amount of cholic acid in entero- 
hepatic circulation is increased. No changes in 
the extent of conversion of labeled cholesterol 
to cholic acid or in plasma concentrations of 
cholesterol were seen in the animals receiving 
daily supplements of unlabeled cholesterol. In- 
crease of hepatic cholesterol in this group may 
be due to an accumulation of dietary choles- 
terol which could not be compensated by sup- 
pression of hepatic biosynthesis demonstrated 
by Siperstein and Fagan (2). This control of 
cholesterol biosynthesis operates by inhibiting 
the reduction of /3-hydroxy-~-methylglutarate 
to mevalonate in the liver and it is triggered by 
high ingestion of cholesterol. It is also known 
that this mechanism functions only when cho- 
lesterol is absorbed via the intestinal tract (6). 

A role of cholic acid concerning physiologic 
or pathologic regulation of body cholesterol 
levels or both has been shown in mice (10) and 
is also suggested by the prolonged enterohe- 
patic cycling of this compound in the guinea 
pig (13). Dietschy's (12) and present data indi- 
cate that this is also the case in the rat. The 
changes observed in animals with increased 
amount of cholic acid in the enterohepatic cir- 
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TABLE I 

Plasma and Tissue Concentration of Cholesterol in Control Animals and 
After 15 Days of Daily Duodenal Administration of Cholesterol or Cholic Acid 

151 

Experimental Plasma Liver Kidneys Aorta 
group mg/100 ml g/100 g g/100 g g/100 g 

Control 73.14- 8.6 a 0.38 +0.03 0.41 •  0.23-+0.01 
Cholesterol 71.1 + 10.2 0.69 + 0.04 0.44 • 0.07 0.29 -+ 0.02 
Cholic Acid 103.0 4" 11.2 0.36 4- 0.06 0.44 4- 0.09 0.25 4" 0.06 

aMean value 4- 1 SD. 

cu la t ion  (Fig. 3) s t rongly  suggest r e d u c t i o n  of  
m e t a b o l i c  t r a n s f o r m a t i o n  of  cho les te ro l  to  
chol ic  acid and  could  serve as e x p e r i m e n t a l  
mode l s  for  diseases associa ted wi th  h y p e r c h o -  
les tero lemia .  Similar  c o n d i t i o n s  exis t  in ra ts  
t r e a t e d  wi th  in tes t ina l  an t ibac te r i a l  c h e m o t h e r -  
apeu t i c s  (21)  and  such  an imals  show p ro longed  
e x c r e t i o n  of  labeled chol ic  acid in feces (22) .  

The  chol ic  acid molecu le  is no rma l ly  dehy-  
d r o x y l a t e d  at  the  7 pos i t ion  in the  s terol  nu-  
cleus b y  the  ac t ion  of  bac te r ia  in the  in tes t ina l  
t r ac t  of  the  rat .  I t  is t h u s  t r a n s f o r m e d  in to  de- 
o x y c h o l i c  (3~ ,120 t -d ihydroxycho lan ic )  acid.  
The  c o m p o u n d  is r e a b s o r b e d  in th is  l a t t e r  f o rm  
and  r e h y d r o x y l a t e d  in t he  liver be fore  it is ex- 
c re ted  (8).  When an imals  are t r ea ted  w i th  ant i -  
bac te r i a l  c h e m o t h e r a p e u t i c s ,  in tes t ina l  bac ter ia l  
g r o w t h  is r e t a rded ,  bac ter ia l  ac t ion  is less effec- 
t ive or even abol i shed  and  d e h y d r o x y l a t i o n  
m a y  no t  occur.  In such  case chol ic  acid is reab-  
s o r b e d  u n c h a n g e d  and  poss ibly  in larger 
q u a n t i t y  t han  its d i h y d r o x y  der ivat ive  because  
it is more  polar.  This  sequence  of  events  m ay  
exp la in  the  p ro longed  e n t e r o h e p a t i c  c i rcu la t ion  
o f  chol ic  acid associa ted  wi th  a possible  al ter-  
a t ion  of  the  in tes t ina l  bac ter ia l  f lora.  P ro longed  
e n t e r o h e p a t i c  c i rcu la t ion  of  chol ic  acid is also 
observed  in ra ts  receiving chol ic  acid supple-  
m e n t s  ( th i s  s tudy)  and  in pa t i en t s  w i th  hype r -  
cho les t e ro lemia  (14) .  An  excessive p r o d u c t i o n  
of  chol ic  acid by  the  liver m ay  be  respons ib le  
for  the  genesis of  non - d i e t a r y  h y p e r c h o l e s t e r o -  
lemia  in these  pa t i en t s  (14) .  Also,  changes  in 
the  genet ic  con t ro l  of  cho les te ro l  b iosyn thes i s  
m a y  be a c o n t r i b u t o r y  f a c t o r  (23) .  High cho-  
les tero l  levels in t issues and  p lasma m a y  be fol- 
lowed  by  e n h a n c e d  f o r m a t i o n  of  bile acids. Di- 
h y d r o x y  acids m a y  be rap id ly  exc re t ed  via the  
in t e s t ina l  t rac t  whi le  chol ic  acid m ay  be reab-  
so rbed  in large quan t i t i e s  and  inh ib i t  i ts  o w n  
syn thes i s  f rom choles te ro l .  Such  i n h i b i t i o n  m a y  
m o r e o v e r  lead to  a b n o r m a l  a c c u m u l a t i o n  of  
cho les t e ro l  because  i ts  ma in  pa th  of  exc re t ion  is 
b locked .  
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Fatty Acid Composition of Baboon Milk Lipids 
DAVID H. BUSS, Division of Biological Growth and Development, Southwest Foundation 
for Research and Education, San Antonio, Texas 78206 

ABSTRACT 

The predominant  fat ty  acids of mature 
baboon milk were shown by gas-liquid 
chromatography to be (by weight) pal- 
mitic (16%), oleic (23%), and linoleic 
(38%) acids. The high propor t ion of  lino- 
leic acid was at t r ibuted to the corn oil in 
the diet. Less myristic acid (1.3%), but  
more caprylic (5%) and capric (8%) acids, 
were present in baboon milk than in 
human milk. The proport ions of  these 
s h o r t - c h a i n  fat ty  acids were highest 
during early lactation. 

INTRODUCTION 

Although the fatty acid composition of hu- 
man milk has long been known both from clas- 
sical (1) and gas-liquid chromatographic (2) 
studies, only one report  of  the fat ty  acid com- 
position of the milk of other primates has been 
published. Glass et al. (3) analyzed the lipids of 
two samples of milk from the green monkey,  
one from a rhesus monkey and one from a slow 
loris, but gave no details of the animals' diets. 
Baboon milk lipids have not  been characterized, 
except for their cholesterol and phosphorus 
content (4). 

Because baboons are widely used as experi- 
mental methods for man in many areas of  
health research (5,6) it is important  that  details 
of their pre-experimental  diet be known. The 
present work describes the fat ty  acid compo- 
sition of baboon milk, and relates this to the 
fat ty  acid composit ion of the diet and adipose 
tissue, and length of lactation of the animals. 

EXPERIMENTAL PROCEDURES 

Milk was obtained from 27 baboons (Papio 
anubis, P. cynocephalus and P. papio) by 
manual expression after sedation and treatment  
with oxytocin,  as described elsewhere (7). No 
more than four samples were contributed by 
any baboon.  All the animals were lactating nor- 
really, as judged by the health and rate of 
weight gain of their infants. 

Lipids were extracted from the samples by 
the Rose-Gottlieb procedure as described by 
Walstra and Mulder (8), except that the com- 
bined extracts were washed once with water 
and concentrated to dryness under a stream of 
nitrogen. Three of the samples were also ex- 
tracted by the procedure of Folch et al. (9), as 

was a piece of baboon depot fat taken from the 
ret roperi toneum during a cesarean section. The 
methyl esters of the component  fatty acids 
were prepared immediately by transesterifi- 
cation with sodium methoxide in a sealed tube; 
the modification of deMan's method ( I0)  de- 
scribed by Storry et al. (11) was used. 

The baboons were maintained on a diet con- 
sisting only of standard biscuits (12) and water 
ad lib. Fresh biscuits, and those which had been 
available to the baboons for a whole day at 
27-36 C were ground separately in a Waring 
blendor for 15 sec; lipids were then extracted 
with petroleum ether (bp 40-60 C) for 16 hr in 
a Soxhlet apparatus under nitrogen. The ex- 
tracts were concentrated to a small volume in 
vacuo and a port ion of each, containing about 
40 mg of lipids, was dried and transesterified as 
described above. 

For  chromatography,  the contertts of a 
transesterification tube were fractionated be- 
tween petroleum ether (4 ml) and water (2 ml), 
the petroleum ether layer was concentrated to 
dryness under a stream of dry nitrogen, and 
1.5-2 /.diters of the methyl ester mixture were 
immediately injected into a Varian Aerograph 
model A90-P3 gas chromatograph fitted with a 
thermal conductivity detector. The column 
consisted of 15% diethylene glycol succinate 
polyester  on chromosorb P (60-80 mesh, acid 
washed and silanized) in a 10 ft x 1/4 in. OD 
stainless steel tube. The helium flow rate was 
about 60 ml/min.  The column temperature was 
programmed manually from 175-225 C at 
about 5 C min, then maintained at 225 C until  
all the esters had been eluted. The injector and 
detector  were maintained at 250 C throughout.  

The components  were identified by compari- 
sons with known mixtures of fat ty  acid methyl  
esters (Applied Science Laboratories Inc~, State 
College, Pa.). Peak areas were masured with a 
Technicon integrator/calculator,  and converted 
to weight per cent methyl ester by division with 
relative weight response factors, determined 
from quantitative standards (Applied Science 
Laboratories) under the operating conditions 
described above. 

RESULTS AND DISCUSSION 

The fat ty acid composit ion of the feed and 
baboon depot fat are shown in Table I. The 
biscuits contain about 9% fat; 6% is added corn 
oil (12), which accounts for the high level of  
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TABLE I 
Fatty Acid Composition of Baboon Feed 

and Depot Fat, Wt % 

Fatty acid Feed Depot fat 

14:0 0.5 1.7 
16:0 12.8 20.5 
16:1 0.5 1.9 
18:0 3.8 4.0 
18:1 25.3 32.2 
18:2 50.2 37.2 
18:3 2.4 1.0 

aUnidentified broad peaks, in positions similar to 
methyl caprate and methyl laurate peaks, were present 
in the ehromatogram from the fresh biscuits. They 
contributed 4.5% of the total area. The depot fat also 
contained 0.6% arachidic acid and 0.8% of another 
acid, tentatively identified as eicosenoic acid. 

l inoleic acid. Excep t  for  l inolenic acid, the fa t ty  
acids in the feed were found  to  be stable 
th roughout  a ho t  day in a closed hopper ,  so the  
propor t ions  o f  fa t ty  acids ingested by the ba- 
boons  have remained a lmost  constant  during 
the three years they  have been fed this diet. 
The fa t ty  acid compos i t ion  of  the adipose tis- 
sue ref lected this dietary intake,  as in humans  
(13). 

The fa t ty  acid compos i t ion  of  the milk at 
various lac ta t ion  per iods is summarized in Table  
II. With the  exper imenta l  condi t ions  used, the  
chromatographic  peak for  m e t h y l  arachidonate  
was too  small to be reliably detected.  The ana- 
lyt ical  results were the same whe the r  the  R 6 s e -  
Got t l ieb  (8) or  Fo lch  (9) procedure  was used to 
isolate the milk lipids. The  results mainly show 
the compos i t ion  of  mature  milk,  because few 
samPles could  be obta ined before  two  weeks or  
after four  mon ths  of  lactat ion.  One sample was, 

however ,  obta ined as late as eight months  post- 
par tum.  There was lit t le difference be tween  the 
fa t ty  acid compos i t ion  of  the earliest and latest 
samples of  mature  milk,  a l though as lacta t ion 
progressed the composi t ion  tended  slightly to- 
wards that  of  the dietary and depot  fat, espe- 
cially f rom four  months  onward ,  when the in- 
fants were being weaned.  

During the t ransi t ion f rom colos t rum to ma- 
ture milk (7), the fa t ty  acid compos i t ion  of  the  
milk least resembled that  of  the  dietary and 
depot  fat. This milk conta ined the largest quan- 
tities of  short-chain fat ty  acids, especially cap- 
rylic and capric acids. Butyr ic  acid was, how- 
ever, never de tec ted ,  a l though added methy l  
bu tyra te  was readily observed. The propor t ions  
of  oleic,  l inoleic and l inolenic acids were also 
fur thest  f rom those in dietary fat during this 
t ransi t ional  period,  indicating that  the lipid bio- 
synthet ic  activity of  baboon  mammary  glands 
was highest at this point .  

Baboon milk fa t ty  acids resembled those 
f rom the  milk o f  rhesus and green monkeys  (3) 
more than f rom human milk (1,2). Milk f rom 
these subhuman pr imates  was rich in caprylic 
and capric acids, and poor  in myris t ic  acid com- 
pared with  human milk,  indicating the differ- 
ences be tween  the b iosynthe t ic  activities of  
h u m a n  a n d  subhuman pr imate  mammary  
glands. 

Linoleic  acid was the  major  fa t ty  acid in al- 
most  every sample of  baboon  milk analyzed,  
whereas in o ther  pr imates  palmit ic  and oleic 
acids p redomina te  (1-3). This results f rom the 
high level of  l inoleic acid the  baboons '  diet and 
depot  fat,  for  a high level of  l inoleic  acid in the 
diets of  lactating w o m e n  causes l inoleic (with lin- 
olenic)  acid to be 43% of  the milk fa t ty  acids (14). 

TABLE II 
Fatty Acid Composition of Baboon Milk Lipids during 

Various Lactation Periods, Wt % 

Length of lactation 

Fatty acid 2 days (1) a 7 days (2) 14-113 days (48) 144-252 days (6) 

6:0 0.1 0.2 0.37 + 0.05 b 0.2 + 0.01 
8:0 5.7 10.0 5.1 + 0.4 3.7 4- 0.5 

10:0 7.4 14.7 7.9 4- 0.6 7.3 4- 1.5 
12:0 1.7 3.0 2.3 4- 0.2 3.0 -+ 0.6 
14:0 1.3 1.6 1.3 4" 0.1 1.4 4- 0.3 
15:0 0.3 0.1 0.15 4- 0.02 0.3 4" 0.2 
16:0 19.6  16.2 16.5 4- 0 .4  16.1 -+ 0 .7  
16:1 1.9 0 .9  1.2 + 0.1 0.9 4- 0.2 
17:0 0.4 <( 0.1 0.14 + 0.02 0.1 + 0.04 
18:0 4.7 3.5 4.2 + 0.1 3.6 + 0.6 
18:1 22.2 17.1 22.'7 4- 0.4 23.5 +-- 1.2 
18:2 32.5 32.8 37.6 4- 1.1 38.6 4- 0.8 
18:3 2 .0  0.1 0 .6  4" 0.1 1.5 4- 0 .7  

aNumber of samples. 
bMean -+ SE. 
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Differences Between the Metabolism of Linoleic and 
Palmitic Acid: Utilization for Cholesterol Synthesis 
and Oxidation to Respiratory CO2 1 

R I C H A R D  J. CENEDELLA 2 and A R T H U R  ALLEN,  Department of Biochemistry 
The Jefferson Medical College of Philadelphia, Philadelphia, Pennsylvania 

ABSTRACT 

Measurements were made of the incor- 
poration of intragastrically administered 
l-Cl4-1abeled linoleic and palmitic acid 
carbon into the total body cholesterol of 
the intact rat and of the rat's ability to 
oxidize these two labeled acids to respira- 
tory CO 2. As compared with palmitic 
acid, the intact rat and isolated rat tissues 
exhibit a greater ability to metabolize lin- 
oleic acid. This is evidenced by a greater 
utilization of linoleic acid carbon for 
synthesis of total body cholesterol and 
also by a preference for the oxidation of 
linoleic acid. The greater incorporation of 
linoleic acid carbon into cholesterol ap- 
pears to reflect the preferential oxidation 
of linoleic acid by the liver, a main site of 
fatty acid oxidation and cholesterol bio- 
synthesis. This preference of the rat to 
utilize linoleic acid carbon for the synthe- 
sis of cholesterol may help to explain the 
well documented observation that the 
plasma cholesterol of the rat increases as 
the linoleic acid content of the diet in- 
creases. 

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

In recent years there has been much interest 
in differences between the metabolism of essen- 
tial and nonessential fatty acids and particularly 
in relationships between the fatty acids and the 
metabolism of cholesterol. Considerable atten- 
tion has been devoted to relationships between 
the composition of the dietary fatty acids and 
the cholesterol content of the plasma (1) and 
also the composition of the plasma cholesterol 
esters (1,2). Investigations of this area have re- 
vealed that in the rat plasma cholesterol levels 
increase as the linoleic acid content of the diet 

IThis work is taken from a thesis  by R. J. 
Cenedella in partial fulfillment o f  the requirements for 
the Ph.D. degree in biochemistry. 

2present Address: Department of Pharmacology 
West Virginia University Medical Center Morgantown, 
West Virginia 26506 

increases (1); whereas, in man the circulatory 
levels of cholesterol decrease in response to an 
increase in the polyunsaturated fatty acid in- 
take (3). The reasons for these changes are 
largely unexplained. Since large amounts of 
acetyl CoA are formed during catabolism of 
fatty acids, it is conceivable that these sub- 
stances contribute a significant portion of the 
total carbon required for the cholesterol bio- 
synthesis and that differences between the de- 
gree to which fatty acids furnish carbon for 
cholesterol synthesis may partially explain the 
relationships between intake of a particular 
type of fatty acid and changes in the levels of 
body cholesterol. In an effort to investigate this 
possibility and to further study differences be- 
tween the metabolism of essential and nones- 
sential fatty acids, the present study measures 
the incorporation of labeled carbon from intra- 
gastrically administered 1-14C-linoleic acid, an 
essential fatty acid, and 1-14C-palmitic acid, a 
nonessential fatty acid, into the total body cho- 
lesterol of the intact rat. In addition, simulta- 
neous measurements were also made on the ex- 
tent of oxidation of these two labeled fatty 
acids to respiratory CO 2 in order to provide an 
index of the rates at which these two fatty 
acids were generating acetyl-CoA. A prelimi- 
nary report on these experiments has been pre- 
sented (4). 

E X P E R I M E N T A L  PROCEDURES 

Three month old male rats of the Wistar 
strain, maintained on Purina rat chow, were fed 
by stomach tube, 1 ml of USP olive oil to 
which was added 12 pc of either l-t  4C_palmitic 
or 1-14C-linoleic acid, having a specific activity 
of 1 lac/mg. Since the palmitic acid and tinoleic 
acid content of USP olive oil is essentially iden- 
tical (5), the specific activity of the 1-14C-pal- 
mitate and 1-14C-linoleate absorbed from the 
intestines should also be essentially identical. 
At various time intervals after administration of 
the labeled fatty acids, respiratory CO 2 was col- 
lected for a few hours (6) and the animals then 
killed. Rats were given access to their regular 
diet during the time period between adminis- 
tration of the labeled fatty acids and collection 
of respiratory CO 2. 
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TABLE I 

Per Cent of  the Total Absorbed 1-14C-Palmitate and Linoleate Carbon Found Incorporated Into the 
Total Cholesterol o f  the Entire Rat, 6, 29 and 77 hr After Feeding 1-14C-Palmitate or Linoleate a 

Hours Number 14C.Cholestero i N umber 14C_Cholestero l 
Killed of  rats (14C-Palmitate-fed rats) o f  rats (14C-Linoleate-fed rats) 

6 3 0.266 • 0 .024 3 1.252 4- 0.342 
29 4 0.231 4- 0 .030 4 0.804 4- 0.222 
77 4 0.249 + 0 .067 4 0.800 4- 0.122 

a Each value is expressed as the arithmetic mean 4- 1 SD. The statistical significance of  the 
differences between the incorporation o f  1-14C-palmitate and linoleate at each time studied is less 
than 0.01 (as measured by the Student's "t" test). 

Unabsorbed lipid was collected by washing 
the entire gastrointestinal tract with acidic- 
aqueous-ethanol followed by petroleum ether 
and combining these washings with the ex- 
creted fecal matter.  The unabsorbed lipid frac- 
t ion and the entire rat were than saponified sep- 
arately in alcoholic KOH and the fat ty acids 
and colesterol extracted,  essentially as de- 
scribed by Van Bruggen et al. (7). The isolated 
fat ty acids were oxidized to CO 2 by wet com- 
bustion (8) and converted to baruim carbonate;  
the cholesterol converted to the digitonide (9), 
and the respiratory CO 2 precipitated as baruim 
carbonate. All 14C-containing samples were 
plated to infinite thickness and counted with 
the Nuclear Model C110B detector. The total  
activity of all radioactive samples were calcu- 
lated by multiplying the specific activity as 
baruim carbonate multiplied by the amount  of  
carbon in the sample. The amounts of the 14C 
fat ty acids absorbed from the intestines were 
calculated by subtracting the total  14C recov- 
ered in the fecal plus intestinal contents from 
the total  14 C fed. About  60% of both the fed 
1-14C-palmitate and linoleate was absorbed by 
the sixth hour after feeding; about 80% of each 
was absorbed by the twenty ninth and seventy- 
seventh hours. The percentage of  absorbed 14C 
fat ty acid carbon incorporated into cholesterol 
in the rat was calculated directly by dividing the 

total  activity of the cholesterol isolated from 
the whole rat by the total  activity of the ab- 
sorbed 14C-labeled fat ty  acids multiplied by 
100. The percentage of endogenous 14C_labele d 
fat ty acid carbon undergoing conversion to re- 
spiratory CO 2 per hour during various time in- 
tervals after feeding the labeled fatty acids was 
calculated as follows: the average-hourly total  
activity of the respiratory 1 4 C O  2 collected 
during the 1 or 5 hr time intervals was divided 
by the total  14C fat ty acid activity recovered 
from the entire rat, minus intestinal contents,  
immediately after completion of the respiratory 
CO 2 collection. This value was then multiplied 
by 100. 

Inasmuch as conversion of 14C.labele d fat ty  
acid carbon to cholesterol and respiratory CO 2 
in some instances was measured several days 
after feeding of the labeled fatty acids, the 
question arose as to whether the endogenous 
14C-labeled fat ty acids at such time were still 
essentially the same as the fed 14Cqabeled fa t ty  
acids. By chromatographic separation of the 
endogenous fat ty acids into major classes (1), 
followed by 14C assay (1 1), it was shown that  
the 14C-fatty acids derived from the adminis- 
tered labeled palmitate and linoleate were pres- 
ent in the rat predominantly as saturated and 
diunsaturated fat ty acid respectively even 7 
days after the fat ty acids were administered. 

TABLE II 

Per Cent of  the Total Absorbed 1-14C-Palmitate and Linoleate Carbon Found Incorporated Into the 
Total Cholesterol o f  Various Tissue Fractions 6 hr After  Feeding These 14C-Labeled Fatty Acids a 

Fatty acid Number 
fed o f  rats Carcass b Liver Gut c Skin d Organs e 

1-14C-Pal. 3 0 .0584-0 .015  0.085+-0.020 0.055-+0.025 0.050+_0.027 0.017+_0.004 
1-14C-Lin. 3 0 .325+-0 .147  0.472+-0.161 0.208+_0.050 0.132+.+_0.071 0.108+_0.046 

a Each value is expressed as the arithmetic mean + 1 SD. 
b Carcass refers to the tissue fraction remaining after removal o f  the liver, gut, skin and organs. 
c Gut refers to the gastrointestinal tract from the s tomach to the anus inclusive. 
d Skin refers to the entire hide, ie., subcutaneous fat, skin and hair. 
e Organs refers to the heart, spleen, pancreas, kidneys,  adrenals and reproductive system. 
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TABLE III 

Per Cent o f  the Total Endogenous 14C.Labele d Fatty Acid Carbon Oxidized to 
Respiratory 14CO2 Per Hour by the Intact Rat During Various Time Intervals After Feeding 

1-14C-Palmitate or Linoleate a 

Hours after Number . .  14CO 2 Number . A 14CO2 
feeding o f  rats (l,~C.Palmitate.fed rats) of rats (J qC-Linoleate-fed rats) 

5 - 6  4 1 0 . 8 8  -I- 2 . 9 9  4 2 0 . 9 4  -- 7 . 1 6  
2 4 - - 2 9  5 2 . 1 1  -t- 0 . 5 1  5 2 . 4 3  --- 0 . 5 9  
4 8 - - 5 3  3 0 . 9 4  --- 0 . 1 0  3 0 . 7 9  + 0 . 2 2  
7 2 - - 7 7  4 0 . 7 5  -1- 0 . 4 9  4 0 . 8 0  + 0 . 2 0  

1 6 8 - - 1 7 3  1 0 . 5 9  1 0 . 6 7  

a Each value is expressed as the arithmetic mean -+ 1 SD. The difference between the oxidation o f  
1-14C-palmitate and Hnoleate during the 5 to 6 hr t ime interval is significant to the 0.05 level (as 
measured by the Student's "t" test). The differences at the other t ime intervals are not  statistically 
significant. 

R ESU LTS 

The results shown in Table I indicate that at 
6, 29 and 77 hr after feeding of the labeled 
fatty acids, a significantly greater fraction of  
the absorbed 14C_linoleat e than 14C.palmitat e 
carbon was recovered as 14C.cholestero 1 in the 
entire rat. For example, after one or three days, 
about 0.8% of the absorbed 14C-linoleate 
carbon was present as cholesterol compared to 
about 0.2% of the absorbed 14C-palmitate. In 
several additional experiments it was demon- 
strated that this preferential incorporation of  
administered linoleate carbon into cholesterol 
in the entire rat was occurring in all of a large 
variety of tissues examined following the feed- 
hag of the labeled fatty acids (Table II). 

The observed differences between the frac- 
tion of absorbed linoleate and palmitate carbon 
converted to cholesterol appears to be the re- 
sult of events that occurred soon after the la- 
beled fatty acids were absorbed, since as shown 
in Table I, the concentration of 14C in the c h o -  

lesterol of the rats fed either labeled palmitate 
or linoleate remained essentially constant be- 
tween one and three days after administration 
of the fatty acids. 

The explanation for the preferential incorpo- 
ration of absorbed linoleate carbon into cho- 
lesterol appears related to the observation that 
there was an accompanying preferential oxi- 
dation of 14C-labeled linoleate compared to 
14C-labeled palmitate shortly after adminis- 
tration of these fatty acids. This is shown in 
both Tables III and IV. Between the fifth and 
sixth hours after feeding the labeled fatty acids, 
app rox ima te ly  twice as much endogenous 
14C-fatty acid carbon was oxidized to CO 2 per 
hour by the intact, 1-14C-linoleate-fed rats than 
by the intact, 1-14C-palmitate-fed rats (Table 
III). In addition, when removed from the rats 6 
hr after feeding and incubated in vitro, both the 
liver and skeletal muscle of these animals 
showed a preference for oxidation of  endo- 
genous linoleate (Table IV). As further equili- 
bration of the labeled fatty acids with the body 

TABLE IV 

Per Cent of  the Endogenous Tissue 14C-Labeled Fatty Acid Carbon Oxidized to Respiratory 
14CO2 Per Gram of  Tissue (Wet Weight)a, b 

(14C_Pgm4CO2_fed rats) (14C-Lilo~eCO2-fed rats) 

Hours after Number Number 
feeding of  rats Liver Muscle of rats Liver Muscle 

6 4 1 . 4 3  -I- 0 . 4 1  8 . 6 7  • 2 . 5 0  4 2 . 8 2  + 0 . 2 3  16 .61  + 3 . 6 3  
2 9  2 1 . 0 7  + 0 . 0 7  2 . 2 9  + 0 . 1 0  2 1 . 1 3  + 0 . 0 1  2 . 8 3  + 0 . 0 3  
7 7  4 1 . 2 4  -t- 0 . 0 8  1 . 6 2  - 0 . 5 6  4 0 . 9 8  -I- 0 . 0 6  2 . 2 2  -+ 0 . 8 3  

a At 6, 29 and 77 hr after feeding the 14C-labeled fatty acid 1 g samples of liver and skeletal muscle were 
removed, sliced (Stadie tissue slicer) and incubated in 20 ml of Krebs phosphate buffer (pH = 7.4) for 2 hr 
at 37 C. 

b Each value is the mean + 1 SD. Significantly more endogenous 14C from 1-14C-linoleate than 
1-14C-palmitate was oxidized to 14CO2 by both liver and muscle at the sixth hour, P (t) ~ 0.02(as measured by 
the Student's "t"  test). 
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lipid occurred over a period of a day or more, 
the fraction of endogenous 14C.fatty acid car- 
bon oxidized to CO 2 per hour in the lino- 
leate-fed rat was similar to that observed in the 
palmitate-fed rat (Tables III and IV). 

DISCUSSION 

Since the liver is a primary site of oxidation 
of fatty acids recently absorbed from the intes- 
tines and also a main site of cholesterol biosyn- 
thesis, the observed preferential utilization of 
dietary 1-14C-linoleate carbon for cholesterol 
biosynthesis by the intact rat could largely rep- 
resent a preferential catabolism of 1-14C-lino- 
leate by the liver. Indeed, the data indicate that 
soon after ingestion of 1-14C-linoleic and pal- 
mitic acids the liver was oxidizing significantly 
more 1-14Cqinoleic acid carbon than 1-14C-pal: 
mitic acid carbon. The greater oxidation of the  
fed 1-14C-linoleate than 1-14C palmitate by the 
liver perhaps could reflect a smaller pool of he- 
patic linoleic acid available to dilute the newly 
absorbed 14C_linoleat e than hepatic palmitic 
acid to dilute the 14C-palmitate. It is also pos- 
sible that the enzymes of the 13 oxidation path- 
way exhibit a preference for linoleic over pal- 
mitic acid as substrate for oxidation. 

Irrespective of the mechanism involved, as 
judged by ability to oxidize linoleic and pal- 
mitic acids and to utilize the carbon of these 
acids as substrate for cholesterol synthesis, the 
rat exhibits a greater ability to catabolize lino- 
leic than palmitic acid. The greater incorpora- 
tion of linoleic acid carbon into cholesterol 
most probably reflects the preferential oxida- 
tion of linoleic acid by the intact rat and by the 
rat liver in particular. Although utilization for 
cholesterol biosynthesis is a quantitatively 
minor pathway of fatty acid metabolism, the 
fact that animals ingest considerable amounts 
of fatty acids and that cholesterol represents a 

small fraction of the total body carbon makes it 
likely that a large fraction of the carbon re- 
quired for total cholesterol synthesis is derived 
from fatty acid carbon. Thus, the observed 
preference of the intact rat to utilize linoleic 
acid carbon for the synthesis of cholesterol may 
help to explain the observation of Klein (1) and 
others (12) that the plasma cholesterol of the 
rat increases as the linoleic acid content of the 
diet increases. By comparison, the decrease in 
plasma cholesterol of humans in response to in- 
creased intake of linoleic acid may relate to the 
observation of Fredrickson and Gordon (13) 
that the human does not catabolize linoleic acid 
as readily as palmitic and oleic acids. 
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ABSTRACT 

The triglycerides of Heliothis virescens 
(F.) ,  the tobacco budworm, reared on a 
semidefined diet, were examined at dif- 
ferent stages of development. The distri- 
but ion of triglyceride carbon numbers 
and the composit ion of  triglyceride fat ty  
acids were determined by gas-liquid chro- 
matographic analysis of intact triglycer- 
ides and methyl  esters. Triglycerides of  
carbon number 50 decreased in the unfed 
a d u l t s  with age; the decrease corre- 
sponded with a decrease in palmitic acid. 
Linoleic acid and carbon number 50 ex- 
h ib i t ed  fluctuations in concentrations 
that  were correlated with metamorphosis.  
The observed changes in specific triglycer- 
ide carbon numbers with a simultaneous 
change in specific triglyceride fat ty  acids 
indicate a nonrandom fat ty  acid distribu- 
t ion in the triglycerides of this insect. 

INTRODUCTION 

Insects contain a high percentage of lipid, a 
large amount  of which is triglyceride that  serves 
as a source of energy (1). Although the fat ty  
acid content  of the triglyceride fraction has 
been analyzed for several insects (2,3), the 
intact triglyceride structure has not  ye t  been 
examined for any insect. This communication 
describes the distribution of triglyceride carbon 
numbers and the fat ty  acid composit ion of tri- 
glycerides found in the tobacco budworm, 
Heliothis virescens (F.),  during the larval to 
adult t ransformation,  and in unfed adults of 
various ages. 

EXPERIMENTAL PROCEDURES 

Insect Material 

Heliothis virescens (F.)  (Lepidoptera:  Noctu- 
idae), the tobacco budworm, was reared in indi- 
vidual plastic containers from the egg to adult 

1Under contract with the U. S. Atomic Energy 
Commission. 

2Oak Ridge Associated Universities Research Par- 
ticipant. 

stage on a semidefined diet described by Berger 
(4). Larvae were removed from the diet and 
held 8 hr without food prior to extract ion of 
lipids to minimize dietary triglyceride present 
in the intestinal tract. Late-stage pupae were 
placed in screen-topped containers of sawdust 
until  moths emerged. Adults were placed in 
screen-topped half-gallon jars and given only 
water in order to deplete their lipid content.  

Last instar larvae, pupae, and adults were 
homogenized in ice-cold water, lyophilized, and 
the total  lipids were extracted by the Folch et 
al method (5). Neutral lipids were separated 
from phospholipids by silicic acid chroma- 
tography (6). Triglycerides were isolated by 
thin-layer chromatography (TLC) and hydro- 
genated before analysis by gas-liquid chroma- 
tography (GLC). Methyl esters were prepared 
from the triglycerides by transesterification 
with 2% sulfuric acid in methanol.  

Thin-Layer Chromatography 

Silica Gel G adsorbent layers (250 /a )  were 
spread on 20 x 20 cm glass plates with a modi- 
fied Colab applicator (7). Chromatoplates were 
air-dried, activated 30 min at 110 C, and stored 
in a desiccator until  used. Neutral lipids or total  
lipids were applied to the plate in a narrow 
band with a Rodder  Streaker (Rodder  Instru- 
ment,  Los Altos, Calif.). Solvent development 
was carried out in hexane-diethyl ether (90:10 
v/v). The triglyceride band was located by 
spraying the chromatoplate  lightly with a 0.2% 
Rhodamine 6G in 95% ethanol. The triglyceride 
band was scraped into a fr i t ted glass funnel 
and eluted from the adsorbent layer with sev- 
eral volumes of  diethyl ether. 

Gas-Liquid Chromatography 
Methyl esters and intact triglycerides were 

analyzed with an Aerograph Model 204 gas 
chromatograph. One side of  the dual column 
instrument was modified for the analysis of  tri- 
glycerides and other high molecular weight 
compounds.  The modifications will be de- 
scribed in a separate publication. Triglycerides 
were analyzed on a 70 c m x  4 mm OD (2.5 mm 
ID) Pyrex column packed with 1% OV-1 on 
100-120 mesh Gas Chrom Q manually tempera- 
ture programmed from 200-335 C at approxi- 
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TABLE I 

Lipid Content  of  Heliothis virescens 
at Various Metamorphic Stages 

Metamorphic 
stage 

Lip id ,% Lipid, % 
Number  of 

insects Dry wt. Wet wt.  NL a PL b 

Young larvae 66 
Mature larvae 40 
Young pupae 42 
Mid-age pupae 50 
Old pupae 39 
Newly emerged adults 42 
4 Day old adults 22 
7 Day old adults 26 
11 Day old adults 15 
Larval diet --- 

15.2 2.7 92.7 7.3 
14.2 9.4 92.3 7.7 
43.3 14.9 93.7 6.2 
26.5 9.2 96.4 3.6 
26.4 8.3 91.0 9.0 
29.8 12.7 94.7 5.3 
27.4 11.6 . . . . . .  
15.0 6.4 . . . . .  

9.4 3.0 . . . . .  
2.6 0.6 76.1 23.9 

aNL, neutral lipid. 

bpL, phospholipid. 

mately 5 C/min. Temperatures of the flash 
heater and detector  were maintained at 325 C 
and 350 C. Helium carder gas, hydrogen and 
oxygen flow rates were 100, 50, and 300 
ml/min,  respectively. 

Methyl esters were chromatographed on a 
152 cm x 3 mm OD (1.75 mm ID) Pyrex 
column packed with 15% ethylene glycol succi- 
hate silicone polymer (EGSS-X) coated on 
100-120 mesh Gas Chrom P. The column tem- 
p e r a t u r e  was manually programmed from 
125-190 C at approximately 3 C/min. Flash 
heater and detector temperatures were main- 
tained at 250 C. The flow rate of  the helium 
carrier gas was 40-60 ml/min. Hydrogen and air 
flow rates were regulated to give maximum de- 
tector  sensitivity. 

2'T 2'4 
MINUTES 

II DAY OLD ADULTS 
52 

MATURE LARVAE 

t 
100 
90 

52 80 

s ~ ~  so,.=, 

$0 
2O 

,o 
4 8  

FIG. 1. Representative chromatograms (GLC) of 
intact triglycerides of Heliothis virescens larvae and 
adults. The comparison illustrates the changes that 
occur in the carbon number distribution of the tri- 
glycerides during development. Chromatographic 
conditions are described in the text. 

Methyl ester and triglyceride peak areas were 
measured by triangulation and represent the 
mean of three determinations. Methyl ester 
values are given as uncorrected area percentages 
since values obtained for NIH standard methyl  
ester mixtures (D and F) agreed (+5%) with the 
known percentages. Standard triglyceride mix- 
tures were used for instrument calibration and 
the mole percentages given have been corrected 
for slight losses of the higher molecular weight 
triglycerides. 

M a t e r i a l s  

Purified triglycerides and methyl  ester stand- 
ard mixtures were obtained from The Hormel 
Institute,  Austin,  Minn. Glass-distilled solvents 
were purchased from the Burdick and Jackson 
Laboratories ,  Inc., Muskegon, Mich. Other 
chemicals were reagent grade or better and were 
used without further purification. 

RESULTS AND DISCUSSION 

The percentages of total  lipids, neutral lipids 
and phospholipids in Heliothis virescens at vari- 
ous stages of  development are shown in Table I. 
The total  lipid content ,  based on either wet 
weight or dry weight, shows the same trend: a 
maximum is reached at the early pupal stage 
and decreases to a minimum value in mid-age 
pupae. The to ta l  lipids remain constant until 
emergence of  the adult, at which time the lipid 
content begins to decrease with age. The neu- 
tral lipids of  Heliothis represent approximately 
93% of  the total  lipids and appear to be unaf- 
fected by metamorphosis.  Although the lipid 
class composit ion was not  quantitatively deter- 
mined, the neutral lipids consist primarily of 
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TABLE II 
Calculated and Determined Triglyceride Carbon 

Number Distribution of Heliothis virescens 
at Various Stages of Development 
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Carbon number, %a 
Stage 

examined 48 50 52 54 56 58 

Young larvae 0.9 b 17.9 64.3 16.5 0.5 .... 
Calculated c 4.4 22.3 42.1 29.1 3.8 0.2 
Mature larvae 2.6 33.6 56.6 7.2 .... 
Calculated 8.6 31.4 40.6 18.4 0.7 
Young pupae 2.3 31.7 58.6 7.4 .... 
Calculated 8.1 30.0 39.6 18.2 0.7 
Mid-age pupae 2.5 35.2 51.4 10.4 0.5 
Calculated 8.8 31.3 39.6 18.5 1.5 
Old pupae 2.0 35.8 54.8 8.3 T 
Calculated 8.8 30.4 39.9 19.2 1.5 
Newly emerged adults 2.3 36.2 54.4 7.2 .... 
Calculated 9.3 32.2 39.8 1 "/.7 1.0 
4 Day old adults 0.8 21.6 62.2 15.4 .... 
Calculated 5.5 24.7 42.0 23.8 1.8 
7 Day old adults 1.2 23.3 55.3 19.9 0.2 
Calculated 4.5 22.5 42.3 27.5 2.0 
11 Day old adults 0.8 20.2 53.5 25.3 0.2 .... 
Calculated 3.1 16.5 35.4 32.5 10.8 1.5 
Larval diet triglycerides 0.4 7.9 39.2 48.2 3.6 0.6 
Calculated 1.2 9.4 34.6 50.6 4.3 0.1 

a The carbon number represents the sum of the number of carbon atoms in the hydro- 
carbon chains. 

b Percentages represent the mean of three determinations. 
c The random distribution percentages were calculated from the respective fatty acid 

percentages in Table III. 

tr iglycerides.  
Representa t ive  chromatograms  of  triglycer- 

ides isolated f rom m a t u r e  larvae and 11 day old 
adults (Fig. 1) i l lustrate the change in carbon 
number  dis t r ibut ion during development .  Tri- 
glyceride carbon number  dis t r ibut ion percent-  
a g e s  ob ta ined  for different  deve lopmenta l  
stages and the  diet are given in Table II along 
wi th  calculated r andom dis t r ibut ion percent-  
ages. The  fa t ty  acid dis t r ibut ion in the  tr iglycer- 
ides is n o n r a n d o m  at all stages: de te rmined  per- 
centages o f  carbon numbers  52 and 54 are 
15-20% higher and 7-10% lower,  respect ively,  
than  calculated values. The dis t r ibut ion of  car- 
bon numbers  in this insect is very narrow 
(48-56) at all stages of  deve lopment ,  wi th  car- 
bon  numbers  50, 52 and 54 represent ing more  
than  95% of  the total .  Af te r  the  young  adult  
stage, the percentage of  carbon number  50 de- 
creased with  age. Carbon number  54 increased 
but  showed f luc tuat ions  corresponding to meta-  
morph ic  changes. Fol lowing the early last instar 
larval stage, carbon number  52 showed the least 
variat ion.  The  difference be tween  the  carbon 
n u m b e r  dis t r ibut ion of  dietary tr iglycerides and 
the  insect t r iglycerides indicates the  presence of_ 
hn active t r iglyceride synthesizing system in- 

volving effher to ta l  de novo synthesis,  hydro l -  
ysis and rear rangement  o f  dietary triglycerides, 
or a combina t ion  of  both .  

Fa t t y  acid me thy l  esters of  tr iglycerides 
ranged in chain l eng th  f rom C14:0 to C20:4 
but  C16 and C18 fa t ty  acids represented more  
than 95% of  the  to ta l  in all stages of  develop- 
ment  (Table III). The dietary fa t ty  acid compo-  
sit ion (Table III)  is no t  ref lected in the  fa t ty  
acid compos i t ion  o f  the  insect triglycerides.  
Oleic and l inoleic  acids represented 16% and 
53% of  the to ta l  dietary fa t ty  acids,  whereas 
these same acids represented 40-45% and 7-17%, 
respect ively,  of  the tr iglycerides in Heliothis 
virescens. Our data are similar to those repor ted  
by Schaefer  (8) who  has repor ted  that  larvae of  
the bo l lworm,  Heliothis zea (Boddie) ,  when  
reared on wheat  germ diet  high in l inoleic acid, 
conta in  only small amounts  of  this acid in the  
to ta l  lipids. As seen in Table III,  the  diet con- 
ta ined only traces o f  palmitole ic  acid bu t  the 
insect t r iglycerides conta ined  up to 10% of  this 
fa t ty  acid. Vanderzan t  (9) and Schaefer  ( 8 ) r e -  
por ted  that  pa lmi to le ic  acid is synthesized by 
Heliothis zea when  this acid is absent f rom the 
diet. Oleic and palmitole ic  acid percentages 
showed the least var ia t ion f rom early last instar 
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TABLE III 

Triglyceride Fatty Acid Composition of 
Heliothis virescens at Various Stages of Development 

Metamorphic 
stage 

Fatty acid, %a 

14:0 16:0 16:1 18:0 18:1 18:2 18:3 20:4 

Young larvaeb 0.3 31.7 2.5 
Mature larvaeb 0.4 33.9 9.2 
Young pupae 0.3 33.8 8.6 
Mid-age pupae 0.4 34.8 8.7 
Old pupae 0.5 33.9 8.6 
Newly emerged adults 0.5 34.4 9.7 
4 Day old adults 0.4 29.9 6.2 
7 Day old adults 0.5 26.7 7.0 
11 Day old adults 0.5 23.3 6.1 
Diet lipids 0.7 21.3 T 
Diet triglycerides 0.7 18.5 T 

2.1 42.5 17.0 1.5 3.1 
0.8 47.6 6.7 0.6 0.8 
0.9 45.8 7.9 0.8 0.7 
0.8 40.3 12.0 1.3 1.7 
0.6 42.5 11.5 0.7 1.6 
0.7 43.8 9.9 T 1.1 
0.3 46.3 14.6 0.6 1.6 
0.6 46.6 16.0 1.0 1.6 
0.7 42.5 16.6 1.3 9.0 
1.4 16.1 52.9 6.9 0.8 
1.5 18.9 51.7 6.5 2.3 

a Percentages represent means of duplicate analyses. 
b Last larval instar. 

larval stage to  the  adult  stage. Palmit ic  acid 
showed  a decrease wi th  age, and the  same t rend  
as observed for  t r ig lycedde  ca rbon  n u m b e r  50. 
Linoleic acid exh ib i t ed  f luc tua t ions  in concen-  
t ra t ions  cor responding  to  m e t a m o r p h o s i s  tha t  
w a s  also observed for  t r iglyceride carbon  
n u m b e r  54. 

The  observed changes in specific t r iglyceride 
carbon  num ber s  wi th  a cor responding  simulta-  
neous  change in specific t r iglyceride f a t t y  acids 
and the  lack of  agreement  b e t w e e n  de t e rmined  
and calculated carbon  n u m b e r  percentages  indi- 
cate a n o n r a n d o m  fa t ty  acid d i s t r ibu t ion  pat-  
tern.  Adul t s  (11 day old)  ma in ta ined  on  water  
to  dep le te  their  l ipid reserves (Table I) conserve 
a rachadonic  acid (Table III); this  acid may  serve 
a vital func t ion  in insects.  
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SHORT COMMUNICATION 
Incorporation of 14C-UDP-Glucose and 

t4C-UDP-Galactose Into Carbohydrate-Containing 
Sphingolipids by a Rat Brain Particulate Fraction 

The biosynthetic pathway leading to the 
formation of galactosylceramide has been de- 
scribed. The initial reaction has been reported 
to be the glycosylation of sphingosine by UDP- 
galactose to yield galactosyl sphingosine (1). 
A particulate system has been reported which 
transfers the fatty acid moiety from a fatty 
acyl CoA derivative to the amino group of 
psychosine to produce galactosyl ceramide (2). 
Recently a brief publication appeared which 
reports the formation of glucosyl ceramide 
through the reaction of UDP-glucose and cer- 
amide (3). The purpose of  this communica- 
tion is to describe the sphingosine stimulated 
incorporation of both UDP-glucose and UDP- 
galactose by a particulate fraction of rat brain. 
The product with UDP-glucose was found to 
be glucosylceramide while in the case of UDP- 
galactose it was galactosylsphingosine. 

l 'C-UDP-glucose and " C - U D P - g a l a c t o s e  
were obtained from New England Nuclear Cor- 
poration (Boston, Massachusetts). DL-erythro- 
sphingosine was purchased from Miles Labora- 
tories (Elkhart, Indiana). l'C-glucosyl and ~'C- 
galactosyl sphingosines as well as the unlabelled 
material were synthesized by a published pro- 
cedure (4). The particulate preparation util- 
ized as the enzyme source was similar to that 
reported by Cleland and Kennedy (1). Brains 
from 10 day old Sprague-Dawley rats were re- 
moved and homogenized in four volumes of 
0.25 M sucrose -0.001 M EDTA pH 8.0. The 
suspension was centrifuged at 12,000 x g for 
15 min and the supernate removed. The pel- 
let was homogenized in the same solution in 
a volume equal to that removed and the sus- 
pension again spun at 12,000 x g for 15 min. 
The combined supernates were centrifuged at 
30,000 x g for 1 hr. The pellet was suspended 
in 10 ml of 0.2 M Tris-0.00 M EDTA pH 8.0, 
and used as the enzyme source. Each incuba- 
tion mixture contained 120,000 counts of 
either l~C-UDP-glucose or 14C-UDP-galactose, 
2 ~mole MgCI~, 100 rg  Tween-20, 20 ~mole 
Tris-HC1 pH 8.4 and 3 to 4 mg of enzyme 
protein in a total volume of 0.5 ml. The in- 
corporation into lipids was assayed by a modi- 
fied Folch partitioning procedure followed by a 
saponification treatment as described previously 
(5). Radioactivity was determined in a Nu- 
clear Chicago gas flow proportional counter. 

Thin-layer chromatography was carried out 
with Silica Gel G employing either borate im- 
pregnated or non-impregnated plates with chlo- 
roform-methanol-water (65:25:4 v / v / v )  (6,7). 
Chloroform- me th a n o l - w a t e r -  15N NH~OH 
(280:70:6!1 v /v /v)  was used with borate 
plates to differentiate between glucosyl and 
galactosylceramide as well as between glucosyl 
and galactosyl-sphingosine. Radioactive trac- 
ings were obtained with a Bertholet TLC scan- 
ner. 

Initial experiments designed to establish the 
subcellular distribution of the enzyme systems 
involved in the conversion of both nucleotide 
sugars revealed that nearly all of the activity 
resided in the particles brought down from 
12,000 to 30,000 x g. Virtually no activity 
was obtained in either 30,000 x g supernatant 
or in the particles obtained at 0-12,000 x g. 

The data in Table I document the ability 
of the particulate preparation to incorporate 
either "C-glucose (Part A) or "C-galactose 
(Part B) from their corresponding nucleolide 
derivative into alkali-stable lipid. 

It is apparent that erythrosphingosine stim- 
ulates the incorporation of both sugars from 
their nucleotide derivative. The effect with 
UDP-galactose is more marked. Ceramide add- 
ed in either chloroform-methanol, or as a 
sonicated emulsion did not stimulate the in- 
corporation of sugars into lipid. Under con- 
ditions where there was an active stimulation 
of sugar incorporation, the presence of 1 umole 
of the reciprocal non-radioactive sugar nucle- 
otide did not depress the amount of radioac- 
tivity found in the lipid extract. Little if any 
effect was obtained by the presence of either 
glucosyl or galactosylsphingosine on the in- 
corporation of "C-UDP-glucose. The pres- 
ence of galactosylsphingosine did inhibit the 
conversion of "C-UDP-galactosr into lipid. 

The specific inhibition of  "C-UDP-galactose 
incorporation by galactosylsphingosine without 
any effect of UDP-glucosyl sphingosine on 14C- 
glucose incorporation suggested a difference in 
the conversion of these two sugars into lipid. 
This was corroborated by resolution of the 
products of the reaction by TLC. As shown 
in Figure 1A, ~'C-UDP-glucose in the absence 
of sphingosine gives rise to material which 
migrates with cerebroside (lane 1. tracing 1). 
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In the presence of sphingosine no change in 
the reaction product is seen (lane 2, tracing 2). 
In a similar manner,  "C-UDP-galactose in the 
absence of sphingosine also gives rise to a 
cerebroside (lane 3, tracing 3) as shown in 

Figure IB. In  the presence of sphingosine, 
however, 14C-UDP-galactose is preferentially in- 
corporated into psychosine (lane 4, tracing 4). 
By using TLC with borate impregnated plates 
in systems which have been documented to 

FIG. 1A and 1 B. TLC of lipid extracts prepared as described in the text on Silica Gel G 
without borate in chloroform-methanol-~.ater (65:25:4 v/v/v).  The arrows indicate the 
position of spots which were clearly visible on the TLC plate but which were faint in the 
photograph. Lane I. incubation of '4C-UDP-glucose alone; Lane 2, incubation of t4C-UDP- 
glucose + sphingosine; Lane 3, incubation of l'C-UDP-galactose alone; Lane 4. incubation of 
'4C-UDP-galactose + sphingosine; Lane 5, glucosylsphingosine standard; Lane 6, glucosylcera- 
mide standard. Tracing l, obtained from lane 1; Tracing 2, obtained from lane 2: Tracing 3, 
obtained from lane 3: Tracing 4. obtained from lane 4. 
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TABLE 1 
Effect of Various Acceptors on the Conversion of 
14C-UDP-glucose and 14C-UDP-galactose into Lipids 

condi t ion  cpm Incorporated 

A. ~C-UDP-glucose 
No additions 1000 
+ Erythro-sphingosine (0.3 #moles) 2220 
+ Threo-sphingosine (0.3 /*moles) 1050 
+ Ceramide (0.3 /*moles) 1170 
+ UDP-galactose (1 /*mole) + 

erythro--sphingosine 3000 
+ Glucosylsphingosine (0.3 /*moles) + 

erythro-sphingosine 2400 
+ galactosylsphingosine (0.3 /*moles) + 

erythro-sphingosine 2000 
B. 14C-UDP-galactose 

No additions 220 
+ Erythro-sphingosine (0.3 /*moles) 2450 
+ Threo-sphingosine (0.3 /*moles) 250 
+ Ceramide (0.3 /*moles) 380 
+ UDP-glucose (1 /*mole) + 

erythro-sphingosine 2500 
+ Glucosylsphingosine (0.3 /*moles) + 

erythro-sphingosine 1800 
+ Galactosylsphingosine (0.3 #moles) + 

erythro-sphingosine 300 

distinguish between these two cerebrosides 
(6,7), it was demonstrated that the 14C-UDP- 
glucose was incorporated into the glucosyl- 
ceramide while the l'C-UDP-galactose was in- 
corporated into galactosylceramide. TLC of 
the reaction products formed in the presence 
of ~C-UDP-glucose sphingosine and glucosyl 
or galactosylsphingosine revealed that glucosyl- 
ceramide was the only radioactive material 
produced. By employing borate-impregnated 
thin-layer plates, it was demonstrated that the 
psychosine produced from ~4C-UDP-galactose 
was galactosylsphingosine. Experiments in 
which x4C-glucosyl or ~4C-galactosyl sphingo- 
sine were incubated in the enzyme system re- 
vealed that these compounds were unaltered 
and not converted to eerebrosides. The pres- 
ence of palmitoyl CoA did not alter the nature 
of the products formed nor increased the total 
radioactivity incorporated in any of the ex- 
perimental conditions. 

The experiments described demonstrate the 
ability of a particulate fraction of rat brain to 
incorporate either 1'C-glucose or ~'C-galactose 
into sphingoglycolipid from their nucleotide 
derivatives. The stimulation by sphingosine is 
most marked with 14C-UDP-galactose yielding 
as the principal product galactosylsphingosine. 
In the case of  ~'C-UDP-glucose the product is 
glucosylceramide, The nature of the endogen- 
ous acceptor is unknown at this time; however, 
a lipid extract of the particles did not result 
in any stimulation of sugar incorporation into 
sphingolipid. In addition, the inability of cera- 
mide to stimulate in this system would suggest 
that this compound is not the acceptor. The 
finding that the addition of the alternate non- 

radioactive sugar nucleotide did not depress 
the conversion to lipid would suggest that UDP- 
galactose-4 epimerase activity was not present. 
Glucosylsphingosine neither inhibited the in- 
corporation of ~'C-UDP-glucose in the presence 
of sphingosine nor changed the reaction prod- 
uct (glucosylceramide); therefore, it would ap- 
pear that this material is not an intermediate 
in glucosytceramide biosynthesis. This was 
further substantiated by the recovery of  I'C- 
glueosyl-sphingosine unchanged from the re- 
action mixture. Therefore, it appears that in 
this system the pathways of biosynthesis of 
glucosylceramide and galactosylsphingosine are 
different. Studies are currently being under- 
taken to delineate these reactions. 

In order to isolate and identify the reaction 
products, the incubation mixtures were in- 
creased 15 fold. The products after incubating 
either 14C-UDP-glucose or l*C-UDP-galactose 
were isolated on separate silicic acid columns 
eluted in a stepwise fashion with increasing 
concentrations of  methanol in chloroform. Car- 
rier glucosylceramide was added to the prod- 
uct obtained by incubating 14C-UDP-glucose 
and mixture crystalized from methanol. Con- 
stant specific activity was obtained after two 
recrystalizations. Carrier galactosylsphingosine 
was added to the product obtained by incubat- 
ing 14C-UDP-galactose. The mixture was treated 
with palmitoyl chloride. The reaction mix- 
ture was saponified to remove the esterified 
palmitic acid and galactosylceramide was iso- 
lated by silica acid column chromatography. 
Constant specific activity was obtained after 
three crystalizations. This material cochroma- 
togramed with authentic standards, on borate- 
impregnated thin-layer plates, of galactosyl 
ceramide. 
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Isolation of an Unusual Positional Isomer of 
Hexadecenoic Acid From a Parasitic Leptospire 

Microorganisms have been reported to syn- 
thesize branched and cyclic fatty acids as 
well as certain positional isomers of unsat- 
urated fatty acids (1) which are not generally 
found in mammalian cells. Of the several 
possible isomers of hexadecenoic acid, th~ 9 
isomer is the most common in nature. How- 
ever, l l-hexadecenoic acid has been isolated 
as a minor component ( ~ 1 % )  of two bac- 
teria, Clostridium pasteurianurn and Strepto- 
coccus hemolyticus (1,2). In the current in- 
vestigation of Leptospira interrogans, serotype 
ballum S102, ll-hexadecenoic acid was ob- 
served as a major lipid component (22.3%).  

Cells were cultivated in 1 liter volumes 
in a bovine albumin medium (3) in which 
Tween 80 was replaced by 3 x 10 -4 M hexa- 
decanoic acid and 1 x 10 -4 M 9-octadecenoic 
acid for 5 to 7 days at 30 C. These cells, 
which were in the late log or early stationery 
growth phase, were sedimented at 12,000 x g 
for '20 rain and washed once with distilled 
water. Approximately 65 mg dry weight of 
cells were obtained per liter of medium and 
450 mg dry weight of pooled cells were used 
for the lipid analyses. The lipid was extracted 
from lyophilized cells with chloroform-meth- 
anol (2:1) (4). Ten to 20 mg of total lipid 
were fractionated into neutral lipid and phos- 
pholipid by thin-layer chromatography (TLC) 
using microplates (5) developed with diethyl 
ether. For recovery of the lipid fractions, the 
silica gel containing the phospholipid and the 
neutral lipid was scraped into methanol and 
chloroform, respectively, Five to 10 mg 
each of total lipid, neutral lipid and phos- 
pholipid were saponified and acidified, and the 
free fatty acids extracted with hexane. Es- 
terification of the fatty acids was performed 
with boron triftuoride (6) or diazomethane 
(7).  Analysis of the methyl esters of the fatty 
acids was performed by gas-liquid chromatog- 
raphy (GLC).  The C1~ and C ~  esters were 

TABLE I 
Analysis ot the C1~ and Cls Fatty Acids From Ballum S102 

Total Percentage 

Total Neutral 
Fatty Acid Lipid Lipid Phospholipid 

Hexadecanoic 26.3 21.6 22.6 
9-FIexadecenoic 3.0 5.1 2.8 
cis-11 -Hexadecenoic 22.3 20.6 28.9 
Octadecenoic 1.0 2.8 0.4 
9-Octadecanoic 37.6 43.1 25.4 

collected separately by preparative GLC and 
analyzed by GLC. Each fraction was analyzed 
for purity and a small sample was hydro- 
genated to confirm the chain length by GLC. 
The individual samples were ozonized and 
reduced (8). The resulting aldehydeesters 
(aid-esters) derived from the splitting at the 
double bond were analyzed quantitatively by 
GLC. 

The results are presented in Table I .  The 
l l-hexadecenoic acid comprises 22.3% of the 
total fatty acids. This acid is the largest 
component of the phospholipid (28.9%),  bu! 
it is also found as a major component in the 
neutral lipid (20.6%).  The ozonized hexa- 
decenoic esters were found to contain 89.7% 
Cz~ aid-ester and 10.3% C 9 aid-ester, showing 
the presence of both 9 -  and 11-hexadecenoic 
acids and the relative proportions of each. 
Infrared spectrophotometric analysis identified 
the l l-hexadecenoic acid as being the cis 
isomer. The amount of the 9-hexadecenoie 
acid available was insufficient for infrared 
spectrophotometric analysis. The ozonized oc- 
tadecenoic acid fraction contained only the 
C9 aid-ester demonstrating this acid to be en- 
tirely the 9 isomer. 

Fatty acids are the major carbon and en- 
ergy source for the leptospires (9). The 
parasitic leptospire, ballum S102, can grow 
optimally on unsaturated fatty acids with a 
minimum chain length of C~6 (10). Saturated 
fatty acids cannot be utilized for growth un- 
less an unsaturated fatty acid is also provided, 
in which case one of these fatty acids must 
be at least C1~ (10). The pathway involved 
in the biosynthesis of cis-ll-hexadecenoic 
acid in Ballum Sl02 is not known at this 
time. 
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Silver Acetate for Stabilizing Methyl Galactosides 
After Methanolysis of Glycolipids 1 

A method for the characterization of glyco- 
lipids by GLC was reported by Sweeley and 
Walker  (1) and successfully applied by  Fold- 
man et al. (2) and Vance and Sweeley (3).  
In this procedure the carbohydrate moiety is 
recovered as an equilibrium mixture of anom- 

. ors o.(.the me~thyl glycosides after hydrolysis 
in methanolic hydrochloric acid. The methyl 
glycosides are then further resolved by GLC of 
their trimethyl silyl (TMS) derivative. 

When the acid hydrolysate contains methyl 
galactosides it is necessary to remove the HC1 
before the hydrolysate is blown dry with a 
stream of nitrogen. Failure to do so results 
in the transformation of methyl galactosides 
into unidentified analogs as evidenced by the 
occurrence of five peaks upon GLC instead 
of the usual three that represent a, fl and 3' 
galactosides. The degree of transformation is 
directly related to the rate at which the hydro- 
lysate is evaporated (Table I) .  The two analog 

~Presented in part at the AOCS-AACC Meeting, Wash- 
ington, D.C., March, 1968; Symposium on "Practical Ap- 
plications of Chromatography in Lipid Analyses." 

TABLE I. 

Percentage Composition a of Methyl Galactoside Anomers 
in Anhydrous Methanolic HC1 After Various Treatments 

Anomer 

Treatment of galactosides 

Rapid Slow Silver 
evaporation evaporation acetate 

y 15.6% 2.2% 19.8% 
a 5fl.3 60.4 55.4 
B 20.2 17.1 24.8 

Unknown 1 5.9 9.3 .... 
Unknown 2 .... 11.0 .... 

Total 100.0 100.0 100.0 

aPercentage values calculated directly from the number 
of counts obtained with an electronic peak integrator 
(CRS-100, Infotronics Corp., Houston, Texas).  

peaks are minimal with a very rapid evapora- 
tion rate, but at slower rates they become larger 
with a concomitant reduction in the size of 
the methyl-3,-galactoside peak. We were unable 
to achieve sufficiently rapid evaporation to com- 
pletely prevent these changes. 

The galactoside transformation is a serious 
source of error when glucose to ga/actose ratios 
are determined. The analog peaks are eluted 
with the glucoside peaks giving a false ratio. 
Sweeley and Walker  (1) removed the HC1 by 
passing the hydrolysate through a small column 
packed with Amberli te CG-4B. However, the 
resin is slightly soluble in methanol, contam- 
inating the sample with a yellow residue. A 
volume of 25-30 ml of solvent is required to 
elute the methyl glycosides from the resin, thus 

TABLE II  

Percentage Composition of Glucose and Galactose Anomers 
From two Oligosaccharides and a Ganglioside After 

Neutralization of the Methanolysate With Silver Acetate a 

% Gal/Glu 
Ogilosaccharide Sugar Anomer Known Ratio 

Lactose Galactose 7 19.1 0.993 
a 59.7 
B 21.2 

Glucose a 74.0 
B 26.0 

Melibiose Galactose 3' 19.4 1.019 
a 59.8 
B 20.8 

Glucose a 74.0 
fl 26.0 

Monosialoganglioside Galactose -y 18.7 1.859b 
(l~eef Brain)  a 59.3 

/3 22.0 

Glucose a 79.0 
B 21.0 

aCalculated from integrator counts. 

b Slightly low results due to insufficient silver acetate 
which led to some loss of "v-galactoside. 
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adding to the contamination problem. More- 
over, the column procedure is inefficient be- 
cause of the time required to prepare the col- 
umn, Mute the sample and then evaporate the 
eluate. We wish to report  an improved pro- 
cedure for stabilizing the methyl galactosides. 

This procedure is based on neutralization of 
the HC1 in the hydrolysate with silver acetate. 
Chloride is precipitated as the silver salt leav- 
ing acetic acid which is readily evaporated un- 
der a nitrogen stream. In use, 250 mg of 
silver acetate are added to 3 ml of hydrolysate 
in 0.5N methanolic HC1 and thoroughly mixed 
in a test tube. The mixture is allowed to react 
at room temperature for 2-3 min and then 
filtered through sintered glass of ultra fine por- 
osity. The precipitate is washed on the filter 
three times each with 1 ml of  methanol and 
the washings collected in the same tube as 
the original filtrate. The hydrolysate can then 
be evaporated to dryness, derivatized and ana- 
lyzed by GLC. Three well resolved peaks are 
eluted without interference from the galacto- 
sidic transformation products (Table I ) .  

The attainment of quantitatively correct glu- 
cose to galactose ratios can only be realized 

when the HCI is neutralized (Table I I ) .  Re- 
moval of the interference from the galactosidic 
transformation products eliminates the need for 
calculating correction factors and provides 
cleaner and more accurate chromatograms in 
less time than previously described methods. 
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Biosynthesis of Glycerides in Freshly 
Secreted Sow's Milk I 

McCarthy and Patton (1) demonstrated the 
ability of freshly secreted ruminant milk to 
synthesize glycerides and other lipids when 
supplied solely with a free fatty acid. This 
system is also capable of dehydrogenating sub- 
stantial quantities of stearic acid to oleic acid 
(2).  Data have been presented indicating 
that microsome-like particles in the serum 
of freshly secreted milk accomplish this glyc- 
eride assembly (3) .  Discovery of this lipo- 
genic principle in the milk of cows and goats 
has been a stimulus to research on milk fat 
metabolism. This system has, however, not 
yet been demonstrated in a monogastric ani- 
mal. This is a preliminary report  on the 
occurrence of such a system in sow's milk. 

Milk samples were collected from sows 
which had been milked out completely 1 hr 
before sample collection. Oxytocin (40 IU)  
was administered intravenously to stimulate 
milk letdown. Skim milk was prepared as pre- 
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viously described (1).  1-14C-Palmitic acid (10 
/ ,c//zM), dissolved in 40-80 /z liter of ethanol, 
was added to the milk and incubations were 
conducted at 37 C for various time intervals. 
Methods of lipid extraction (4) ,  fractionation 
by thin-layer (4) and silicic acid column 
chromatography (5,6),  and a4C assay (1) 
were the same as those used by others. Meth- 
ods used to fractionate and determine radio- 
activity by autoradiography in the lipids of 

TABLE I 

Incorporation of 1-14C-Palmitic Acid Into Ester Lipids by 
Whole Milk, Cream and Skim Milk From Equivalent 

Quantities of a Single Sow Milk Sample 

14C recovered a 
Enzyme 
medium Neutral  esters Phospholipids 

Whole milk 64,561 850 
Heated whole milkb 476 746 
Cream 8,250 3,123 
Skim milk 90,466 1,697 

aAdded, 190,003 cpm; results expressed in epm. 
bHeated at 65 C for 15 rain. 



168 SHORT COMMUNICATIONS 

adding to the contamination problem. More- 
over, the column procedure is inefficient be- 
cause of the time required to prepare the col- 
umn, Mute the sample and then evaporate the 
eluate. We wish to report  an improved pro- 
cedure for stabilizing the methyl galactosides. 

This procedure is based on neutralization of 
the HC1 in the hydrolysate with silver acetate. 
Chloride is precipitated as the silver salt leav- 
ing acetic acid which is readily evaporated un- 
der a nitrogen stream. In use, 250 mg of 
silver acetate are added to 3 ml of hydrolysate 
in 0.5N methanolic HC1 and thoroughly mixed 
in a test tube. The mixture is allowed to react 
at room temperature for 2-3 min and then 
filtered through sintered glass of ultra fine por- 
osity. The precipitate is washed on the filter 
three times each with 1 ml of  methanol and 
the washings collected in the same tube as 
the original filtrate. The hydrolysate can then 
be evaporated to dryness, derivatized and ana- 
lyzed by GLC. Three well resolved peaks are 
eluted without interference from the galacto- 
sidic transformation products (Table I ) .  

The attainment of quantitatively correct glu- 
cose to galactose ratios can only be realized 

when the HCI is neutralized (Table I I ) .  Re- 
moval of the interference from the galactosidic 
transformation products eliminates the need for 
calculating correction factors and provides 
cleaner and more accurate chromatograms in 
less time than previously described methods. 
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was added to the milk and incubations were 
conducted at 37 C for various time intervals. 
Methods of lipid extraction (4) ,  fractionation 
by thin-layer (4) and silicic acid column 
chromatography (5,6),  and a4C assay (1) 
were the same as those used by others. Meth- 
ods used to fractionate and determine radio- 
activity by autoradiography in the lipids of 
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Quantities of a Single Sow Milk Sample 
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TABLE I1 

Incorporation and Distribution of '4C in Lipid Classes of 
Neutral Esters When 1-14C-Palmitic Acid Was Incubated 

for 1 hr With Sow Skim Milk 

Per cent distribution of  recovered ~4C 
in neutral esters 

Expt. Total per cent Triglyc- Diglyc- Cholesterol 
No. incorporation erides erides esters 

1 25.0 93~8 4.8 1.4 
2 26.3 92.8 4.5 2.7 
3 27.3 97.1 2.3 0.6 
4 25.0 96.0 3.0 1.0 
5 27.2 96.8 3.0 0.2 

Average 26.2 95.3 3.5 1.2 

microsome-like particles were the same as 
those used previously (3) .  

Table I indicates the extent of incorporation 
of the labeled acid in 90 min into neutral es- 
ter and phospholipid classes in whole milk 
and its component cream and skim milk frac- 
tions. The amount of activity incorporated 
into neutral esters, that is, triglycerides, di- 
glycerides, monoglycerides and cholesterol es- 
ters, was impressive, particularly since no co- 
factors were added to the system. This study 
showed that the synthesizing activity was heat 
sensitive and also that skim milk incorporated 
greater quantities of the acid into neutral es- 
ters than did whole milk or cream. Cream was 
more effective in incorporating palmitate into 
phospholipids. Because of its activity, skim 
milk was used in all further experiments. 

The  per cent incorporation and distribu- 
tion of 14C in various neutral ester classes after 
1 hr incubation with the labeled acid is shown 
in Table II. The per cent incorporation was 
quite consistent in all trials, with triglycerides 
containing by far the bulk of the activity, fol- 
lowed by diglycerides. There were small but 
significant quantities of a4C in cholesterol es- 
ters. Monoglycerides contained only negligi- 
ble quantities of radioactivity. Similar results 
were obtained with other sows of different 
breeds. 

Table I I I  contains data on the incorporation 
of palmitic acid into ester lipids by skim milk 
over a period of time. Triglycerides increased 
in a4C content over the entire incubation peri- 
od; while the a4C content of diglycerides was 
much lower and relatively stable throughout 
the time course. Radioactivity of phospho- 
lipids fluctuated throughout the experiment, in- 
dicating a possible dynamic role for these com- 
ponents in the synthesizing system. These re- 
suits, which were duplicated in several trials, 
conform to the present view of milk fat syn- 
thesis that triglycerides are an accumulating 
final product with diglycerides serving as an 

TABLE I l I  
The Progressive Incorporation of 1-~4C-Palmitic Acid Into 

Ester Lipids When Incubated With Sow Skim Milk 

Time of Total a4C incorporated a 

incubation Triglyc- Diglyc- Cholesterol Phospho- 
(rain) erides erides esters lipids 

15 4,264 35I 38 247 
30 7,581 34I 33 365 
60 8,177 396 25 242 
90 9,095 345 50 335 

aAdded, 33,462 cpm; results expressed in cpm. 

intermediate in their formation (4) .  
It was critical to this study to determine if 

incorporation of palmitic acid into neutral 
esters represented true net synthesis or simply 
exchange of labeled acid with unlabeled acids 
of ester lipids. To examine this question, skim 
milk was incubated 90 rain with 14C-palmitic 
acid. After  45 min, the sample was split into 
two equal portions, 2 mg of unlabeled palmitic 
acid was added to one portion, and incubation 
was then continued. Results representative of 
three experiments are presented in Table IV. 
The 14C content of  triglycerides in the control 
portion increased throughout the incubation 
period, whereas triglycerides in the treated sam- 
ple leveled and maintained the 14C content 
they had at the time of treatment. This is the 
expected result if net synthesis was occurring. 
Exchange would have been indicated if radio- 
activity in triglycerides of the treated sample 
had declined, since chance would be favoring 
replacement by unlabeled fatty acids from the 
medium. If  diglycerides were serving as inter- 
mediates in the net synthesis of triglycerides 
they should have decreased in radioactivity 
after treatment because of their transitory na- 
ture. Results in Table IV show that this did 
OCCLIr. 

As a final check on the equivalence of this 
synthesizing system to that of ruminants, skim 
milk was incubated 90 rain with labeled pal- 
mitic acid and then the microsome-like parti- 

TABLE IV 

Effect of a Mid-point a Addition of 2 nag of Unlabeled 
Palmitic Acid on the Incorporation of 1-a4C-Palmitic 

Acid Into Neutral  Ester Lipids of Sow Skim Milk 

Time of Total ~4C incorporatedb; control treated 

incubation Cholesterol 
(rain) Triglycerides Diglycerides esters 

30 3,525 - -  191 - -  12 - -  
45 6,803 - -  434 - -  15 - -  
60 8,929 6,665 326 297 41 39 
90 9,098 6,772 261 186 42 56 

a lmmediately after the 45 min sampling. 

bAdded, 35,885 epm; results expressed in cpm. 
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cles were sedimented as previously described 
(3). Autoradiograms obtained showed that the 
major incorporation of radioactivity into tri- 
glycerides occurred in the fraction rich in these 
lipoprotein particles. These results are identi- 
cal to those obtained by Patton et aL (3) with 
freshly secreted milk synthesizing systems from 
cows and goats. 

Since results presented herein were readily 
duplicated with sows of different breeds, they 
suggest that freshly secreted swine milk con- 
tains a well organized system for glyceride 
synthesis. Apparently this system contains all 
enzymes and cofactors necessary for net syn- 
thesis of glycerides. Although much further 
work is required to determine the relationship 
of this system to in vivo milk fat synthesis, 
the ease of obtaining this physiologically avail- 
able enzyme source should facilitate the task. 
These data confirm the earlier work of Mc- 
Carthy and Patton (1) and suggest that this 

glyceride synthesizing activity is widespread i n  
freshly secreted milks. 
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The Structure of Alkane Diols of Diesters 
in Vernix Caseosa Lipids 

Human skin is notorious for producing many 
types of fatty chains in the form of acids and 
alcohols (ref. 1 and 2 and others quoted there). 
Fatty chains with 2 OH groups (diols) have 
also been found in vernix caseosa in two inde- 
pendent investigations (3,4). K~irkk~iinen et al. 
(4) reported the fatty portions of the diols as 
straight chain whereas Downing (3) reported 
them as branched but did not further identify 
them. Neither study located the two OH groups 
in the chains. In wool wax the OH groups 
are in the 1 and 2 positions (5-7) whereas in 
preen gland lipids, they are in the 2 and 3 
positions (8). a-Hydroxy fatty acids and 1,2- 
diols of wool wax are configurationally related 
(6), and possibly arise from a common bio- 
synthetic mechanism different from that of the 
2,3-diols (8). We undertook this study to de- 
termine which of the two diol types, if either, 
human skin produced, and to determine wheth- 
er the chains were straight or branched, and if 
branched, the type of branching. 

Figure 1 outlines the preparation and analy- 
sis of the diols. The diols were obtained from 
the unsaponifiable part of material eluted where 
diesters should emerge (chromatogram I frac- 
tions 13 to 19). In diol diesters both OH 
groups are esterified with fatty acids. One 

would expect these diesters to emerge after 
elution of sterol esters plus wax esters (mono- 
esters) but before elution of triglycerides (tri- 
esters). The intermediate polarity of fractions 
13 to 19 relative to mono- and triesters is read- 
ily seen in TLC (Fig. 2a, b) .  Infrared spec- 
tra of these fractions has prominent carbonyl 
absorptions, no free OH absorptions and, in 
general, were very similar to spectra of mono- 
esters of fatty acids with fatty alcohols. 

Since fraction 15 was Liebermann-Burchard 
negative and showed only one spot by TLC, 
we saponified this fraction first and worked 
it up by our usual techniques. Although the 
separation of saponification products was in- 
complete and required additional separation 
(Fig. 1), only two types of substances were 
found: saponifiables with the same RF as pal- 
mitic acid (Fig. 2d) and unsaponifiables with 
the same R F as 1,2-diols (Fig. 2d) but not 
2,3-diols (Fig. 2e.) Infrared spectra of the un- 
saponifiables also matched closely with syn- 
thetic straight chain 1,2-diols although some 
differences were noted in the 1400 to 1360 
cm -1 region (discussed below). Thus, appar- 
ently fraction 15 was solely 1,2-diol diesters. 

Fraction 13 gave a negative Liebermann- 
Burchard test when we removed material mi- 
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TABLE I 
Analysis of Alkane Diols of Veruix Caseosa Diesters 

171 

GLC a of diol acetonides b 

Carbon No. e based on 

GLC a of aldehydes from HIO4 
oxidation of diolsf, g 

Per cent 1,2-diol 1,2-diol 2,3-cis diol 2,3-tran~ diol Carbon No. e 
Peak of total standarda standard a standard standarde based on Per cent 
No. fraction (JXR) (EGSSX) (EGSSX) (EGSSX) (EGSSX) of total 

1 11.6 19.65 19.58 21.08 20.35 18.56 11.8 
2 1.9 20.00 20.00 21.49 20.79 19.00 2.2 
3 3.1 20.65 20.59 22.08 21.32 19.55 3.3 
4 6.4 20.72 20.73 22.19 21.50 19.70 5.3 
5 1.1 21.00 21.00 22.46 21.73 20.00 1.0 
6 47.5 2i .65 21.58 23.01 22.31 20.57 47.3 
7 Trace 21.72 (?) 21.72 (?) 23.10 (?) 22.40 (?) 20.70 (?) Trace 
8 3,7 22.00 22.00 23.40 22.70 21.00 3.4 
9 Trace 22.40 (?) 22.30 23.70 23.00 21.40 Trace 

10 3.8 22.55 22.58 24.00 23.30 21.55 3.5 
11 12.9 22.72 22.72 24.12 23.44 21.70 12.9 
12 0.6 23.00 23.00 24.40 23.70 22.00 0.5 
13 5.2 23.65 23.59 25.00 24.29 22.54 5.8 
14 Trace 23.72 (?) 23.72 (?) 25.10 (?) 24.40 (?) 22.70 (?) Trace 
15 1.2 24.00 24.00 25.40 24.70 23.00 0.8 
16 Trace 24.40 (?) 24.40 25.80 25.10 23.40 Trace 
17 Trace 24.55 (?) 24.50 25.90 25.20 23.50 Trace 
18 0.5 24.71 24.70 26.05 25.35 23.70 0.4 

aGLC performed on a Loe Model 160 gas chromatograph equipped with Hz ionization detector. Acetortides 
were examined on three different columns: a 1/8 in. X 1.5 ft stainless steel column packed with 3% JXR on 
silanized Gas Chrom. Q 100-200 mesh, 280 C, He at 60 ml/min for chain lengths up to Cs0; a 1/8 in. )< 8 ft 
stainless steel column packed with 8% EGSSX on sllanized Gas Chrom. P, 100-200 mesh, He at 60 ml/rain, 
190 C; and a ~,~ in )< 9 ft stainless steel column packed with 3% JXR on Gas Chrom. Q, 220 C, He at 60 
ml/min. (Applied Sciences Inc. State College, Pa. supplied all phases and supports.) Aldehydes were examined 
on the EGSSX column at 170 C, 60 ml He/min. 

bAcetonides were from fraction 15 Chromatogram I Figure 1. To establish the iso and ante-iso structures 
of the diol chain three fractions of acetonides were collected by preparative GLC procedures as described in 
(2) : peak No. 1-5, peak No. 6 and peak No. 7-18. The acetonides were hydrolyzed with 6N I-IzSO4 for 14 hr, 

the diols extracted with ether, washed with water, and dried over KOH in a vacuum dessicator. The diols 
were then oxidized with KMnO4 (12). Peak No. 6 gave only acetone which showed it to have the iso structure 
whereas collected peaks 1-5 and 7-18 gave both acetone and 2-butanone showing that both iso and anteiso 
structures were present. 

e Carbon numbers, determined by the method of Woodford and Van Ghent, were measured as previously 
described (2). Entries followed by (?) were minor peaks whose carbon numbers were difficult to determine 
accurately. 

dl,2-Diol standards were prepared by LiA1H4 reduction of Cle, Cls, C22 and C~a a-hydroxy fatty acids (Ap- 
plied Sciences, Inc.). 

e2,3-Cis and 2-3-trans diol acetoulde standards were from preen gland lipids of the hen as in (8). Homologues 
obtained were C~ through C~. 

fAldehydes obtained as in footnote 1 Figure 1. Aldehyde standards C~7, C~ and Cm were prepared similarly 
from C~a, C22 and C~8 synthetic 1,2-diols, and C2o to C23 aldehydes were also obtained from the periodic acid 
oxidation of hen 2,3-diols (8). 

g r a t i n g  a b o v e  the  b u l k  o f  t h e  f r a c t i o n  b y  p r e -  

p a r a t i v e  T L C  (F ig .  2 a  a n d  c ) .  A p p a r e n t l y  

s o m e  v e r y  p o l a r  s t e ro l  e s t e r s  h a d  o v e r l a p p e d  

w i t h  e a r l y  d i e s t e r  f r a c t i o n s .  T h e  s a p o n i f i c a t i o n  

p r o d u c t s  o f  c o m b i n e d  f r a c t i o n s  13 a n d  14  w e r e  
s e p a r a t e d  q u a n t i t a t i v e l y  o n  a l k a l i n e  s i l i c i c  a c i d  

( c h r o m a t o g r a m  I I  F ig .  1 ) .  A g a i n  o n l y  1,2- 

d io l s  a n d  f a t t y  a c i d s  w e r e  r e c o v e r e d  s h o w i n g  

t h a t  t h e s e  f r a c t i o n s ,  too ,  w e r e  d i e s t e r s  o f  1,2- 

d iols .  
L a t e r  f r a c t i o n s  ( 1 7  to  19)  g a v e  i n c r e a s i n g l y  

p o s i t i v e  L i e b e r m a n n - B u r c h a r d  tes t s  w h i c h  pe r -  
s i s t e d  e v e n  a f t e r  e a c h  f r a c t i o n  w a s  p u r i f i e d  to  

g ive  o n e  s p o t  b y  T L C  ( F i g .  2 c ) .  S a p o n i f i c a -  

t i o n  p r o d u c t s  o f  f r a c t i o n s  18 a n d  19 s h o w e d  

b y  T L C  in  t w o  s y s t e m s ,  b e s i d e s  f a t t y  ac id s  

a n d  1 ,2-d io ls ,  m a t e r i a l  m i g r a t i n g  w h e r e  a - h y -  

d r o x y  f a t t y  ac ids ,  s t e ro l s  a n d  f a t t y  a l c o h o l s  

m i g r a t e d .  T w o  a d d i t i o n a l  t y p e s  of  d i e s t e r s  

c o u l d  a c c o u n t  f o r  t h e s e  p r o d u c t s :  a - h y d r o x y  

f a t t y  a c i d s  e s t e r i f i e d  o n  t he  O H  g r o u p  w i t h  an  

u n s u b s t i t u t e d  f a t t y  a c i d  a n d  o n  t h e  C O O H  

g r o u p  w i t h  e i t h e r  a s t e r o l  o r  a f a t t y  a l c o h o l .  

K~irkk~i inen e t  al.  ( 4 )  a l s o  f o u n d  e v i d e n c e  f o r  

t he  l a t t e r  t y p e  o f  d i e s t e r .  O f  t he  t h r e e  t y p e s  

o f  d i e s t e r s  a p p a r e n t l y  p r e s e n t  i n  v e r n i x  c a s e o s a ,  
d i e s t e r s  o f  d io l s  a r e  i n  g r e a t e s t  a b u n d a n c e .  

T h e  a l k a n e  d i o l s  o f  f r a c t i o n s  13 -19  f o r m e d  

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

a n a l y s i s  o n  a p o l y e s t e r  ( E G S S X )  c o l u m n ,  

s h o w e d  n o  G L C  p a t t e r n  c h a n g e  f r o m  t he  o r ig -  

ina l .  T h u s  t he  a l k a n e  c h a i n s  m u s t  h a v e  b e e n  

s a t u r a t e d ,  i n  c o n f i r m a t i o n  o f  e a r l i e r  w o r k  ( 3 , 4 ) .  

T h e  f r e e  d io l s  u n d e r w e n t  p e r i o d i c  a c i d  o x i d a -  
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FIG. 2. a and b are photographs of TLC plates of fractions l 1 through 23 of Chromatogram 
I (Fig. 1). TLC procedures as used by us (13) were those of Rouser et al. Sixty micrograms 
of each fraction, and standards consisting of 30 #g each of squalene, cholesteryl oleate and 
triolein were applied to each plate and the plate developed with hexane/ether (95/5 by 
volume). The "diester region" is the area between cholesteryl oleate (Rr = 0.5) and triolein 
(Rv = 0.1). 

2c. Procedures as in 2a and b except development solvent was hexane-ether (92:8); 50 ~g 
each of fractions 13 through 19, previously purified by preparative TLC where indicated in 
Figure 1 were applied to the plate. Standards were as in 2a and b. 

2d. Procedures as in 2a and b except that the development solvent was CHCL-acetone 
-HOAc (80/20/1 by volume); 30/zg respectively applied in lanes (1) 1,2-hexacosane diol, (2) 
unsaponifiable of fraction 15, (3) saponifiable of fraction 15, (4) palmitic acid. 

2e. Procedures as in 2a and b except that the solvent was ether, lanes (1) 40 ~g unsaponi- 
fiable of fraction 15, (2) 40 #g of 1,2-eicosane diol, (3) 100 tzg of 2,3-diols. 

tion and GLC analysis of the resultant alde- 
hydes showed material with carbon numbers 
corresponding to four homologous series (Table 
I ) :  iso (71.7%) anteiso (19.1%) normal 
(8 .7%) and branched chain of an unknown 
type (0 .5%).  That the chains were truly iso 
and anteiso was proved by KMnO 4 oxidation 
of free diols (obtained from hydrolysis of col- 
lected fractions of acetonides) which yielded 
acetone and 2-butanone respectively (Table I 
footnote b).  Infrared spectra of the original 
diols showed a doublet at 1365 and 1380 
cm -1 also consistent with the iso structure. 

GLC retention data of the acetate, trimethyl 
silyl ether (TMS), and especially the acetonide 
derivatives of the diols support the TLC data 
that the positions of the OH groups are 1,2- 
rather than 2,3-. Table I shows that when 

the peaks of the diol acetonides of fraction 
15 were plotted on three different standard 
curves (i.e. either 1,2-; 2,3- cis; or 2,3-trans 
diols), only the 1,2-diol standard curve gave 
retention data that matched exactly the alde- 
hyde retention data predicted for periodic acid 
degradation of each chain by one C-atom. If 
2,3-cis or 2,3-trans diols standard curves were 
used, and degradation of each chain by 2 C- 
atom assumed, the retention data of the aee- 
tonides did not match those of the aldehydes. 

GLC of the diol acetonides from fractions 
13 to 19 showed that the later fractions gen- 
erally had shorter diol chain lengths (Table 
II) .  A calculated homologue distribution of 
all the 1,2-diols of these diesters fractions cor- 
responded better to the data of K~irkkiiinen 
et al. (4) (assuming that their homologues 
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TABLE II  
Percentage Composition of Homologues of Alkane Diols from 

Chromatographic Fractions of Vernix Caseosa Diesters a 

175 

Fraction numbers of chromatogram I Figure 1 
1,2-Diol 13 and 14 15 16 and 17 18 and 

Peak carbon 
numbers numbersb % % % % 

19 

Calculated 
composition 

of 
total diolse 

% 

1 19.65 9.8 11.6 15.5 39.6 12.4 
2 20.00 1.5 1.9 3.1 4.0 2.0 
3 20.65 2.1 3.1 2.8 2.5 2.7 
4 20.75 4.3 6.4 5.0 6.8 5.6 
5 21.00 0.9 1.1 3.5 1.7 1.3 
6 21.65 48.4 47.5 44.0 23.2 46.5 
7 21.72 trace trace trace trace trace 
8 22.00 3.8 3.7 3.5 2.7 3.7 
9 22.40 trace trace trace trace trace 

10 22.55 3.8 3.8 3.9 2.2 3.7 
11 22.72 14.1 12.9 10.8 7.0 12.9 
12 23.00 0.8 0.6 0.9 0.5 0.7 
13 23.65 8.5 5.2 4.7 6.8 6.4 
14 23.72 trace trace trace trace trace 
15 24.00 0.7 1.2 1.1 1.2 1.0 
16 24.40 trace trace trace trace trace 
17 24.55 trace trace trace trace trace 
18 24.72 0.8 0.5 0.5 0.6 0.6 

aArea percent calculated with assistance of  Dupont 310 Curve Resotver. 
hAs acetonides (Table I ) .  GLC performed on 1/S in. • 9 ft column 

from 218 C to 260 C at 2~ He flow at 60 ml/min. 
eCalculation based on weight recovery of diols for fractions 13 to 19. 

packed with 3% JXR programmed 

were iso and anteiso instead of straight as they 
reported) rather than to the data of Downing 
(3).  

H W E i  C .  F u  a n d  N .  NICOLAIDES 

U n i v e r s i t y  o f  S o u t h e r n  C a l i f o r n i a  
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S e c t i o n  o f  D e r m a t o l o g y  
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LETTER TO THE EDITOR 

Amaurofic Idiocy 

Sir: A general term such as amaurotic idiocy 
which was used originally by Sachs to designate 
a specific disorder (now known as Tay-Sachs 
disease) with blindness (amaurosis) and ex- 
treme mental deficiency (idiocy) may lose 
much o f  its significance as cases are encoun- 
tered that have both of these major features 
but are otherwise different. Zeman (Lipids 
4, 76-77, 1969) has pointed out that the situa- 
tion has become complex and confusing and 
that serious consideration must be given to 
abandonment of the term amaurotic idiocy in 
the classification of disease. 

If  blindness, severe mental deficiency, and 
evidence of abnormal intraneuronal lipid ac- 
cumulation are accepted as defining amaurotic 
idiocy, the following subdivisions can be  recog- 
nized: 
I. Gangliosidoses. 

A. GM 2 gangliosidosis (Tay-Sachs disease). 
B. GM~ gangliosidosis arising from hexo- 

saminidase deficiency (Sandhoff et al., 
Life Sci. 7, 283-288, 1968). 

C. GM~ gangliosidosis, Type I (Derry et 
al., Neurology 18, 340, 1968) reported 
to be a fi-galactosidase deficiency (Oka- 
da and O'Brien, Science 160, 1002- 
1004, 1968). 

D. GMt gangliosidosis, Type II  (Derry et 
al., loc. cit.). 

II. Batten's Syndrome. 
Pigment deposition without evidence of ab- 

normal sphingolipid metabolism including cases 
of the late infantile (Bielschowsky-Jansky), 
juvenile (Spielmeyer-Vogt), and adult (Kufs) 
types. 

It is to be noted that IB rests upon one 
recent report only andtha t  there are differences 
of opinion regarding IC. The deposition of 
lipofuscin (ceroid?) in II, while ~a consistent 
and prominent feature, is known to occur in 
other conditions and thus should not be con- 
sidered as a firm basis for special classification. 
The terms "lipofuscin" and "ceroid" are fre- 
quently used interchangeably for insoluble de- 
posits believed to be formed, at least in part, 
from lipid. Little is known, however, of the 
source, composition, and mode of formation 
of such deposits. The chemical characteriza- 
tion of lipofuscin (ceroid) isolated free of other 

cellular structures is an important area for 
future research in lipid chemistry. Lipofuscin 
(ceroid) deposition is found in various patho- 
logical states, can be induced by various ex- 
perimental means, and seems always to involve 
lipid, most of which is originally present in the 
cell surface membrane, the endoplasmic re- 
ticulum, mitochondria, nuclei, etc. These fea- 
tures suggest that such deposits may appear 
following damage of cell membranes. It is 
possible that in hereditary diseases the mutation 
may involve membrane protein when lipofuscin 
deposits are found in the absence of other lipid 
changes. This possibility can be explored by 
analysis of pure subcellular particulate prepara- 
tions. 

It  is apparent that disorders with abnormal 
amounts of  gangliosides can be classified ade- 
quately without reference to amaurotic idiocy. 
While reten,tion of  the amaurotic idiocy desig- 
nation for cases Zeman refers to as Batten's 
disease (syndrome) can be justified on the 
basis of frequent use in the literature, the ap- 
parently erroneous assumption that the amau- 
rotic idiocies are all disorders of ganglioside 
metabolism does provide justification for aban- 
donment of the term entirely. There is a well 
established trend away from reporting of in- 
dividual cases as a type of amaurotic idiocy. 
Designations such as systemic late infantile 
lipidosis, gangliosidosis, myoclonic variant of 
cerebral lipidosis, Batten's disease, etc. having 
been preferred by various group,s. When 
nearly all literature reports are found to use 
designations other than amaurotic idiocy, jus- 
tification for continued use in the literature 
will be removed. Classification problems will 
be fully clarified as specific defects are dis- 
covered. 

GEORGE ROUSER 
Section of Lipid Research 
Division of Neurosciences 
City of Hope Medical Center 
Duarte, California 
RONALD R. WADE 
Department of Neurology 
Presbyterian-St. Luke's Hospital 
Unversity of Illinois College of Medicine 
Chicago, Illinois 
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Acid Lipase of the Castor Bean 1 

ROBERT L. ORY, Southern Regional Research Laboratory, ~ New Orleans, Louisiana 70119 

ABSTRACT 

The acid lipase of the castor bean is 
present in the dormant seed. It is ex- 
tracted from the fat pad obtained by cen- 
trifuging a macerate of the seed in pH 7.0 
buffer containing cysteine and ethylene 
diaminetetraacetie acid. The pH optimum 
of the enzyme is 4.2; it is rather heat- 
stable, and is inhibited by mercurials and 
sulfhydryl reagents. Maximum hydrolysis 
of saturated triglycerides occurs with fatty 
acids of chain length C4 to Cs; unsat- 
urated C~, triglycerides are hydrolyzed at 
a slightly lower rate. 

This lipase is a three-component system 
consisting of the apoenzyme, a lipid co- 
factor (a cyclic tetramer of ricinoleic 
acid),  and a protein activator (a small, 
heat-stable glycoprotein which appears to 
be related to some of the castor aller- 
gens). Maximum lipolysis requires all 
three components. Lipase activity is as- 
sociated with the spherosomes, the sub- 
cellular site of oil storage in the endo- 
sperm. 

INTRODUCTION 

The castor bean contains two lipases. One 
is present in resting seed and has an acid pH 
optimum (1-3);  the other appears after sev- 
eral days of germination and has a pH opti- 
mum near neutral (4).  This paper describes 
work on the dormant seed enzyme, or acid 
lipase. 

PREPARATION AND PROPERTIES 

The procedure presently employed to pre- 
pare the enzyme is shown in Figure 1. 

The dehulled castor beans were ground sev- 
eral times by mortar and pestle in 0.1 M phos- 
phate buffer, pH 7.8, containing 0.05 M 
cysteine and 0.01 M ethylenediaminetetra- 
acetic acid, the macerate tiltered through 
cheesecloth, and then centrifuged at high speed 
to yield a fatty layer, an aqueous supernatant, 
and the precipitated debris (5) .  This step 
serves two purposes. First, ricin and various 

a Presented at the AOCS-AACC Joint Meeting. Washing- 
ton, D.C., April 1968. 

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

allergenic proteins known to be in the castor 
bean are removed in the aqueous phase and 
the debris which are discarded, and the lipase 
is concentrated in the fatty layer obtained 
after centrifugation. This fat pad was ex- 
tracted four times with ether and saturated 
salt solution to remove all of the neutral 
lipids and some inactive protein, leaving a 
particulate material which was dialyzed against 
water and freeze-dried to yield the crude lipase 
preparation. This lipase preparation is ap- 
parently a complete system which hydrolyzes 
most glyceride substrates very rapidly, accord- 
ing to first-order kinetics. It requires neither 
fatty acid acceptors such as calcium or albu- 
min, nor added emulsifiers and is quite stable 
if kept dry in sealed containers (1).  To start 
the reaction, simply add enzyme, substrate and 
water; then lower to pH 4.2 with acetic acid. 
Activity is measured by titrating the fatty acids 
released by the enzyme in 10 rain with 0.1 
N sodium hydroxide. 

In Figure 2 is shown the pH activity curve 
of the enzyme at room temperature. The pH 
optimum is about 4.2 to 4.5. There is a very 
sharp falling off in activity, especially on the 
higher side. The cessation of activity above 
pH 5.5 was an important property in later 
attempts to localize the enzyme at the sub- 
cellular level. 

In Figure 3 the effect of heat on the en- 
zyme for various periods of time is shown. 
The enzyme is fairly stable at 60 C. At 45 C 
(not shown here) it is stable for much longer 
periods of time. This property was also util- 
ized in the attempts to determine the sub- 
cellular site of the enzyme. 

As mentioned earlier, cysteine was added 
to the initial buffer extracts. This lipase is a 
sulfhydryl enzyme. It was completely inhib- 
ited by mercuric ion and organomercurials, 
such as parachloromercuribenzoic acid, but 
the inhibition was reversed by adding excess 
cysteine before testing. While mercury at low 
concentrations was a potent inhibitor, lead ion, 
another heavy metal, was ineffective at the 
usual concentrations (1) and was utilized in 
the histochemical localization of the enzyme. 

Investigations on the effect of fatty acid 
chain length of triglycerides on activity of 
the lipase showed that the enzyme was com- 
pletely inactive on triacetin at all concen- 
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i,, 
FAT PAD 

l ether and NoCI 
e x t r a c t i o n s  

NJCI 
(inactive 

discarded) 

CASTOR BEANS 

I ground in buffer 
Ifiltered through cheesecloth 

J centrifuged at II,OOO g / 3 0  rnin. 

I I 
AQUEOUS PHASE PRECIPITATE 

(d i scorded) (dis carded ) 

I 
PARTICULATE 

dialyzed 
freeze dried 

CRUDE LIPASE 
PREPARATION 

I 
E T H E R  

( n e u t r a l  l ip ids ,  
d i s c a r d e d )  

CASTOR BEAN LIPASE PREPARATION 
FIG. 1. Schematic diagram for preparation of the acid lipase of the castor bean. 

trations studied (2). The castor iipase showed 
a preference for triglycerides of C-8 chain 
length. No experiments were conducted on sat- 
urated triglycerides of chain lengths longer 
than C-12 because at this point a solubility 
problem developed. The C-18 unsaturated 
fatty acid triglycerides: cottonseed oil, trilino- 
lein, triolein and triricinolein, were hydro- 
lyzed about 40-50% slower than the C-8 satu- 
rated triglyceride (2). Relative rates of activity 
of the lipase on the monohydric alcohol esters, 
butyl ricinoleate and methyl ricinoleate, showed 
that the enzyme was relatively inactive on these. 
This suggests that the castor lipase may be 
considered a true lipase rather than an ester- 
ase. Falk and Sigiura (6) reported the sep- 
aration of an esterase from castor beans by 
salt extraction. The sodium chloride extrac- 
tion used in the preparation of this lipase 
(Fig. 1) would have removed this esterase. 

SEPARATION OF TWO COFACTORS 

While attempting to solubilize the enzyme 
by the n-butanol procedure of the late Morton 
(7), the first of the two cofactors was sep- 
arated. Aqueous butanol produced no changes 
but if dry butanol were used, an oily material 
was removed from the particulate material 
and the protein residue showed drastically 
reduced lipase activity. The butanol-extracted 
material had no lipolytic activity per  se, but 
when this was added back t o  the extracted 

apoenzyme, activity was completely restored 
(8). 

To identify this material, six different analy- 
tical techniques were employed to determine 
its structure: elemental analysis, molecular 

. 0 4  

Z 

- -  . 0 5  
z 

v 

~- . o 2  

I-- 
0 

.01 

, I , L , 1 
3 4 5 6 

pH 
FIG. 2. pH Optimum of castor bean lipase. Ac- 

tivity is measured as the decrease in substrate con- 
centration/min/mg, enzyme. 
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lipase. Enzyme was heated in a water bath at 
and tested as in Figure 2. 

weight by osmometry; comparison on glass 
paper and thin layer chromatography to various 
lipids and ricinoleate derivatives; infrared, ultra- 
violet, and nuclear magnetic resonance spec- 
troscopy; and finally, chemical degradation and 
comparison to authentic ricinoleic acid degrad- 
ation products. From these results (9), the 
structure of this lipid cofactor was shown to 
be a cyclic tetramer of ricinoleic acid. This 
is shown in Figure 4. Infrared spectra showed 
many similarities to ricinoleic acid, but there 
were some discrepancies. The NMR spectra 
likewise showed similarities to that o f  ricinoleic 
acid with one reservation, the absence of free 
hydroxyl or carboxyl groups. This finding, 
along with the extremely large molecular 
weight, confirmed the cyclic structure shown. 

How this is bound to the enzyme in such a 
way that the initial ether extractions failed 
to remove it is not known. However, it ap- 
pears to be some sort of stable linkage since 
only dry n-butanol removed it. 

Though the exact role of the lipid cofactor 
is unknown, one function may be that of a 
natural emulsifier. Since added emulsifiers were 
not required for maximum activity, the pres- 
ence of a natural emulsifier was suggested. 
Experiments undertaken to determine the na- 
ture of the particles before and during active 
lipolysis showed that the lipid cofactor pro- 
motes emulsification of enzyme and substrate 
whether or not the enzyme's lipolytic function 
was inhibited (10). 

During lipolysis tests, the turbid reaction 

I 
CH3-(CH2') 5 -CH- CH2-CH =CH-(CH2~7-C=O 

0 
I 

o = C-(CH2)7-CH = CH- CH2- CH (CH2)5-CH 5 
/ 

o 
I 

o = c -  (CH2)7-CH'=CH- CH2- CH (CH2)5-CH3 
I 

0 0 
I 1 

0 = C - ( C H 2 ) 7 - C H  = C H  - C H  2 -  C H  ( C H 2 ) 5 - C H  5 

LIPID COFACTOR OF CASTOR BEAN LIPASE 

FIG. 4. L ip id  cofactor for castor bean lipase. 
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CRUDE LIPASE 
PREPARATION 

I 
SUPERNATANT 

boiled 
filtered 

I 
COAGULUM 

Tris/cyst./EDTA buffer, 
pH 5.2; 50 min. 
pH 6.0, centrifuged 

(discorded1 

I 
FILTRATE 

dialyzed, 
freeze dried 

CRUDE ACTIVATOR 

I D E A E - c e l l u l o s e  

column 

I water 
elution 

PEAK NO.I 
(inactive) 

I 
PRECIPITATE 

(lipase, reduced 
activity) 

NoCl 
gradient 

PROTEIN ACTIVATOR 

FIG. 5. Schematic diagram for separation of protein activator from the castor bean lipase. 

mixture at pH 4.2 appeared to clarify some- 
what when titrated to pH 8.5 at the end of a 
reaction, suggesting solubilization of some pro- 
tein. This led to the separation of the second 
factor from the enzyme shown graphically in 
Figure 5. 

If the crude lipase preparation were incu- 
bated at pH 5.2 for 30 rain, the pH raised 
to 6 and centrifuged, a very clear supernatant 
with no lipase activity and a particulate apo- 
enzyme with greatly reduced activity was ob- 
tained (11). When this supernatant material 
was added back to the extracted lipase, ac- 
tivity was completely restored. This material 
was boiled, the coagulum filtered off, the fil- 
trate was dialyzed and freeze-dried. The white 
product was fractionated on a DEAE- cellu- 
lose column to yield two components; the first 
eluted by water, the second by means of a 
salt gradient. Adding back the crude acti- 
vator, the water-eluted peak and the salt-eluted 
peak material to the extracted apoenzyme (the 
enzyme from which this protein activator is 
removed) showed that the entire amount of 
the activating principle was in the salt-eluted 
fraction from the DEAE-cellulose column 
( l l ) .  

This small heat-stable protein appeared to 
be similar or related to castor bean allergens. 
Crude allergens were prepared by extracting 
the castor beans with tris and phosphate buf- 
fers and the CB-1A classical allergen was 
prepared by the method of Spies and Coul- 
son (12). The CB-lA allergen is essentially 
a water extract of castor beans with a series of 
alcohol precipitations and a lead acetate pre- 
cipitation step. It was found to be a hetero- 
genous material showing 7 or 8 bands upon 
gel electrophoresis. The buffer-extracted pro- 
teins were boiled, filtered, dialyzed and freeze- 
dried in the same manner as the protein ac- 
tivator. 

These allergen fractions were compared to 
the protein activator. By gel electrophoresis, 
all appeared to have common bands. In lipoly- 
sis tests, both of the buffer extracted allergens 
increased lipase activity of the extracted apo- 
enzyme but the CB-IA allergen did not. How- 
ever, in one step of the procedure for pre- 
paring CB-1A there is a lead acetate precipi- 
tation step which, according to the authors, 
removes certain allergens and antigens from 
the CB-IA preparation (13). This lead-precipi- 
tated component was partially purified by re- 
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FIG. 6. Comparison of the protein activator and the lead-precipitated antigens from the CB-1A al- 
lergen by immunoelectrophoretic analysis. Proteins were separated first by electrophoresis, 2 hr at 200 
v in 1% Ionagar, pH 8.2 Veronal buffer; antigens and antisera described in text. 

moving the lead with H2S, dialysis, and freeze- 
drying. This purified lead-precipitated frac- 
tion greatly increased activity of the extracted 
apoenzyme, suggesting a possible role for al- 
lergens in lipid metabolism of the seed. This 
material compared quite favorably to the ac- 
tivator by gel electrophoresis, amino acid an- 
alysis, ultracentrifuge and biological activity. 
A more precise means of comparing the two 
was sought and the immunoelectrophoretic 
analysis technique of Grabar and Williams 
(14) was employed. Immune sera containing 
antibodies to castor proteins were used to 
compare the purified protein activator to the 
lead-precipitated fraction from the CB-1A al- 
lergen. The results are shown in Figure 6. 
The upper wells of each of the microscope 
slides (11 and 3) contain a mixture of the two 
antigens. For the lower wells, the lower slide 
contains the lead-precipitated component and 
the upper slide contains the activator. The 
central canals contain immune serum as fol- 
lows: in slide 3, antibodies to the total ex- 
tracted castor bean proteins and in slide 11, 
antibodies to the CB-1A allergen preparation. 
As can be seen, the electrophoretic mobilities 
of both materials are quite similar. However, 
the shapes of the two precipitin arcs are dif- 
ferent; that of the activator being a sharp arc 

while the precipitin band for the lead-pre- 
cipitated fraction is an elongated, rather flat 
arc. That the two materials are different is 
shown in the upper well of slide 3 where 
the precipitin arcs cross through each other 
rather than forming one continuous band. 
Based on these and other similar tests on vari- 
ous allergens, it must be concluded that the 
activator is not one of the well characterized 
allergens. However, it is interesting that a 
fraction from the characterized allergens can 
function in lipid metabolism of the seed. 

The role of this protein activator is still 
not known but it is distinct from the lipid 
cofactor. The lipase was completely extracted 
for both cofactors, then the effects on lipotysis 
of adding back each of the cofactors separately 
and together was measured. The results showed 
that both are required for complete restoration 
of activity of the lipase (11). Thus, the castor 
bean acid lipase appears to be at least a three- 
component system in the seed. 

SUBCELLULAR LOCALIZATION 
OF THE LIPASE 

Since the lipase was always found in the 
fat pad after centrifuging a homogenate, it 
seemed that this fat pad might be a concen- 
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FIG. 7. Electron photomicrograph of castor bean spherosomes from fat pad. Castor oil has been 
extracted with hexane prior to fixing in glutaraldehyde, acetone dehydration and osmium staining; mag- 
nification about 8,000 (reduced approximately 30%). 

trated form of spherosomes, the oil-containing 
organelles of the seed. Experiments were de- 
signed to test this hypothesis and to determine 
if the lipase was associated with the sphero- 
somes or if it was floating about somehow 
with the cytoplasmic proteins sur rounding  the 
spherosomes. 

The fatty layer was prepared as usual and 

at the same time a centrifuge tube containing 
a 4% agar solution was heated at 100 C to 
melt it, then cooled back to 45 C; agar is still 
liquid at this temperature. The fatty layer 
after extraction was thoroughly washed in wa- 
ter to remove cysteine and any interfering 
salts, placed in a sealed flask under nitrogen 
and equilibrated at 45 C, the same as the 
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FIG. 8. Electron photomicrograph of spherosomes containing active lipase in presence of lead. Reac- 
tion conditions: 8 min at pH 4.2 in tris buffer containing 10 -3 M lead acetate; lipolysis stopped by 
transferring tissues to pH 5.5; tissues washed in water, fixed in osmium, magnification about I0,000 
(reduced approximately 30%). 

agar. The enzyme is quite stable at 45 C. 
After this, the two were poured into a tube 
and immediately centrifuged for 5 rain to 
form a solid mass at room temperature. This 
agar-fatty layer gel could be sliced into pieces 
1 mm :~ in size for the various tests and for 
electron-microscopic examination. Some of the 
pieces were fixed in glutaraldehyde to immo- 
bilize the protein. The tissues were then ex- 
tracted with hexane to remove all neutral 
lipids, counterstained with uranyl acetate and 
osmium and examined for the presence of 

spherosomes. In Figure 7 an electron photo- 
micrograph of this tissue showing intact sphero- 
some membranes is shown. Since the oil was 
removed by the hexane and acetone dehy- 
dration steps prior to osmium-fixation, the in- 
terior spaces appear vacant. However, the re- 
sults do show that the fat pad contains the 
concentrated spherosomes (15). 

The location of the lipase was determined 
by combining biochemical and histochemical 
methods. As mentioned earlier, while mercury 
completely inhibited the lipase, lead at nor- 

L1PIDS, VOL. 4, NO. 3 



184 ROBERT L. ORY 

Fro. 9. Electron photomicrograph of spherosome containing active lipase in presence of lead. Same 
conditions as in Figure 8; magnification about 49,000 (reduced approximately 30%). 

mal concentrations did not. Since lead is an 
electron-dense material, this was utilized to 
localize activity. Two types of controls were 
run along with the experimental pieces of agar- 
fatty layer gel as follows: some were controls 
at pH 7 without lead; some were controls at 
pH 5.5 with 10 .5 M Pb ++ but no lipolysis; the 
other tissues for assay of lipolysis in presence 
of lead were placed in pH 4.5 acetate buffer 

with 10 -'5 M Pb +§ for different periods of time. 
Lead being a noninhibitor could be present 
without affecting lipase activity. But at each 
point where a fatty acid was released by the 
lipase, it should immediately bind to the lead 
to form an insoluble lead soap. As these soaps 
accumulated, electron-dense particles should 
appear at the point of hydrolysis. 

Since both types of controls showed none 
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o f  t he  lead  p r e c i p i t a t e s  a n d  we re  c lo se r  in ap -  
p e a r a n c e  to t he  s p h e r o s o m e s  in F i g u r e  7, o n l y  
the  p h o t o g r a p h s  o f  ac t ive  t i s sue  a re  p r e s e n t e d .  
F i g u r e  8 s h o w s  the  r e su l t s  o b t a i n e d  w i t h  p ieces  
w h i c h  h a d  b e e n  i n c u b a t e d  fo r  8 m i n  at  p H  
4 .2  in p r e s e n c e  o f  l ead  ions .  A t  the  e n d  o f  
t he  r e a c t i o n  p e r i o d ,  the  p i ece s  o f  t i s sue  we re  
i m m e d i a t e l y  t r a n s f e r r e d  to a s e c o n d  vesse l  
o f  p H  5.5  c o n t a i n i n g  no  lead.  T h i s  s t o p p e d  
l ipo ly t ic  ac t iv i ty  a n d  p e r m i t t e d  u n r e a c t e d  l e ad  
ions  to d i f fuse  o u t  o f  the  p ieces .  T h e  p H  7 
c o n t r o l s  w i th  n o  l ead  w e r e  p l a c e d  d i r ec t ly  
in wa te r .  A f t e r  15 to 20  m i n  at  p H  5.5,  all 
p i eces  w e r e  t r a n s f e r r e d  to w a t e r  fo r  1 h r  to 
c o m p l e t e l y  r e m o v e  all s o l u b l e  u n r e a c t e d  lead  
ions.  I t  is r e a d i l y  o b v i o u s  t h a t  the  l ead  f a t ty  
s o a p s  a re  p r e c i p i t a t e d  a n d  c o n c e n t r a t e d  a r o u n d  
the  s p h e r o s o m e s .  A s  h y d r o l y s i s  o c c u r s ,  it is 
pos s ib l e  fo r  t he  m e m b r a n e s  to b r e a k  o r  sep-  
a ra t e  so  tha t  h y d r o l y s i s  m i g h t  t ake  p lace  wi th -  
in the  m e m b r a n e .  T h e  a r r o w  in th is  p h o t o -  
g r a p h  p o i n t s  to an  a r e a  w h i c h  is m a g n i f i e d  
in F i g u r e  9. T h i s  s h o w s  t h a t  the  m e m b r a n e s  
c a n  b r e a k  d u r i n g  ac t ive  l ipo lys i s  bu t  the  c o n -  
c e n t r a t i o n  o f  l ead  s o a p s  a p p e a r s  to be  g r e a t e r  
o n  the  o u t s i d e  o f  t h e  m e m b r a n e s  r a t h e r  t h a n  
w i th in .  

F r o m  th is  it w a s  c o n c l u d e d  t ha t  the  ac id  
l ipase  o f  t he  c a s t o r  b e a n  is s o m e h o w  assoc i -  
a t ed  w i th  t he  s p h e r o s o m e s  a n d  ac t s  e i t he r  at ,  
on ,  o r  as p a r t  o f  t he  s p h e r o s o m e  m e m b r a n e s  
( 1 5 ) .  In  th i s  r e spec t ,  t h e  s p h e r o s o m e  m i g h t  
be  l i kened  to t h e  c a s e i n  m i c e l l e s  c o n t a i n i n g  
the  mi lk  l ipase  d e s c r i b e d  ea r l i e r  by  H a r p e r  
( 1 6 )  a n d  to t he  a n i m a l  l y s o s o m e s  d e s c r i b e d  
by  d e D u v e  ( 1 7 ) .  L y s o s o m e s  h a v e  b e e n  re-  
f e r r e d  to as s u b c e l l u l a r  pa r t i c l e s  w h i c h  c o n -  
ta in  t he  d e g r a d a t i v e  e n z y m e s ,  o n e  b e i n g  a 
l ipase .  L y s o s o m e s  h a v e  n o t  b e e n  f o u n d  in 

p l an t s ,  t h o u g h  Y a t s u  a n d  J a c k s  ( 1 8 )  h a v e  
r e p o r t e d  l y s o s o m a l - l i k e  ac id  p r o t e i n a s e  a n d  
ac id  p h o s p h a t a s e  ac t iv i ty  in a l e u r o n e  g r a i n s  
o f  c o t t o n s e e d s .  
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Serum Lipoproteins: A Paper Electrophoresis Method 
Without Albumin in the Buffer 
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ABSTRACT 

A paper electrophoresis method is de- 
scribed in which four serum lipoprotein 
components are separated without the use 
of albumin in the buffer. Tris-EDTA- 
boric acid buffer, Oil Red O staining solu- 
tion prepared in 52.8% instead of the 
usual 60% alcohol, and solvent-extracted 
paper strips are the distinguishing features 
of this procedure. The system was effec- 
tive not only in separating chylomicron, 
fl- and a-lipoproteins into well-defined 
bands, but also in separating very low den- 
sity or pre-fl-lipoprotein distinctly in some 
samples and partially in others. The ad- 
vantages of this procedure are low back- 
ground staining and, in comparison to the 
procedure using albumin in the buffer, 
a sharper alpha band. This sharpened a- 
band gives a sharper peak in densitometric 
scanning. Electrophoresis could be per- 
formed for 16 hr or 4 hr. The 4-hr elec- 
trophoresis run produced electrophore- 
grams with even denser and sharper bands 
than the 16-hr run. 

INTROBUCTION 

The Jencks and Durrum f l )  method for 
the separation of serum lipoproteins used in 
many laboratories, employs barbital buffer for 
electrophoresis and Oil Red O for staining. 
The system was efficient in resolving only three 
fractions, namely, the chylomicron, /3- and 
a-lipoproteins of the serum. However, in 1963 
Lees and Hatch (2) introduced the use of 
1% albumin in barbital buffer and showed 
that the presence of albumin "provides sharper 
delineation of major lipoprotein components 
and a partial resolution of the very low-density 
lipoproteins." 

Although the presence of albumin did help 
in the resolution of four lipoprotein bands, 
pre-/3 included, the t~-lipoprotein band still was 
not very sharp. On the other hand, Sonnino 
and Gazzaniga (3) had previously shown that 
the Tris-EDTA-boric acid (TEB) buffer in- 
troduced by Aronsson and Gronwall  (4) pro- 
duced a sharper and denser ~-lipoprotein band 
than did the barbital buffer. 

In view of these observations, it seemed 
worthwhile to undertake a study to determine 
whether further improvement could be made 
in the resolution of lipoproteins in paper elec- 
trophoresis and, in addition, to find conditions 
under which albumin would not be needed. 
During the course of this study, a method was 
developed that permitted the separation of 
serum lipoproteins into four fractions without 
the addition of albumin to the buffer, and, at 
the same time, produced a compact and sharp 
a-lipoprotein band. 

MATERIALS AND METHODS 

Solvent-extracted Paper Strips 

Whatman 3 MM paper strips were boiled 
in methanol for 1/2 to 1 hr and then left to 
soak overnight. Next, they were extracted in 
a modified Soxhlet extractor (Scientific Glass 
Apparatus Co.) with chlorcform-methanol  
(2:1 v /v ) .  The capacity of the extractor was 
2200 ml and 250 strips were extracted at a 
time. The extraction was carried out for 10- 
12 complete cycles, requiring about 20 hr. 
The Soxhlet extraction process was repeated 
with diethyl ether. All solvents were reagent 
grade. 

Preparation of Oil Red 0 Stain 
The Oil Red O used in this study was 

manufactured by Chroma-Gesellschaft and dis- 
tributed by Roboz Surgical Instruments, Wash- 
ington, D.C. The procedure is the same as 
that reported by Jencks and Durrum (1) ex- 
cept that the alcohol solution used is 52.8% 
instead of 60%. The aqueous alcohol is pre- 
pared by mixing 95% alcohol (U.S.P.) and 
distilled water in the ratio of 5:4 (v /v ) .  

Electrophoresis Procedure 
Electrophoresis is carried out using the sol- 

vent-extracted strips in a Durrum-type cell 
(Beckman Model R) at room temperature or 
in a r o o m h e l d  at 70 • 2 F .  TEBbuffer  (Tris 
60.5, EDTA 6.0, and boric .acid 4.6 g / l )  with 
a pH of 8.9, is used as described by Aronsson 
and Gronwall (4).  The electrophoresis time 
was either 16 hr using 5 ma constant current 
or 4 hr using 230 v constant voltage. Except 
for two minor modifications, all the steps in 
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FIG. 1. Serum lipoprotein patterns developed in two different buffers simultaneously for 16 hr. A 
(left). TEB buffer. Patients L. C. and E. F. show complete separation of pre-/3 lipoprotein whereas A. 
G. and P. P. show only partial separation. B (right). BA buffer. The same kind of separation is observed, 
but the ~t-band is not as sharp. 

the procedure were the same as in the method 
of Jencks and Durrum (1). The modifications 
were as follows. The cells were sealed with 
masking tape during electrophoresis, and the 
stained strips after rinsing with water were 
dried in the staining racks instead of by blot- 
ting. 

TEB Buffer and Comparison With Barbital- 
Albumin (BA) Buffer 

In all comparative tests, electrophoresis was 
carried out simultaneously in TEB buffer and 
BA buffer. The latter buffer was prepared 
according to Lees and Hatch (2) using Beck- 
man B-2 buffer (pH 8.6 ionic strength 0.075) 
and human crystalline albumin. In our hands 
the 0.075 ionic strength buffer was equally 
satisfactory as the 0.1 ionic strength buffer 
used by Lees and Hatch. 

RESULTS 

There was effective separation of fl-, pre-fl-, 
and a-lipoprotein fractions of blood serum in 
this electrophoretic system. A few typical ex- 
amples are shown in Figures 1-3. Chylomi- 

crons, if present, remained at the origin and 
thus were separated from the other lipopro- 
reins. 

Identification of the pre-fl band was based 
on detection of the lipoprotein fraction ob- 
tained on a simultaneous run of the serum 
sample in BA buffer. As can be seen in 
Figure 1, samples from patients L. C. and 
E. F. showed complete separation of pre-fl 
lipoprotein in both TEB and BA buffers, 
whereas in samples from patients A. G. and 
P. P., a partial separation was observed. The 
results from these four patients are typical 
of those obtained from other patients having 
pre-fl-lipoprotein. Lipoprotein patterns with 
no pre-fl fraction were essentially the same 
when serum samples were analyzed simul- 
taneously in both buffers. 

In all samples tested, TEB buffer effectively 
separated all the bands that were separated 
by the BA buffer. In addition, as illustrated 
in Figures 1-3, the a-band was consistently 
more compact when electrophoresis was car- 
ried out in TEB rather than BA buffer. These 
results with o~-lipoprotein are in agreement with 
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FIG. 2. Serum lipoprotein patterns developed in 
"FEB buffer for 4 hr from three patients who show 
complete separation of pre-fl lipoprotein. 

the observations of Sonnino and Gazzaniga (3) 
with the TEB and barbital buffers. 

Distinct separation of the lipoprotein com- 
ponents was attained in either 16 or 4 hr 
of electrophoresis (Fig. 1-3). Electrophoresis 
for 4 hr under constant voltage tended to 
sharpen all bands and made them more com- 
pact than the bands obtained after 16 hr 
of electrophoresis. Nevertheless, electrophore- 
sis for 4 hr did decrease the mobility of the 
lipoprotein fractions (Fig. 3). However, the 
small Rr values of lipoproteins do not prevent 
the visual detection of the lipoprotein frac- 
tions. This is true even in cases where a 
chylomicron band is present in addition to the 
other fractions. The densitometric scans show 
complete separation of peaks. These small R~ 
values can be increased, in agreement with 
Morales-Malva et al. (5), simply by wetting 
the paper strips with 70% or 50% instead of 
the full strength buffer solution. However, 
in a number of samples the increase in mo- 
bility was accompanied by simultaneous dif- 
fusion of the bands. The lower the percent- 
age of the buffer solution, the greater was the 
diffusion. 

DISCUSSION 

In the system described here, three factors 
contribute to the separation of lipoprotein frac- 
tions: TEB buffer, 52.8% alcohol solution as 
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FIG. 3. Comparison of serum lipoprotein pat- 
terns from the subjects A and B, developed in "FEB 
buffer for 4 and 16 hr. 

a solvent for Oil Red O, and the solvem-ex- 
tracted paper strips. 

There was a marked improvement in the 
staining when the Oil Red O was prepared in 
52.8% alcohol solution. The lipoprotein bands 
were more intensely colored, and the back- 
ground slain was much lighter in contrast to 
the strips stained with Oil Red O prepared 
in 60% ethanol. The drying of the strips 
in the staining racks is preferred because 
blotting often causes a blotchy appearance 
which interferes with scanning. Marked dif- 
ferences also were noted in the staining char- 
acteristics of paper strips. With some batches, 
the separated lipoprotein bands were diffused 
upon staining. But the same batches of paper 
strips, after extraction with solvents, showed 
more compact lipoprotein bands and a lighter 
and more evenly stained background. Com- 
mercially obtained paper strips are not of 
uniform quality, particularly with reference to 
the material in the paper that is stained with 
Oil Red O. Therefore, solvent extraction prior 
to electrophoresis makes this technique more 
reproducible. 

The present electrophoretic system enables 



LIPOPROTEIN PAPER ELECTROPHORES1S 189 

the  s e p a r a t i o n  o f  p re - f l  f r o m  the  /g - f rac t ion  
wi th  c o n c o m i t a n t  s e p a r a t i o n  o f  a c o m p a c t  a n d  
we l l -de f ined  a - f r a c t i o n  w i t h o u t  the  u se  o f  al- 
b u m i n  in t h e  buf fe r .  

S a t i s f a c t o r y  r e s o l u t i o n s  c a n  be  o b t a i n e d  in 
16 o r  4 h r  o f  e l e c t r o p h o r e s i s .  W h e n  the  
s a m p l e  is s u b j e c t e d  to 4 h r  o f  e l e c t r o p h o r e s i s ,  
t he  p r o c e d u r e  c a n  be  c o m p l e t e d  w i t h i n  24  hr ,  
b u t  t he  16 h r  s y s t e m  r e q u i r e s  48 h r  fo r  c o m -  
p le t ion .  T h e  two  s y s t e m s  fac i l i t a te  m o r e  effi- 
c i en t  h a n d l i n g  o f  t he  a n a l y s e s ,  p a r t i c u l a r l y  
if the  s a m p l e s  a re  r e c e i v e d  in the  l a b o r a t o r y  
at  d i f fe ren t  h o u r s  o f  the  day .  S a m p l e s  r e c e i v e d  
in t he  m o r n i n g  m a y  be  s u b j e c t e d  to 4 h r  
e l e c t r o p h o r e s i s ,  a n d  the  res t  m a y  be i n c l u d e d  
in t he  o v e r n i g h t  o r  16 h r  r u n .  T h e  in ter -  
p r e t a t i o n  o f  the  l i p o p r o t e i n  p a t t e r n s  o b t a i n e d  
in b o t h  s y s t e m s  is t he  s a m e .  
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Inhibition of Cholesterol Synthesis by ~-Benzal Butyric Acid 
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ABSTRACT 

Cholesterol biosynthesis has been exam- 
ined using rat liver slices in vitro from 
2-t4C-acetate and 2-14C-mevalonate, in the 
presence of /3-benzal butyric acid (BBA) 
and its metabolite, a-hydroxy /3-benzal 
butyric acid (HBBA),  both of which are 
postulated to act as potential hypocholes- 
terolemic agents. Procedures have been 
devised to follow radioactivity incorpora- 
tion of these precursors into the squalene, 
lanosterol and cholesterol fractions. The 
results show that cholesterol synthesis 
from labeled acetate is noticeably inhib- 
ited by BBA final concentrations as small 
as 10 I~M, while the rate of labeling is 
much less inhibited by HBBA. When ace- 
tate is replaced by labeled mevalonate, 
cholesterol synthesis is hardly inhibited 
by both BBA and HBBA. The results 
indicate that BBA probably affects some 
of the reactions which lead acetate to 
mevalonate formation. Acetyl-CoA:lig- 
ase (E.C.6.2.1.1) and acetyl-CoA acetyl 
transferase (E.C.2.3.1.) therefore have 
been examined. Ligase activity is sub- 
stantially inhibited only by 1 mM concen- 
tration of BBA and HBBA, whereas the 
transferase enzyme is unaffected. BBA 
probably affects other reactions in the 
metabolic sequence which converts ace- 
tate into mevalonate. 

INTRODUCTION 

In recent years, a considerable amount of 
research has been directed toward finding effi- 
cient inhibitors of sterol biosynthesis. As a 
result, many compounds have been found to 
inhibit cholesterol biosynthesis, both in vivo 
and in vitro. 

The actions of various phenyl derivatives 
of 5-carbon branched chain acids have been 
evaluated by Canonica et al. (1).  These 
products possess noticeable hypocholesterolem- 

1Presented in part at the International Symposium on 
Problems and Prospectives in Medical Therapy of Athero- 
sclerosis, Parma, November, 1966. 

2Present address: Polytechnic Institute, University of 
Milan, Italy. 

ic effects, the most active compounds in this 
series being fl-benzal butyric acid (BBA) 
(3-methyl-4-phenyl-3-butenoic acid, BBA) and 
2-methyl-4-phenyl-butanoic acid (in vivo cho- 
lesterol biosynthesis inhibition and Triton hy- 
perlipidemia test). But apart from some pre- 
liminary results (2) ,  these derivatives have not 
been examined as in vitro inhibitors of sterol 
synthesis nor has their mechanism of action 
been elucidated. 

In this paper an attempt has been made to 
obtain experimental evidence for the inhibitory 
effect of BBA and of a-hydroxy fi-benzal 
butyric acid (HBBA) (2-hydroxy-3-methyl-4- 
phenyl 3-butenoic acid, HBBA) on sterol bio- 
synthesis in vitro, and to report  some indi- 
cations on their site of action. 

EXPERIMENTAL PROCEDURES 

Biological Materials 

Animals. Male Sprague-Dawley rats, weigh- 
ing approximately 150 -+ 25 g, were fed stan- 
dard rat cubes and kept in identical hygienic 
conditions. The animals, fasted for 6 hrs, 
were killed in pairs by a blow on the back 
of the neck and the liver rapidly removed and 
placed into chilled Ringer solution. 

Tissue Preparation. Liver slices, about 400 
/~ and weighing approximately 400 mg were 
prepared in the cold with a Stadie-Riggs micro- 
tome (A. H. Thomas, U.S.). Only the slices 
removed from the same separate liver block 
were distributed among the incubation flasks 
of the same experiment (about 20 slices per 
flask). They always possessed a constant 
weight to surface ratio value of 0.40-0.44 
m g / m m  ~ for all the experiments, and there- 
fore a uniform value of the exchange surface 
was maintained. 

Preparation of Enzymes and Assay o~ En- 
zymic Activity. A partially purified acetate- 
CoA ligase (E.C.6.2.1.1) was prepared ac- 
cording to Stern and Ochoa (3).  The enzyme 
had a specific activity of 25 uniLs/mg, as 
measured by the rate of sulfanilamide acetyla- 
tion. One unit of activity equals 1 nmole of 
acetylated sulfanilamide formed per hour per 
milliliter. The enzyme could be stored for 
several days at - 1 0  C without loss of activity. 
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Activity was normally assayed by incubating 
for 90 min under nitrogen at 37 C 20-40 mg 
enzyme protein in 2 ml volume of an incu- 
bation mixture consisting of: sufanilamide 
(0.5 mM), sodium bicarbonate (10 mM), 
potassium acetate (20 mM), Coenzyme A (2 
mM), ATP (5 mM), magnesium chloride 
(5 mM) and phosphate buffer (40 mM, pH 
7.40). After incubation, the enzymic transfer 
of acetyl group to sulfanilamide was deter- 
mined according to the procedure of Chou 
and Lipmann (4). 

Acetyl transferase (E.C.2.3.1.) reaction was 
followed with the same enzyme preparation 
by incubating 1 mM acetyl-CoA, in place of 
ATP, acetate and Coenzyme A, and by esti- 
mating the activity as explained previously. 
The enzyme was stable for two months at 
-20 C. Additional experiments have been car- 
ried out with a 65-fold purified acetyl-CoA 
acetyl-transferase (5) substantially free of ace- 
tate:CoA ligase activity. The enzyme was 
assayed in a final volume of 3.15 ml by in- 
cubating in a Beckman DU cuvette for 10 
min at 37 C:0.125 ~moles acetyl-CoA, 0.3 
/~mole 0-nitro-aniline, 15 ~moles potassium thio- 
glycolate, 120 /~moles phosphate buffer (pH 
6.80) and 0.80-0.85 mg of enzyme protein. 
The residual free p-nitroaniline was subse- 
quently estimated by direct assay. 

ChemicaLs and Labeled Substrates 

Solvents. Benzene was washed with con- 
centrated sulfuric acid, dried over calcium 
chloride and distilled. Chloroform, diethyl 
ether, pyridine, hexane, acetone, methyl alco- 
hol and petroleum ether (bp 60-80 C) were 
freshly distilled over calcium chloride and 
stored under nitrogen. All the other solvents 
were not further purified. 

Materials. BBA and HBBA were provided 
by Istituto Biochimico Italiano (Milan, Italy). 
BBA melted at 113 C, possessed a molar ex- 
tinction coefficient of 15,600 at 246 m~ and 
four infrared maxima at 1700, 1250, 750 and 
710 cm-L The elementary analysis was very 
close to the predicted values. Before using, 
both compounds were converted into the sodi- 
um salts, by addition of appropriate amounts 
of diluted sodium hydroxide. 

Cholesten-5-en-3fl-ol (cholesterol) and chol- 
estan-3fl-ol (dihydrocholesterol) were obtained 
from British Drug Houses; the first compound 
was crystallized via the dibromide (6), re- 
crystallized with absolute ethanol and dried 
to constant weight under nitrogen. 5a-Cholest- 
5,7-dien-3fl-ol (7-dehydrocholesterol) and 5a- 
cholest-7-en-3fl-ol (&7-cholestenot) were ob- 

tained from Nutritional Biochemical Corp., 
Cleveland, Ohio. 4-Methyl-5a-cholest-7-en-3fl- 
ol (methostenol), 4,4,14,t-trimethyl-5a-choles- 
ta-8,24 dien-3fl-ol (lanosterol, contaminated 
with dihydrolanosterol) and squalene, were 
products of Mann Research Labs., Inc. Acetyl- 
CoA was from Sigma Chemical Co.; Silica 
Gel G, digitonin and 2,7-dichlorofiuorescein 
from Merck, Darmstadt; silver nitrate from 
Carlo Erba, Milan. 

Labeled Substrates. 2-14C-acetate (27.4 mc/  
mmole), 2-~4C-mevalonate (3.77 mc/mmole) 
and 1-14C-acetyl,CoA (54.5 mc/mmole) were 
obtained from commercial sources and di- 
luted with inert substrates to a suitable spe- 
cific activity. Before diluting, the N,N'-diben. 
zylethylenediamine salt of the mevalonic acid 
was converted to the potassium salt. 

Incubation 

Liver slices were incubated in Warburg 
flasks containing sodium chloride (118 raM), 
potassium chloride (4.7 mM), potassium di- 
hydrogen phosphate (1 mM), magnesium sul- 
phate (1.14 mM), sodium bicarbonate (3.56 
raM), magnesium chloride (3.05 mM) and 
disodium hydrogen phosphate - hydrochloric 
acid buffer (9.2 mM, pH 7.40). The amounts 
of the precursors were as follows: 2-14C-ace- 
tate, 9.20 ~c, 0.58 mM (specific activity, S.A., 
3.94), or 2-a4C-mevalonate, 4.80 /~c, 0.32 mM 
(S.A., 3.77) or acetyl-CoA-l-z+C, 2 /xc, 0.49 
mM (S.A., 1.01 ). The Ringer solution was add- 
ed before the slices and precursors, while BBA 
or HBBA were added last. The total volume 
was of 4 ml. All operations were carried out at 
4 C. The flasks were flushed with O2 and then 
stoppered and shaken in a water bath at 37 C 
for 2 hr at about 80 strokes/min. 

Incubations with the enzymes were carried 
out as explained previously. 

Isolation and Assay 

General Procedures. At the end of the in- 
cubation period, the tissue samples were re- 
moved, washed by centrifugation with carrier 
substrate (60 /~M) and twice with water, 
weighed and transferred into glass stoppered 
tubes. They were successively digested for 2 
hr with N potassium hydroxide in 50% eth- 
anol (5 ml) at 70 C, while flushed continu- 
ously with nitrogen. The unsaponifiable resi- 
due was extracted three times with 12 ml 
of petroleum ether (bp 60-80 C) and the 
combined clear extracts washed with distilled 
water, evaporated to dryness under nitrogen 
at 30 C and finally made up to appropriate 
volumes (generally 2 ml) in acetone-ethanol 
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(1:1 v / v )  for purification by means of digi- 
tonin. 

Prior  to purification, a small aliquot was 
chromatographed in quadruplicate by thin- 
layer technique (TLC) ,  according to Avigan 
et al. (7) ,  on silica gel G pre-stained with 
2,7-dichlorofluorescein. The UV-absorbing or 
fluorescent zones were: scraped from the plate 
for radioactivity assay, eluted for sterol esti- 
mation, radioautographed (Kodirex X film) 
and rechromatographed on silver nitrate-im- 
pregnated silica gel for further separation. 

Chromatographic Methods. A preliminary 
separation of the sterols was carried out on 
standard plates using benzene-ethyl acetate (5:1 
v / v )  as the solvent (7).  Plates were developed 
under nitrogen in the dark  for 60 rain. Nor- 
mally, with 2-~4C-acetate, as the sterol pre- 
cursor, only labeled cholesterol and small 
amounts of radioactive squalene and lano- 
sterol could be identified. The same result 
was obtained, when chromatography was car- 
ried out on 40 cm plates (7) with benzene- 
ethyl acetate (20:1 v /v )  as the solvent (24 hr. 
in the dark, under nitrogen). Small amounts- 
of radioactive 7-dehydrocholesterol were some- 
times present. When 2-~4C-mevalonate was 
the precursor, the last TLC technique revealed 
the presence of radioactive A7-cholestenol, 
large quantities of cholesterol (presumably con- 
taminated with traces of cholestanol),  7-de- 
hydrocholesterol, m e t h o s t e n o l ,  l a n o s t e r o l  
(probably contaminated with 24,25-dihydro- 
lanosterol) and large amounts of squalene. 
Some overlap w a s  present however between 
cholesterol, /x7-cholestenol and 7-dehydrocho- 
lesterol. 

Rechromatography was therefore carried 
out on the cholesterol spot separated o n  the 
20 cm long plates, or on the three zones of 
cholesterol, A7-cholestenol and 7-dehydrocho- 
lesterol, separated on the 40 cm long thin layer 
plates and collected together. All  the other 
spots were found to be homogeneous on further 
separation and were not rechromatographed. 
For  rechromatography, the zones were accu- 
rately scraped from the platesl eluted into 
small sintered-glass columns twice with chloro- 
form (6 ml) and then, with 3 ml of chloro- 
form-methanol (98:2 v / v ) ,  evaporated and 
quantitatively rechromatographed on silver ni- 
trate-impregnated silica gel plates (8) with 
chloroform-acetone (95:5 v /v )  as the solvent. 
The plates were run in the dark, under nitro- 
gen, for 90-100 min at 4 C and then lightly 
sprayed with 0.2% 2,7-dichlorofluorescein in 
absolute ethanol. A clear separation of the 
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sterol components of the original cholesterol 
spot was obtained, and precise identification of 
labeled 7-dehydrocholesterol, cholesterol and 
A7-cholestenol carried out. Traces of labeled 
cholestanol were found by this procedure and 
by the technique of Truswell and Mitchell (9) .  
Rechromatography was always carried out in 
triplicate, and the spots were removed for sterol 
determination, taken for radioactivity estima- 
tion, and radioautographed. The recovery of 
each of the sterols after rechromatography was 
over 85%. 

�9 Sterol Determination. The amount of sterol 
was measured on the purified digitonides and 
on chromatographic spots according to Zlatkis 
et al. (10).  Standard sterols were used for 
quantitation. This was particularly important, 
for the color yield of 7-dehydrocholesterol was 
much lower than that of other sterols under 
similar conditions. Elution of the TLC spots 
was carried out according to Zeitman (11).  
The dichlorofluorescein dye was not extracted 
by this procedure. The recovery of standards 
from TLC plates approached 100%. When 
estimation was carried out on the silver ni- 
trate plates, the Zak et al. (12) procedure 
was used by replacing the ferric chloride 
reagent by ferric nitrate to avoid cloudiness 
due to the silver chloride. Recovery was be- 
tween 90-95%.  

Radioactivity Measurements. Radioactivity 
was determined by liquid scintillation counting 
on the purified digitonides, or after elution 
from the Kieselgel with methanol (13).  The 
dichlorofluorescein dye and the silver nitrate 
did not interfere with the counting in a way 
as to hinder or  alter the incorporation data. 
Readings were properly corrected for any 
quenching effect. The x4C counting efficiency 
was over 78% and the recovery of the label 
f rom the TLC plates approached 100%. The 
identity of the x4C-lipids was confirmed by 
cochromatography with authentic lipid and 
cocrystallization, lanosterol and cholesterol as 
the acetate derivatives and squalene as the 
hexahydrochloride. 

Calculation o/ the Results. Results have 
been normally calculated either as /xmoles of 
cholesterol formed per hour per milligram 
of cholesterol (Fig. 1 and Tables I and II )  
or as p.moles of product  formed per hour per 
gram of fresh liver tissue( Tables II and l i D .  
For  calculation, in the first case, the /xc of 
14C of the isolated cholesterol are divided by 
the S.A. of the precursor • milligrams of the 
tissue cholesterol X hour of incubation x C, 
whereas, in the second case, the /ac of the 
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product are divided by the S.A. of substrates 
X gram of tissue X hour of incubation • C. 
C represents the number of molecules of pre- 
cursor which are comprised in 1 molecule 
of cholesterol. For 2-14C-acetate, C = 1 5 ;  for 
2-1"C-mevalonate, C = 5 .  In Figure 1, values 
are actually expressed as percent inhibition 
levels (control levels = 0). 

RESULTS 

In all the series of experiments, the rate of 
labeling was measured only for those com- 
ponents which were definitely identified, sub- 
stantially homogeneous, and which were de- 
tected in measurable amounts. Therefore, af- 
ter acetate incorporation, determinations were 
carried out only on the cholesterol spot iso- 
lated on the 40 cm long plates or on the 
purified labeled digitonide precipitate. The 
two procedures gave always comparable re- 
sults. Radioactivity was occasionally assayed 
on the squalene spot. After the mevalonate up- 
take, countings were done on the squalene 
and lanosterol spots, both isolated on the 40 
cm long plates, and on the cholesterol, A7- 
cholestenol and 7-dehydrocholesterol zones, 
isolated by the silver nitrate impregnation 
method. In these last experiments (controls 
and experimentals), labeling was slightly high- 
er in the cholesterol digitonide precipitate than 
in the isolated cholesterol spot. 

Biosynthesis of liver cholesterol was re- 
duced by incubating the liver slices with labeled 
acetate in the presence of various concentra- 
tions of BBA (Fig. 1). Noticeable inhibi- 
tion occurred at a 50 ttM concentration, but 
at lower levels of inhibitor (10 #M) the 
acetate incorporation also differed from that 
of the controls. All experimental points were 
statistically significantly different from con- 
trols, except those at 1 #M concentration of 
BBA, owing to the larger scatter of the re- 
sults. The experiments reported in Figure I 
were carried out by measuring the rate of 
labeling of the cholesterol spot isolated by 
TLC. No significant differences were ob- 
served, at any value of BBA concentration, 
between the results obtained by carrying out 
estimations on the purified labeled digitonide 
precipitate, or on the finally isolated cholesterol 
spot. 

The conversion of radioactive acetate to 
cholesterol by rat liver slices in the presence 
of HBBA is reported in Table I. A compari- 
son of the normal values shows that choles- 
terol is less rapidly synthesized from acetate 
in vitro at high concentration of the BBA 
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F~6. I. The inhibition of liver cholesterol bio- 
synthesis by /3-benzal butyric acid in vitro. Incu- 
bation of liver slices and isolation of cholesterol 
were carried out as described in the text. Pre- 
cursor: 2J'C-acetate. The results, expressed as per 
cent inhibition values (control levels = 0), were 
calculated as ~moles of cholesterol formed per 
hour per milligram of cholesterol (mean control 
values -- S.E.M. of 0.83 -4- 0.15, in eight experi- 
ments). For calculation, see the text. Six experi- 
ments were carried out for each value of BBA 
concentration. 

derivative only. Thus, 5 mM HBBA inhibits 
cholesterol formation by 34% and the very 
high 10 mM concentration affects the meta- 
bolic conversion by over 55%. 

In a second series of experiments, the in- 
hibition of the 2-1JC-mevalonate incorporation 
into cholesterol by BBA and HBBA was ex- 
amined (Table II) ,  and the results were com- 
pared with those obtained with the acetate 
incorporation experiments. Mevalonate in- 
corporation was decreased to about 80% of 
the control value only at 5 mM concentration 
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TABLE I 

T h e  Effect of a-Hydroxy-B-Benzai Butyric Acid (HBBA) 
on Liver Cholesterol Biosynthesis in vitro a 

H B B A  n c / m g  % 
(raM) a Cholesterol Activity b Inhibition P 

- -  (9) 100 0.85 • 0.12 
0.05 (3) 108 0.91 
0.1 (6) 97 0.82 • 0.13 
1.25 (3) 102 0.86 
5.00 (6) 66 0.56 + 0.06 

1 0 .0 0  (5) 43 0.36 __. 0.04 
34 < 0.001 
58 < 0.001 

alneubation and TLC analytical procedures were car- 
ried out as described in the text. Precursor: 2-14C-acetate. 
Numbers in parentheses indicate number of experiments 
in each group. 

bAetivity expressed as ~moles cholesterol formed per 
hour per milligram of cholesterol -+- SEM, when specified. 
See text, for calculation. For some experiments, only the 
mean values are shown, owing to the small number of 
samples examined. 

o f  B B A ,  l o w e r  leve ls  b e i n g  i n a c t i v e  in  th i s  
c o n n e c t i o n .  A f u r t h e r  i n c r e a s e  in  t he  d e g r e e  
o f  t h e  i n h i b i t i o n  a p p e a r e d  a t  t h e  v e r y  h i g h  
c o n c e n t r a t i o n  v a l u e  o f  i 0  m M .  A l t h o u g h  la -  
b e l i n g  w a s  s l i gh t ly  h i g h e r  t h r o u g h o u t  if  de -  
t e r m i n a t i o n s  w e r e  c a r r i e d  o u t  o n  t h e  c h o l e s -  
t e ro l  d i g i t o n i d e  p r ec ip i t a t e ,  r a t h e r  t h a n  o n  t h e  
i s o l a t e d  c h o l e s t e r o l  spo t ,  t h e  r e l a t i ve  d e g r e e s  
o f  i n h i b i t i o n  b y  B B A  w e r e  s t r i c t ly  c o m p a r a b l e .  

H B B A  d id  n o t  i n h i b i t  l iver  c h o l e s t e r o l  s y n -  
t he s i s  f r o m  m e v a l o n a t e  in  v i t r o  a t  a n y  c o n -  
c e n t r a t i o n  ( d a t a  n o t  s h o w n  in  T a b l e  I I ) .  

T a b l e  I I  a l so  s h o w s  t h a t  t h e  d e g r e e  o f  in-  
h i b i t i o n  o f  c h o l e s t e r o l  s y n t h e s i s  p r o d u c e d  b y  

B B A  is s i m i l a r  to  t h a t  o f  i ts  p r e c u r s o r s ,  s q u a l -  
ene ,  l a n o s t e r o l  a n d  A 7 - c h o l e s t e n o l .  T h e  r e s u l t  
m a y  t h u s  s i gn i fy ,  a l t h o u g h  n o t  n e c e s s a r i i y ,  
t h a t  w h e n  i n h i b i t i o n  o c c u r s ,  n o  f u r t h e r  e f fec t  
is b e i n g  o b s e r v e d  a l o n g  t he  m e t a b o l i c  s t ep s  
o c c u r r i n g  b e t w e e n  s q u a l e n e  a n d  cho le s t e ro l .  
T h e  s a m e  r e s u l t  w a s  o b s e r v e d ,  w h e n  a c e t a t e  
r e p l a c e d  m e v a l o n a t e ,  as s t e ro l  p r e c u r s o r .  I n  
T a b l e  I I I  t he  d e g r e e s  o f  i n h i b i t i o n  o f  s q u a l e n e  
a n d  c h o l e s t e r o l  r a t e s  o f  s y n t h e s i s ,  p r o d u c e d  
b y  B B A ,  a r e  in  f a c t  r e p o r t e d ,  a n d  a p p e a r  to 
b e  s imi l a r .  

A c c o r d i n g  to  o u r  r e s u l t s  it  m a y  b e  s u p -  
p o s e d  t h a t  B B A ,  a n d  to a m u c h  l e s se r  d e g r e e  
H B B A ,  i n h i b i t s  c h o l e s t e r o l  s y n t h e s i s  f r o m  a c e -  
ta te ,  b u t  h a r d l y  f r o m  m e v a l o n a t e .  E x p e r i -  
m e n t s  h a v e  b e e n  p e r f o r m e d ,  t h e r e f o r e ,  o n  t he  
ef fec t  o f  B B A  a n d  H B B A  o n  e n z y m e s  ca t a lyz -  
i n g  t he  c o n v e r s i o n  o f  a c e t a t e  i n to  m e v a l o n a t e ;  
m o r e  p r e c i s e l y  o n  t h e  a c e t a t e : C o A  l igase  
( E . C . 6 . 2 . 1 . 1 )  a n d  a c e t y l - C o A  ace ty l  t r a n s f e r a s e  
( E . C . 2 . 3 . 1 . ) .  T h e  r e s u l t s  ( T a b l e  I V )  s h o w  
t h a t  B B A  a n d  H B B A  i n h i b i t e d  t h e  a c t i v a t i o n  
o f  t he  f r e e  a c e t a t e  to a c e t y l - C o A  at  c o n c e n -  
t r a t i o n  v a l u e s  r a n g i n g  f r o m  1 to  20  m M .  T h e  
e n z y m e  w a s  h o w e v e r  n o t  a f f ec t ed  a t  c o n c e n -  
t r a t i o n s  l o w e r  t h a n  1 m M  w h i c h ,  o n  t h e  c o n -  
t r a ry ,  w e r e  v e r y  e f fec t ive  as  i n h i b i t o r s  o f  s te ro l  
s y n t h e s i s  f r o m  l a b e l e d  a c e t a t e  (F ig .  1 a n d  
T a b l e  I I I ) .  I n  p a r a l l e l  e x p e r i m e n t s  in  v i t r o  
n o  i n h i b i t i o n  o f  t h e  a c e t y l - C o A  ace ty l  t r a n s -  
f e r a s e  ac t iv i ty  ( s e e  E x p e r i m e n t a l  P r o c e d u r e s )  
w a s  f o u n d  w i t h  c o n c e n t r a t i o n s  o f  B B A  a n d  
H B B A  u p  to 20  m M .  

TABLE II 
The Effect of B-Benzal Butyric Acid (BBA) on Sterol Synthesis From 

2-14C-Mevalonate in Rat Liver Slicesa 

Rate of Labelling 

BBA (mM)b Cholesterole Squalene a Lanosterol a A~-Cholestenold 

(8) 14.7 • 1.i0 6.42 - 0.51 1.98 <- 0.26 1.56 • 0.20 
0.05 (3) 13.9 7.52 2.42 2.20 
0.1 (6) 15.7 • 1.12 7.06 • 0.60 - -  - -  
1.25 (3) 14.5 7.14 2.86 1.70 
2.50 (4) 14.1 7.10 - -  - -  
5.00 (6) 11.3 • 0.91 3.84 • 0.40 1.14 • 0.18 0.82 • 0.12 

(23%) (40%) (42%) (48%) 
10.00 "(3) 8.56 (42%) 3.90 (40%) 1.02 (48%) 0.80 (49%) 

alncubation was carried out as described in the text. The squalene and lanosterol 
rates of labeling were determined after isolation of the compounds by TLC on the 
40 cm long plates (7); those of the cholesterol and AT-cholestenol after rechroma- 
tography and isolation on silver nitrate impregnated plates. Owing to the faintness 
of its area, values for the rate of labeling of the isolated 7-dehydrocholesterol had 
a large scatter and results were unreliable. 

bNumber in parentheses indicate number of experiments in each group. For some 
experiments, only the mean values are shown, owing to the small number of samples. 

eFigures indicate #moles of cholesterol formed per hour per milligram of choles- 
terol (see text for calculation). Degree Of inhibition in parentheses. 

dFigures indicate /~moles per hour per gram of fresh liver (mean values). For 
calculation, see the text. Degree of inhibition in parentheses. 
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INHIBITION OF C H O L E S T E R O L  SYNTHESIS 

T A B L E  I I I  

T h e  Effect of  B-Benzal Butyr ic  Acid  ( B B A )  on Sqnalene and Cholesterol  
Label ing  F r o m  2-a4C-Acetate in Ra t  L iver  Slicesa 

Rate of  Label l ing 

B B A  ( m M )  h Cholesterole P Squalener P 

- -  (8) 1.61 • 0.19 0.080 
0.01 (6) 1.40 •  (13) < 0 . 0 1  0.066 (15) < 0 . 1  
0.05 (6) 0.81 •  (50) < 0 . 1  0.040 (50) > 0 . 1  
0.50 (6) 0.30 • 0.04 (81) < 0.I 0.013 (83) < 0.1 
1.25 (6) 0.27 • 0.02 (83) <0 .001  - -  
5.00 (6) 0.18 • 0.015 (89) < 0 . 0 0 1  - -  

10.00 (6) 0.15 • 0.015 (91) < 0 . 0 0 1  traces 

a lncuba t ion  was carr ied out as descr ibed in the text. Act ivi ty  of  squalene was  
d e t e r m i n e d  a f t er  isolat ion of the c o m p o u n d  by T L C  on the 20 cm long plates (7) ,  
a n d  that  of  cholesterol  after  digi tonine t rea tment  and purification. F o r  o ther  ex- 
per imenta l  details,  see the text. 

b N u m b e r  in parentheses  indicate number  of  exper iments  in each group.  

eF igures  indicate  pmoles  per hour  per  g r a m  of  liver tissue ( m e a n  values  • SEM,  
w h e n  s p e c i f i e d ) .  F o r  calculat ion,  see text. Owing  to the low content  of radio-  
act ivi ty and to tho smal l  number  of samples  examined,  for  the squalene exper iments  
only the m e a n  values  are shown. Degree  of inhibi t ion between parentheses.  
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DISCUSSION 

A combination of chromatographic proce- 
dures and of precipitations has allowed us to 
carry out an adequate separation of most of 
the sterols which are found labeled after ex- 
posure of rat liver slices for 2 hr to radioac- 
tive acetate or mevalonate. 

The results presented above clearly show 
that liver slices possess decreased capacities 
to convert acetate into cholesterol in the pres- 
ence of small amounts of BBA. A 50% in- 
hibition of the overall process is produced, 
in fact, by a 50 t~M concentration of the 
drug and becomes almost complete at higher 
BBA levels. It is worth mentioning at this 
point that previous work (14) has shown lit- 
tle uptake of the 1,~C-labeled-BBA by the rat 
liver slices in vitro under optimal conditions. 
The final concentrations of BBA, capable of 
lowering cholesterol biosynthesis in vitro, 
might therefore be even smaller than those 
indicated in the present work. 

HBBA is a much less active inhibitory agent 
of sterol synthesis than BBA and is definitely 
inactive when synthesis is examined from 
labeled mevalonate. It is worth mentioning 
that HBBA has been shown to be a metabolite 
of BBA in animals and man (15,16). The 
hydroxylated compound might be considered, 
in this connection, a detoxication product aris- 
en from BBA when this drug is metabolized 
in vivo. Taking into account these considera- 
tions, it could be useful to compare the pres- 
ent results with experiments carried out on 
the inhibition of sterol synthesis in animal 
species injected with BBA or HBBA. 

The present results show that cholesterol 

synthesis from mevalonate is much less effi- 
ciently inhibited by BBA than from acetate. 
The results suggest that the drug acts along 
the enzymic steps which occur between ace- 
tate and mevalonate. Thus, the inhibition 
brought about by BBA and HBBA on the 
ace ta te 'CoA ligase might be of some interest. 
The levels of BBA which inhibit the enzyme 
are, however, far greater than those capable 
of lowering sterol synthesis from acetate. This 
last consideration might indicate that other 
enzymic activities are affected by BBA along 
the metabolic sequence of reactions from ace- 
tate to mevalonate. This indication is indi- 
rectly confirmed by the fact that HBBA, which 
affects the aceta te :CoA ligase to a similar 
extent, does not inhibit sterol synthesis at low 
concentrations as BBA does. 

These considerations have gained further 

T A B L E  IV 

T h e  Effect of  ,8-Benzal Butyric and a-Hydroxy-f l -Benzai  
Butyric  Acids on the A c e t a t e : C o A  Ligase  Activi ty 

of  Pigeon Liver  a 

Inhib i tor  
N u m b e r  of  % 

( m M )  exper iments  Act ivi ty  b Inhibi t ion 

- -  - -  4 27.1 - -  
BBA 0.I 3 27.8 0 
BBA 1.0 3 23.8 12 
BBA 5.0 3 15.2 44 
B B A  10.0 2 11.4 58 
BBA 20.0 2 8.7 68 

I-IBBA 1.0 3 24.4 10 
H B B A  5.0 3 17.1 37 
H B B A  10.0 3 11.9 56 

a For  exper imenta l  details, see the text. 

bF igures  indicate pmoles  acetylated su l f an i l amide /mg  
enzyme pro te in /hr .  Because of  the small  n u m b e r  of  ex- 
per iments ,  only the m e a n  values are shown.  
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support by some preliminary studies carried 
out by us on acetyl-CoA incorporation into 
sterols in the presence of BBA. By overcom- 
ing the inhibition of the acetate:CoA ligase, 
we have shown that cholesterol synthesis from 
labeled acetyl-CoA is still noticeably inhibited 
by the phenyl derivative. It will be worth 
studying, therefore, the effect of the drug on 
other enzymic activities connected with mev- 
alonate synthesis, particularly the fl-hydroxy 
fl-methyl glutaryl-CoA reductase. With the 
present experiments we have already shown 
that another enzymic activity, linked to mev- 
alonate synthesis (acetyl-CoA acetyl transfer- 
ase), is not inhibited by either BBA or HBBA. 

The present results also show that the inter- 
mediate steps between squalene and choles- 
terol are probably unaffected by BBA and 
HBBA and, further, that inhibition of sterol 
synthesis from mevalonate is scanty. The se- 
quence of the enzymic reactions occurring 
between mevalonate and squalene would ap- 
pear to constitute a desirable site of inhibition 
of cholesterol synthesis in vivo, since it seems 
unlikely that intermediates in this step would 
accumulate as a consequence of the inhibi- 
tion. BBA does not seem, however, to act 
upon these metabolic reactions. In this con- 
nection, it could be of interest to mention that 
2-methyl 4-phenyl-butanoic acid, another hy- 
pocholesterolemic agent (1) ,  seems to possess 
these properties (17).  

ACKNOWLEDGMENTS 

The work was supported in part from the Consiglio 
Nazionale delle Ricerche, Rome. B. V. Frattini and U. 
Valcavi (Milan) provided the /~-benzal butyric and a-hy- 
droxy lt-benzal butyric acids, and M. C. Zapponi carried 
out determinations of acetyl-CoA ligase and acetyl-CoA 
acetyl transferase activity. 

REFERENCES 

1. Canonica, L.. R. Santi and V. Scarselli, "Drugs Af- 
fecting Lipid Metabolism." edited by S. Garattini and 
R. Paoleni, Elsevier, Amsterdam. 1961o p. 328-335. 

2. Rossi. C. S., Boll. Soe. Ital. Biol. Sper. 36, 1914-1915 
(1960). 

3. Stern, J. R., and S. Ochoa, J. Biol. Chem. 191, 171- 
180 (1951). 

4. Chou. T. C., and F. Lipmann, ]bid. 196, 89-97 (1952). 
5. Jacobson, K. B., Ibid. 236, 343-348 (1961). 
6. Fieser. L. F., J. Am. Chem. Soc. 75, 5421-5423 (1953). 
7. Avigan. J., D. S. Goodman and D. Steinberg, J. Lipid 

Res. 4, 100-101 (1963). 
8. DiTullio. N. W., C. S. Jacobs and W. L. Holmes, J. 

Chromatog. 20. 354-357 (1965). 
9. TruswelL A. S., and W. D. Mitchell, J. Lipid Res. 6, 

438-441 (1965). 
10. Zlatkis, A., B. Zak and A. J. Boyle. J. Lab. Clin. Med. 

41, 486-492 (1953). 
11. Zeitman, B. B., J. Lipid Res. 6, 579-581 (1965). 
12. Zak. B., R. C. Dickenman, E. G. White. H. Burnett 

and P. J. Cherney, Am. J. Clin. Pathol. 24, 1307-1316 
(1954). 

13. Porcenati, G., F. di Jeso. M. Maleovati and M. G. 
Biasion, Life Sci. 5, 1791-1799 (1966). 

14. Giorgini. D., and G. Porcellati, Giorn. Biochim. 16, 
335-345 (1967). 

15. Canonica, L., P. Manitto. U. Valcavi and N. Zonta 
Bolego, J. Biol. Chem. 243, 1645-1648 (1968). 

16. Valcavi. U., and N. Zonta Bolego, Giorn. After. 5, 
356-361 (1967). 

17. Porcellati, G., and D. Giorgini, Biochem. Pharmacol., 
in press. 

[Received May 31, 1968] 

LIPIDS, V o t .  4, NO. 3 



Structure of Bovine Milk Fat Triglycerides: II. Long Chain Lengths' 
W. C. BRECKENRIDGE and A. KUKSlS, eanting and Best Department of Medical Research 
and the Department of Biochemistry, University of Toronto, Toronto, Canada 

ABSTRACT 

The long chain triglycerides of bovine 
milk fat were isolated by thin layer 
chromatography, and their chemical struc- 
ture determined by combined thin layer 
and gas liquid chromatography, and a 
stereospecific analysis of a molecular dis- 
tillate of butteroil of comparable composi- 
tion. The milk fat fraction (39% of 
total) contained Cs-C20 fatty acids which 
were distributed among the glycerides of 
40-56 acyl carbon atoms in a manner not 
unlike that found for the same acids in 
the short chain trig!ycerides. Although 
individual triglycerides were not identified, 
the specific distribution of the fatty acids 
could best be accounted for by assuming 
a common pool of long chain 1,2-diglyc- 
eride precursors from which the bulk of 
both short and long chain triglycerides are 
synthesized by a stereospecific introduc- 
tion of C4-Cls fatty acids in position 3 of 
sn-glycerol. This hypothesis is compatible 
with the results of stereospeeific analyses 
of the short and long chain fractions and 
of the total butteroil. It is supported by 
the nonrandom distributions demonstrated 
for the molecular weights of the milk fat 
triglycerides of different degrees of sat- 
uration. 

INTRODUCTION 

Both plasma lipids and de novo synthesis 
in the udder are known to contribute fatty 
acids to the synthesis of milk fat (1). Pre- 
vious studies (2) would appear to exclude 
the possibility that the plasma triglycerides 
are incorporated intact into the milk fat. Pre- 
cursor triglycerides must therefore be broken 
down at least partially to allow for a reesteri- 
fication with fatty acids of both short and 
long chain lengths (3). Since the identification 
of the partial glyceride precursors might yield 
information about the mechanism of milk 
fat assembly, there has been much speculation 
regarding the potential intermediates (4-6). 
The experimental findings have been limited 
to a demonstration of specific association (7,8) 

1Presented in part at the AOCS meeting, Philadelphia, 
October, 1966. 

and positional placement (9,10) of fatty acids 
in the short chain triglycerides, and a general 
non-randomness in the molecular weight dis- 
tribution of the triglycerides in milk fat (11). 

In the present study a detailed investigation 
has been made of the molecular association 
and positional and overall distribution of fatty 
acids in the long chain triglycerides. The data 
have been compared to the results of similar 
earlier analyses of the short chain triglyceride 
fraction and appropriate inferences have been 
made. 

MATERIALS AND METHODS 

The chemical reagents, solvents, chromato- 
graphic materials and analytical standards were 
as described (8,10). The long chain triglyc- 
eride fractions of milk fat were as obtained 
(8) during the isolation of the short and 
medium chain length triglycerides. Another 
long chain triglyceride fraction of milk fat 
was obtained as a residue by molecular dis- 
tillation of butteroil (12). This material (D-3; 
50% of total butteroil) was used for the 
stereospecific analyses. 

Thin Layer Chromatography 

The long chain triglycerides were isolated 
as outlined for the short and medium chain 
lengths (8). Plates of Adsorbosil-3 (20 •  
cm, 250/z thick) were, prepared by standard 
methods, and 5-10 mg of milk fat applied 
per plate as a band. The bands were developed 
in heptane-isopropyl ether-glacial acetic acid 
(60:40:4 v / v / v )  and the lipid bands located 
by spraying with dichlorofluorescein. The 
triglycerides were recovered by elution with 
5% methanol in diethyl ether. The long chain 
triglycerides were resolved on the basis of de- 
gree of unsaturation using similar plates made 
up of silica gel G containing 10% silver 
nitrate (8). About 5-10 mg of triglyceride 
was applied per plate and the plate developed 
with 0.65% methanol-chloroform (v/v) .  The 
bands were located and the lipids recovered 
as above. 

Gas Liquid Chromatography 

Triglycerides were analyzed on Aerograph 
204-1B Dual Channel Gas Chromatograph 
(Varian-Aerograph, Walnut Creek, California). 
The instrument was equipped with dual col- 
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umns (stainless steel tubes, 2 ft x Vs in. OD, 
packed with 2% JXR on Gas Chrom. Q, 
100-120 mesh).  The columns were conditioned 
and operated as previously described (11)  
The chromatographic system was calibrated 
with mixtures of standard triglycerides, tri- 
butyrin through tristearin. 

The fatty acids were determined by GLC 
of their butyl esters ( ! )  using an F & M 
Model 402 Gas Chromatograph (F  & M 
Scientific Corporation, Avondale, Pennsylva- 
nia) equipped with dual glass columns (4 ft 
x V4 in. OD) containing 15% diethylene 
glycol succinate (DEGS)  on 60-80 mesh Gas 
Chrom. P. Samples containing C4-Cls fatty 
ac ids  were determined by temperature pro- 
gramming from 70-220 C at 4 C/rain. Long 
chain fatty acids were determined isothermally 
at 200 C. The instrument was calibrated with 
mixtures of Standard butyl esters prepared 
by transbutylation of known amounts of high 
purity trigtycerides (tributyrin through tristear- 
in).  

Values obtained from duplicate analyses of 
both standard triglycerides and fatty acid butyl 
esters showed a relative error of less than 3 % 
for any peak comprising more than 10% of 
the sample, and less than 6% for any peak 
comprising less than 10% of the sample. 

Stereospecific Analyses 

The stereospecific examination of the long 
chain triglycerides of butteroil was performed 
essentially as described by Breckenridge (10) ,  
except that proport ionally smaller amounts of 
material were used. The mixed 1,2- and 2,3- 
diglycerides were prepared from 1 g of fat. 
The lipolysis was stopped when approximately 
50% of the total triglyceride had been hy- 
drolyzed (4 min).  The digiycerides were re- 
covered by extraction with diethyl ether fol- 
lowing dilution of the reaction mixture with 
methanol. They were purified by TLC on 
Adsorbosil-3 using the above described solvent 
system. About  40 m g  of the phosphatidyl 
phenol was used for hydrolysis with phos- 
pholipase A. 

RESULTS AND DISCUSSION 

Preliminary Resolution 

The resolution of milk fat triglycerides into 
short (SCT),  medium (MCT)  and long 
(LCT) chain triglycerides by TLC on plain 
silica gel was described in an earlier com- 
munication from our laboratory (8) ,  as were 
the further analyses of the SCT and MCT 
fractions. The preparations of LCT obtained 

by this method contained triglycerides with 
40-56 acyl carbons per molecule, and made 
up 38.7% and 39.8% of the total mi lk  fat 
triglyceride. It should be noted that the LCT 
fraction contains several triglyceride groups 
with the same carbon numbers as the SCT 
and MCT fractions, but that these triglycerides 
do not possess identical fatty acid composi- 
tions. Thus in the SCT the C40 glycerides 
are largely comprised of 18,18,4, whereas in 
the LCT these must have been made u p  of 
combinations such as 16,14,10 or 16,18,8 since 
no butyric o r  caproic acids are present. The 
MCT contains both types of C40 triglycerides 
in appreciable amounts. This resolution of 
triglycerides within a molecular weight is due 
to differences in the polarity of these com- 
pounds and must have been operative also 
during the TLC of the C42-C46 triglycerides 
which are represented in significant amounts 
in both MCT and LCT. 

The preliminary segregation of butteroil tri- 
glycerides by molecular distillation is char- 
acterized by  a separation based on differences 
in molecular weight only (12).  Hence the 
triglycerides of corresponding carbon number 
in the various molecular distillates would be 
expected to contain identical fatty acid com- 
positions. Therefore, while the overall tri- 
glyceride distributions were comparable, the 
distillation residue contained significant amounts 
of butyric and caproic acids, in contrast to 
the two preparations of LCT made by TLC. 
A removal of the more polar  short chain 
triglycerides from the distillation residue prior 
to the stereospecific analysis was n o t  neces- 
sary. 

Combined TLC-GLC Analysis of LCT 

Resolution of the long chain triglycerides 
on thin layers of silicic acid impregnated with 
silver nitrate gave a pattern more complex 
than anticipated for the relatively simple tri- 
glyceride mixture. Two bands were obtained 
for the monoenes and the dienes with two 
monoenoic and one saturated fatty acid per 
molecule. This was due to the presence of 
small amounts of elaidic acid in these pri- 
marily oleic acid-containing glycerides. Since 
oleic and elaidic acids are not readily resolved 
by the GLC of their butyl esters the trans- 
monoenes and the trans-dienes were pooled 
with the corresponding cis-isomers for the p r e -  
sentation of data. No differences were noted 
between oleic and elaidic acids in their asso- 
ciation with other fatty acids in the glyceride 
molecules. 

The GLC patterns of the triglycerides of the 
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FIG. 1. GLC of long chain triglycerides of vari- 
ous degrees of unsaturation; A, saturates; B, mono- 
enes containing one cis-monounsaturated acid; C, 
dienes containing two cis-monounsaturated acids; 
D, trienes containing three monounsaturated acids 

saturates, monoenes, dienes and trienes are 
shown in Figure 1. As noted previously with 
the short and medium chain fractions (8) ,  
segregation of the saturated and unsaturated 
triglycerides by argentation TLC greatly im- 
proves the GLC resolution of adjacent even 
and odd carbon number peaks. It allowed a 
better estimate of the triglycerides of odd 
carbon number than was possible by GLC of 
the total milk fat triglycerides. 

The composition of the triglycerides and 
the fatty acids of the various classes of sat- 
uration of the long chain fractions are shown 
in Tables I and II. In the saturates, which 
comprise 16.5% of the LCT, the major fatty 
acids are myristic (17 .7%) ,  palmitic (39 .4%) 
and stearic (25 .4%) ,  while the major triglyc- 
eride types are C41 (13 .9%) ,  C ~  (17 .2%) ,  C~8 
(16 .4%) and C~,, (15 .6%) .  This suggests 
a broad range of triglycerides involving all the 
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and dienes containing one linoleic acid residue. 
Temperature program as shown. Other operating 
conditions as stated in Ref. 8. Peak 24, trioctan- 
oin used as internal standard. 

combinations of the saturated fatty acids in 
the sample. A small amount (1 .4%)  of tri- 
stearin is also present. In the monoenes 
(36.7% of the fraction) the major acids are 
palmitic (30 .6%) ,  stearic (17 .3%) and oleic 
(30 .6%) ,  while the major triglycerides are 
C4~ (17 .6%) ,  C~o (25 .3%) and C.~2 (18 .4%) .  
The diene band (27 .7%)  made up of two 
monoenoic and one saturated fatty acid con- 
tained palmitic (16 .0%) and oleic (59 .3%)  
as major acids and C.~2 (37 .1%) as major 
triglyceride. This suggests the occurrence of 
the 16,18:1, 18:1 triglyceride. The dienes 
made up of two saturated acids and linoleic 
acid migrated with the trienes comprised of 
three monoenoic acids and together accounted 
for 12.9% of the long chain fraction. The 
major acids were palmitic (18 .5%) ,  oleic 
45 .8%)  and linoleic (13 .2%) ,  while the ma- 
jor glycerides were C:.2 (31 .5%) and C.~4 
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T A B L E  I 

Composi t ion  of Long Cha in  Triglycerides of Bovine Mi lk  
(moles % ) 

Saturatesb Monoenesb 

T G  a Band Tota l  Band Total  

Dienes b Trienesb 

Band Total  Band Total  

Polyenes b Recovery e Original  a 

Band Total  Total  Total  

38 0.3 . . . . . . . . . . .  
40 3.0 0.5 0.4 0.2 0.7 0.2 . . . .  0.9 1.0 
41 0.4 0.1 . . . . . . .  - -  0.1 - -  
42 8.3 1.4 2.3 0,8 1.5 0.4 . . . .  2.6 3.0 
43 1.8 0.3 0.6 0,2 . . . . . .  0.5 0.5 

44 13.9 2.3 6.8 2,5 2.6 0.7 0.7 0.1 - -  - -  5.6 5.9 
45 3.5 0.6 1.1 0,4 . . . . . .  1.0 0.7 
46 17.2 2.8 11.1 4,1 5.6 1.5 3.5 0.5 2.4 0.2 9.1 9.3 
47 4.0 0.7 2.0 0.7 0.4 0.1 . . . .  1.5 1.2 
48 16.4 2.7 17.6 6 . 4  7.8 2.2 8.1 1.0 5.6 0.4 12.7 13.5 

49 3.4 0.6 3.5 1.3 1.7 0.5 . . . .  2.4 2.0 
50 15.6 2.6 25.3 9.3 19.9 5.5 17,7 2.3 15.2 0.9 20.6 21.5 
51 2.6 0.4 4.0 1.5 4A 1.2 . . . .  3.1 2.2 
52 8.0 1,3 18.4 6.8 37.1 10.3 31.5 4.0 26.7 1.6 24.0 24.5 
53 0.2 - -  1.8 0.7 2.2 0.7 . . . .  1.4 1.0 

54 1.4 0.2 5.0 1.8 15.6 4.3 36.2 4.7 41.6 2.6 13.6 13.0 
56 . . . .  0.6 0.1 2.1 0.3 7.1 0.4 0.8 0.7 
58 . . . . . . . . .  0.1 0.1 - -  

100.0 16.5 100.0 36.7 100.0 27.7 100.0 12.9 100.0 6.2 100.0 100.0 

aTriglycerides identified by total  number  of acyl carbon atoms. 

bSaturates, monoenes, dienes, trienes and polyenes are triglyceride types containing 0, 1, 2, 3, >3  double bonds per tri- 
glyceride molecule. 

eValues obtained by proport ional  summat ion  of the tr iglyceride types differing in degree of saturation. 

dValues obtained for the sample before fractionation. 

(36.2%). The polyenes (6.3%) contained 
oleic, linoleic and linolenic acids in various 
combinations with each other and with one 

saturated fatty acid to give largely C52 (26.7%) 
and C54 (41.6%) triglycerides. Tables I and 
II also compare the values reconstituted for 

T A B L E  I I  

Fat ty  Acid Composi t ion  of Long Chain  Triglycerides of Bovine Milk  

(moles % ) 

Saturates b Monoenes b Dienesh 

F A  a Band Total  Band Total  Band Total  

Trienes b Polyenesb Recoverye Original d 

Band Total  Band Total  Tota l  Total  

8:0 1,3 0.2 . . . . . . .  0.2 0.2--  
10:0 4.8 0.8 2.0 0.7 1.-4 0.4 . . . .  1.9 2.3 
12:0 5.9 1.0 3.0 1.1 2.1 0.6 0.7 0.1 2.4 0.2 3.0 2.7 
14:0 17.7 2.9 10.0 3.7 6.5 1.8 4.6 0.6 9.3 0.6 9.6 9.8 
14:1 . . . .  2.1 0.6 0.8 0.1 1.1 0.1 0.8 0.8 

15:06 3,1 0.5 1.3 0.5 0.5 0.2 . . . .  1.2 1.0 
16:0 39.4 6.5 30.6 11.2 16.0 4.4 18.5 2.4 19.7 1.2 25.7 24.4 
16:1 - -  - -  2.8 1.0 5.2 1.4 5.4 0.7 3.6 0.2 3.3 3.2 
17:0e 2.4 0.4 2.4 0.9 1.5 0.4 1.6 0.2 0.7 - -  1.9 1.8 
18:0 25.4 4.2 17.3 6.4 5.4 1.5 7.1 0.9 8.0 0.5 13.5 15.7 

18:1 - -  - -  30.6 11.2 59.3 16.4 45.8 5.9 32.0 2.0 35.5 35.4 
18:2 . . . . . .  13.2 1.7 - -  - -  1.7 1.5 
18:3 . . . . . . . .  11.5 0.7 0.7 0.6 
20:2 . . . .  Trace Trace 2.3 0.3 9.4 0.6 0.9 0.6 
20:3 . . . . . . . .  1.5 0.1 0.1 Trace 
20:4 . . . . . . . .  0.8 - -  - -  - -  

100.0 16.5 100.0 36.7 100.0 27.7 I00.0 12.9 100.0 6.2 I00.00 100.00 

aFat ty  acids identified by the number of carbon atoms in the fatty acid residue and number of double bonds. 

bSaturates,  monoenes, dienes, trienes and polyenes are triglyceride types with 0, 1, 2, 3, >3  double bonds per glyceride 
molecule. 

eVaiues obtained by proport ional  summat ion  of the fatty acid composit ion of the triglyceride types differing in degree of 
saturation. 

aValues obtained for the fatty acid composit ion of the sample before fractionation.  
eConsists of normal  and iso-branched acids. 
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T A B L E  l l I  
Bovine  Mi lk  F a t  Compos i t ion  

(moles  % ) 

Tr iglycer ides  Fa t t y  Acids 

Carbon  Recov-  Orig-  Carbon  Recov-  Orig-  
No.a eryb inale No.el eryb inal e 

26 0.1 0.3 
28 0.6 1.2 
30 1.2 1.5 
31 0.1 Tr  ace 
32 2.6 2.6 

33 0.2 0.1 
34 5.3 5.6 
35 0.8 0.4 
36 10.4 11.3 
37 1.3 0.6 

38 14.4 15.5 
39 1.0 0,5 
40 12.1 11.8 
41 0.6 N.D.e  
42 6.6 6.7 
43 0.4 N . D  e 
44 4.9 4.8 
45 0.5 N.D.e  
46 4.7 5.0 
47 0.6 N.D.e  

48 5.5 6.4 
49 0.9 N.D.o 
50 8.3 9.7 
51 1.2 N.D.e  
52 9.5 10.2 
53 0.5 N.D.e  
54 5.4 5.8 
56 0.3 Trace  

4 : 0  9,4 9.8 
6 :0  4 s  4.9 
8 :0  1,8 2.2 

10:0 3,2 4.0 
12:0 3,6 3.4 

14:0 I0.1 10.2 
14:1 0,4 T race  
15:0~ 1.4 1.4 
16:0 23,7 23.4 
16:1 2.7 1.7 

U N K g  0.I - -  
17:0f 1.3 1.5 
18:0 10.0 12.5 
18:1 24.5 22.4 
18:2 2.2 1.6 

18:3 0.6 1.0 
20:2  0.4 Trace  

aTriglycer ides  identified by total  number  of  acyl carbon  
atoms.  

bValues  obta ined by propor t iona l  summat ion  of  the  com- 
ponents af ter  f rac t ionat ion  of  the sample on thin layers  of 
silicic acid impregna ted  with silver nitrate.  

cValues  obta ined by an analysis  of  the sample  before  
fract ionat ion.  

a F a t t y  acids identified by total  number  of  carbon  a toms 
and number  of double bonds.  

eNot  determined.  

t 'Consists of  no rma l  and iso-branched acids. 

g Ident i ty  not  determined.  

the triglycerides and fatty acids from the 
subfractions with the results of the analyses 
of the original LCT fraction. The good agree- 
ment between these data indicates that the 
chromatographic fractionations were not ac- 
companied by extensive losses of any specific 
molecular species. 

Comparable compositions of fatty acids for 
the long chain triglycerides of butteroil have 
been reported by Blank and Privett (13). They 
found approximately the same amount of fully 
saturated glycerides with nearly identical fatty 
acid composition. While the fatty acid com- 
plements of the monoenes and dienes were 
also quite similar, the proportions of the two 
unsaturation classes were different. According 
to Blank and Privett (13) the monoenes were 
much higher (57% vs. 36 .7%) the dienes 
slightly lower and the trienes and polyenes 

T A B L E  I V  

Triglycer ide Types of Bovine Mi lk  F a t  (moles  % ) 

Types Exper imenta l  R a n d o m  

Saturates  32.9 39.0 
Monoenes  37.6 38.7 

Dienes 
S M M  a 16.4 12.7 
SSD b 5.3 2.7 

Trienes 5.4 5.0 

Polyenes 2.4 1.9 

aTriglycer ides  conta in ing  one sa tura ted and two mono-  
enoic fa t ty  acids. 

bTriglycer ides  conta in ing  two sa tura ted  and one  dienoic 
fat ty acid. 

present only in trace amounts. Furthermore,  
the ratios of myristic, palmitic and stearic 
acids are very similar throughout all the classes 
of unsaturation in both studies, but the total 
amount of the saturated acids progressively 
decreases with increasing amounts of the un- 
saturated acids. These relationships suggest 
that the fatty acid combinations within each 
triglyceride group may remain relatively con- 
stant but that the overall amount of each un- 
saturation class may vary with the milk fat 
preparation. 

Table III  shows the reconstitutions of the 
triglycerides and fatty acids from the SCT, 
MCT and LCT fractions of bovine milk fat. 
These values compare very well with the re- 
sults of the overall analyses of the original 
milk fat, and should therefore represent a valid 
description of the detailed distribution of the 
fatty acids in milk fat. The relative error of 
these estimates is _+ 5% or less. Table IV 
compares the experimental and the random 
estimates of the various triglyceride types 
grouped on the basis of uniform degree of 
unsaturation. Although the dienes and trienes 
were not always cleanly resolved, reliable es- 
timates of their proportions could be obtained 
from the fatty acid composition of the over- 
lapping portions of the thin layer bands. While 
the amount of the saturates is slightly lower 
than the random value, and that of the dienes 
slightly higher, the estimates for the monoenes, 
trienes and polyenes approximate the values 
predicted by random distribution. Clearly, an- 
a!yses at this low level of fractionation do 
not indicate any high degree of preference for 
the formation of any specific triglyceride types. 

Table V compares the experimental and the 
random distributions of the triglycerides by 
molecular weight in the various saturation 
classes. For  purposes of simplified presenta- 
tion the values for the dienes, trienes and 
polyenes were combined. I t -can now be seen 
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TABLE V 
Trigly~ride Distribution of Bovine Milk Fat(moles %) 

6 

Saturates Monoenes 

Combined 
dienes, trienes, 
and polyenes 

<26 3.0 . . . . . . .  . . . . . . . . .  
26 0'~4 3.5 1.6 . . . . . . . .  
28 1.7 3.3 011 1.7 . . . . . . . .  
30 3.1 3,0 0.6 1.3 . . . . . . . .  
31 0.2 0.2 . . . . . . . . . . . . . . . .  
32 5.4 4.3 1.8 1.7 0.3 0.5 
33 0.5 0.4 
34 11.8 6.0 31i 21"1 (J:7 IJi9 
35 1.9 0.7 0.3 
36 19.8 11.3 8.9 5:2 117 {J:; 
37 2.2 1.2 1.5 0.5 
38 16.6 10.9 19.4 10.9 5":4 312 
39 1.2 0.9 1.5 0.8 0.3 
40 9.3 6.9 13.4 9.8 13.6 1019 
41 0.8 0.7 1.0 0.3 . . . . . . . .  
42 5.7 7.0 6.5 6.2 7.5 5.9 
43 0.6 0.7 0.6 0.3 .... 
44 4.2 4.1 5.2 5.7 511 3.6 
45 0.8 1.0 0.6 0.5 0.3 
46 3.8 5.3 5.2 8.0 4.8 5"i0 
47 0.8 1.5 0.9 1.0 0.5 
48 3.2 8.2 7.1 10.9 5"16 6,4 
49 0.7 1.5 1.4 1.8 0.7 0,5 
50 3.0 5.2 9.7 14.5 12.6 14.5 
51 0.5 1.0 1.5 1.8 2.2 1.8 
52 1.5 2.8 7.0 10.3 21.8 25,4 
53 0.2 0.7 0.5 0.7 1,4 
54 IJi3 0.5 1.9 2.6 15.3 18,6 
56 . . . . . . . . . . . . . . . .  1.7 .... 

aTriglycerides identified by number of acyl carbon atoms 
per molecule. 

bAmount calculated from probability equations. 

that the experimental  distributions deviate 
greatly f rom those predicted by calculation. 
In all three classes of unsaturat ion the amounts  
of  short  chain triglycerides greatly exceed the 
values predicted by r andom association of  the 
fat ty acids, while the long chain glycerides 
are present  in lower proportions.  In  this re- 
spect these non- random patterns are similar 
to the non- random distributions of triglycer- 
ides noted for total but teroi l  (1 1).  

Fur ther  resolution of these triglycerides could 
be obtained by preparat ive  GLC,  which, pre- 
ceded by argentat ion T L C ,  would yield rela- 
tively simple mixtures of  glycerides of  un i fo rm 
molecular  weight  and un i fo rm degree of un- 
saturation. Since this method  was unlikely to 
give the amounts  of  mater ial  requi red  for a 
stereospecific analysis, the idea was abandoned 
for the t ime being in favor  of  a stereospecific 
analysis of a molecular  distillate o f  butteroil  
with a fatty acid and triglyceride composi t ion 
comparab le  to that of  the  L C T  fraction.  

LIVIDS, VOL. 4, NO. 3 

Stereospeclfic Analysis 

A stereospecifiC analysis of the long chain 
tr iglyceride fract ion of butteroil  ( L C T B )  was 
desirable for several other  reasons. Thus,  a 
compar ison  of  the overal l  fatty acid composi-  
t ion of  the butteroils analyzed by McCar thy  
et al. (12) ,  Blank and Privet t  (13)  and Pitas 
et al. (9)  shows that  these oils are remarkably  
similar as are the  short  (SCTB)  and long 
( L C T B )  chain tr iglyceride fractions prepared 
f rom them by T L C  (13)  and molecular  dis- 
tiUation (12) .  Th is  suggests that the prep- 
a ra t ions  of  butteroil  possibly vary less in their 
composi t ion than those of the milk globule 
fats. Fur thermore ,  s tereospecif ic  analyses have 
already been reported for whole butteroil  (9)  
and for  the SCTB fract ion obtained by molec-  
ular distillation (10) .  In  addition, Blank and 
Privet t  (13)  had repor ted  the fatty acid com- 
posit ion of  posit ion 2 of  the L C T B  fract ion 
and had made  comparisons  to the original 
oil. 

Table  VI  gives the fat ty acid composi t ion 
of the three positions of  the glycerol molecule  
( n u m b e r e d  relative to sn-glycerol-3-phosphate)  
for the L C T B  fract ion along with the com- 
position previously repor ted  for the SCTB 
(10) f ract ion and the whole butteroil  (9) .  
While  there were differences in the fatty acid 
composi t ions of the original butteroils analyzed 
by Pitas et al. (9)  and by the authors (10) ,  
the relative distributions of the major  long 
chain fat ty acids be tween the 1 and 2 posi- 
tions are in good agreement  in a l l  three 
samples. Thus both caprie  and lauric acids 
are present  in the highest  concentrat ions in 
position 2, and about  twice as much myrist ic 
is found in position 2 as in posit ion 1, in all 
fractions. The  amounts  of  palmitic acid (32.8- 
4 1 . 1 % )  are comparable  in the two positions 
but  m u c h  less of it occurs in position 3 (4.9- 
10 .0%) .  Stearic acid is preferential ly incor- 
porated in posit ion 1 in all cases, while oleic 
is only slightly higher  in posit ion 1 than in 
the other  two positions. In  contrast  to the 
specific p lacement  of  the short  chain acids 
in posit ion 3 of the SCTB found by us (10)~ 
Pitas et al. (9) repor ted  some short chain 
acids also in posit ion 1 and 2. The  latter 
acids might  have been concentra ted in the 
C26-C~0 triglycerides no t  present in the short  
chain distillate examined,  as trace amounts  of  
dibutyryl triglycerides have been reported to 
occur  in milk fat by Nut te r  and Privet t  (7 ) ,  
The  fat ty acid composi t ion of position 2 of  
the triglycerides of  the whole butteroil  and 
the L C T B  fract ion is also very similar to that  
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TABLE VI 
Positional Distribution of Fatty Acids in Butteroil Triglycerides (moles %) 

203 

Position relative t o sn-glycerol-3-phosphate 

Original 1 2 3 

FA a SCTe b LCTBe Totald S C T B b  LCTBe Total a SCTB b LCTB e Total d SCTr3 b LCTB e Total d 

4:0 18.3 1.5 1 1 . 3  . . . . . . . .  5.0 . . . . . . . .  2.9 53.9 4.5 43.3 
6:0 7.5 2.2 4.8 . . . .  . . . . . . . .  3.0 -... 4.8 24.3 6.6 10.8 
8:0 2.0 1.6 2.3 Tr 0.9 0.9 Tr 2.3 5.1 4.8 2.2 

10:0 3.5 2.9 4.2 ()~9 1.2 2.5 4~3 2.8 6.1 5.3 4.7 3.6 
12:0 3.1 3.5 3.9 3.1 1.7 3.1 6.5 3.9 6.0 -0.3 4.9 3.5 
14:0 11.0 11.4 11.5 1018 6.3 10.5 22.8 15.9 20.4 -0.6 11.8 7.1 
14:1 1.0 Tr .... 0.5 Tr .... 2.4 Tr .... -0.1 
15:0e 1.8 3.8 2.3 1.9 4.4 3.7 -1.3 5"~8 

Dm~ I 

16:0 27.8 28.2 271i 41.1 37.9 35"~9 37.4 38.7 3218 4.9 8.0 101i 
16:1 1.6 3.0 2.0 1.9 2.8 2.9 3.1 3.8 2.1 -0.2 2.4 0.9 
17:0 e 1.3 0.9 3.3 1.6 1.3 0.8 -0.7 -0.3 
18:0 6.7 13.1 idle 14.8 18.9 1417 3.5 8.5 614 1.8 11.9 410 
18:1 13.0 26.1 21.1 19.8 25.9 20.6 11.8 19.6 13.7 7.4 33.4 14.9 
18:2 1.0 1.2 1.4 1.0 1.0 1.2 1.2 1.6 2.5 0.8 1.0 -0.5 
20:2 0.4 0.5 .... 0.5 0.8 .... 0.4 0.6 .... 0.3 0.1 .... 

aFatty acids identified by number of acyl carbons and double bonds per molecule. 
bC34-Ca2 triglycerides isolated from butteroil by molecular distillation and analyzed earlier (10). 
eCae-C54 triglycerides isolated from butteroil by molecular distillation and described previously (12). 
aTotal milk fat triglycerides from butteroil as analyzed by Pitas et al. (9). 
e Contains ~aormal and iso branched chain fatty acids. 

r e p o r t e d  f o r  t h e s e  f r a c t i o n s  b y  B l a n k  a n d  
P r i v e t t  ( 1 3 )  o n  t h e  ba s i s  o f  p a n c r e a t i c  l i pase  
h y d r o l y s e s .  

T a b l e  V I I  g ives  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  1 ,2 -d ig lyce r i de s  o f  t he  S C T B ,  L C T B  
a n d  t h e  w h o l e  bu t t e ro i l .  T h e s e  v a l u e s  h a v e  
b e e n  d e r i v e d  b y  s u m m i n g  t h e  f a t t y  a c i d s  in  
p o s i t i o n s  1 a n d  2 a n d  d i v i d i n g  b y  two.  A l -  
t h o u g h  t h e  S C T B  a n d  L C T B  f r a c t i o n s  t o g e t h e r  
a c c o u n t  f o r  o n l y  8 0 %  o f  to ta l  bu t t e ro i l ,  t h e  
1 , 2 - d i g l y c e r i d e s  a p p e a r  to  be  v e r y  s i m i l a r  in  
t he i r  f a t t y  acids .  T h e  g r e a t e s t  d i f f e r e n c e s  a re  in  
t h e  c o n t e n t  o f  c a p r i c  a n d  oleic  ac ids  in  t he  
d i g l y c e r i d e s  d e r i v e d  f r o m  t h e  w h o l e  o i l  a n d  
t he  m o l e c u l a r  d is t i l la tes .  T h i s ,  h o w e v e r ,  c o u l d  
be  a t t r i b u t e d  to  t h e  s o m e w h a t  g r e a t e r  p r o -  
p o r t i o n  o f  t h e s e  ac id s  in  t h e  l o w e r  m o l e c u l a r  
w e i g h t  t r i g l y c e r i d e s  in  t h e  m o r e  vo la t i l e  d is -  
t i l la tes  (R -1  a n d  R-2 ,  see  Ref .  12)  n o t  s u b -  
j e c t e d  to  t h e  s t e r e o s p e c i f i c  ana lys i s .  S o m e  o f  
t h e s e  a n d  o t h e r  m i n o r  d i s c r e p a n c i e s  c o u l d  
h a v e  b e e n  d u e  a l so  to t he  s l i gh t  d i f f e r e n c e s  in  
t h e  o r i g i n a l  bu t t e ro i l s .  I n  g e n e r a l ,  h o w e v e r ,  
t h e  1 ,2 -d ig lyce r i de  c o m p o s i t i o n s  o f  t h e  t r i -  
g l y c e r i d e s  o f  d i f f e r e n t  m o l e c u l a r  w e i g h t s  a r e  
s imi l a r .  S ince  t h e  S C T  a n d  L C T  f r a c t i o n s  
d e r i v e d  f r o m  t h e  m i l k  g l o b u l e  f a t  b y  T L C  
p o s s e s s  o v e r a l l  c o m p o s i t i o n s  o f  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 h i c h  a r e  c o m p a r a b l e  to 
t h o s e  o f  t h e  S C T B  a n d  L C T B ,  i t  is l ike ly  t h a t  
t h e y  a l so  s h o w  s i m i l a r  p o s i t i o n a l  a s s o c i a t i o n s  
o f  t h e s e  acids .  

T h e  a b o v e  r e s u l t s  s u g g e s t  t he  pos s i b i l i t y  

t h a t  t h e  1 ,2 -d ig lyce r i de s  c o u l d  h a v e  b e e n  de -  
r i v e d  f r o m  a c o m m o n  p o o l  d u r i n g  t he  b io -  
s y n t h e s i s  o f  t h e  m i l k  fa t .  S u c h  a h y p o t h e s i s  
r e q u i r e s  f u r t h e r  t e s t i n g  b y  d e t e r m i n i n g  t h e  
m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  o f  t h e  1 ,2-di -  
g !yce r ides ,  w h i c h  is n o t  p o s s i b l e  w h e n  t h e  
p h o s p h a t i d y l  p h e n o l s  a re  u s e d  as i n t e r m e d i a t e s .  
A l s o ,  it  w o u l d  n o w  a p p e a r  e x p e r i m e n t a l l y  f e a s -  
ible  t o  p u r s u e  t h e s e  s t u d i e s  u s i n g  m i l k  f a t s  
s y n t h e s i z e d  f r o m  a p p r o p r i a t e l y  l a b e l e d  p r e -  
c u r s o r  l ip ids .  

TABLE VII 

Fatty Acid Composition of 1,2 Diglycerides (moles % ) 

FA SCTBb LCTB b Total b 

4:0 . . . . . . . . .  3.9 
6:0 3.9 
8:0 0~4 Trace 1.6 

10:0 2.6 2.0 4.3 
12:0 4.8 2.8 4.6 
14:0 16.8 11.1 15.5 
14:1 1.4 Trace N.D. e 
15:0 3.3 2.8 N.D.e 
16:0 39.1 38.3 34.4 
16:1 2.5 3.3 2.5 
17:0 2.3 1.2 N.D. �9 
18:0 9.1 13.7 10.4 
18:1 15.8 22.8 17.1 
18:2 1.1 1.3 1.8 
20:2 0.8 0.7 N.D~e 

aLegends as in Table VI. 
bValues determined by summation of the fatty acid com- 

positions of positions 1 and 2 followed by normalization. 
Total values calculated from data of Pitas et al. (9). 

e Not determined. 
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Lipids of Retina: I. Analysis of Gangliosides in Beef Retina 
by Thin Layer Chromatography 
SHIZUO HANDA 1 and ROBERT MAIN BURTON, Department of Pharmacology and Beaumont May 
Ins t i tu te  of Neurology, Washington University School of Medicine, Saint Louis, Missouri 63110 

ABSTRACT 

Lipids were extracted from beef retina 
by chloroform-methanol (2 :1) ;  the gan- 
gliosides were removed from the total lipid 
extract by partitioning into water and chro- 
matographing on thin layer plates coated 
with silica gel. The analytical methods are 
described for estimating ganglioside com- 
ponents, i.e., N-acetyl neuraminic acid, 
hexoses, hexosamine, sphingosine and fatty 
acids, in the presence of silica gel. Major  
gangliosides present in beef retina have 
been tentatively identified as follows: a 
ganglioside containing two N-acetyl neur- 
aminyl groups but no hexosamine; two 
gangliosides containing two N-acetyl neur- 
aminyl groups and one hexosamine; and a 
ganglioside with three N-acetyl neuraminyl 
moieties and one hexosamine. 

INTRODUCTION 

Retina is an integral part  of the central ner- 
vous system and has a characteristic structure in 
which a number of elements of the nervous sys- 
tem exist in discrete layers. Lowry et al. (1) 
measured the neutral and complex lipid dis- 
tribution at each histological defined layer of the 
retina employing their microtechniques. They 
suggested that the ganglioside would be present 
in the outer segment. Collins et al. (2) ,  Sjb- 
strand (3)  .and HSrnhamer et al. (4) have re- 
ported their studies which defined a number of 
the lipid classes present in pig retina. These 
studies indicated that the ganglioside content of 
retina is less than 1% of the total lipids. More 
recent papers by Fleischer and McConnell (5) 
and Eichburg and Hess (6) have also examined 
the neutral and polar lipid classes present in 
beef retina. This paper reports our analysis of 
several gangliosides present in beef retina. 

PROCEDURES 

Materials 

Beef eyes were obtained from the slaughter 

~Present address: Department of Biochemistry, Faculty 
of Medicine, University of Tokyo, Bunkyo-ku, Tokyo, 
Japan. 

house within 3 hr after the animals were killed. 
Retina was isolated from these eyes as a sheet 
and washed thoroughly with cold, normal saline 
to remove the humor. Beef brain gangliosides 
were prepared by the Folch method (7)  for use 
as reference compounds. The compound neu- 
NGly---~gal---~glc-cer from horse red blood cells 
(8) and n e u N G l y ~ n e u N G l y ~ g a l - ~ - g l c - c e r  
from cat red blood cells (9) were a gift from T. 
Yamakawa of the University of Tokyo. The 
characteristic Tay-Sachs ganglioside, galNAc---~ 
(neuNAc)  gal---~glc---~cer, was a gift of L. 
Svennerholm of the University of Gottenburg. 

Methods 

Thin layer chromatography (TLC) was car- 
ried out employing plates (20 • 20 cm) coated 
with adsorbosil-1 (Applied Science, State Col- 
lege, Pennsylvania) with a silica gel thickness 
of 250 /x. These plates were activated by heat- 
ing at 130 C for 90 min. The lipid samples were 
dissolved in chloroform-methanol ( 1 : 1 ) and ap- 
plied to the thin layer plates with micropipettes 
to give a 1 cm streak at the origin. After  the 
sample application was completed, layers of 
thick filter paper, e.g., Whatman 3 MM, 20 • 
10 cm, were layered on the silica gel 15 cm 
from the origin and fixed in place with the aid 
of a glass plate, 20 • 3 cm, and metal clamps. 
The plate was placed in the developing chamber 
which had previously been equilibrated with the 
solvent. The paper was pushed out of the 
chamber through a slit between the chamber 
and the glass cover. This exposed end of paper 
increases the effective length of the chromato- 
graphic procedure. This procedure has been 
employed earlier by Eichberger et al. (10).  Un- 
der these conditions the best separation of gang- 
liosides occurred within 3 hr employing solvent 
systems (A) ,  chloroform-methanol-water-aque- 
ous ammonium hydroxide (15 N)  (60 :35 :6 :2  
v /v )  and (B) n-propanol-water (7:3 v /v )  
(10,11).  

Resorcinol reagent was employed for the 
detection of neuraminic acid-containing glyco- 
lipids (12).  Iodine vapor and the anthrone re- 
agent were employed as non-specific methods 
for determining the position of ~all compounds 
on the developed thin layer plate. Similar 
methods have been employed by others, e.g., 
Suzuki and C h e n ( 1 3 ) .  
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Quantitative analysis of ganglioside separated 
on the thin layer plate. Th e glycolipids of beef 
retina were applied to the thin layer plates with 
the Radin-Pelick applicator (App!ied Science) 
for quantitative analysis. The chloroform- 
methanol solution of ~the glycolipids was applied 
in 15 cm streaks repeating as many times as 
necessary to streak enough lipids for analysis. 
Appropr ia te  glycolipid standards were always 
applied to these plates as reference compounds. 
After  the plates had been developed, com- 
pounds were detected by iodine vapor and 
marked on the silica gel using a sharp needle 
point. After  the residual iodine had sublimed 
at room temperature, spots marked by the 
needle point were carefully removed b y  scrap- 
ing with a razor blade. The reference glyco- 
lipids, which had been left on the thin layer 
plate, were detected by spraying with either the 
resorcinol reagent or the anthrone reagent. 

In general three equal aliquots of the glyco- 
lipids were run side by side on the same TLC 
plate. The silica gel scraped from the three 
tracts of  the plates were used for determination 
of neuraminic acid, hexosamines, fatty acids, 
sphingosine and hexoses. One aliquot was 
analyzed for neuraminic acid by the method of 
Svennerholm (14) and a modification of Miet- 
tnien and Takki-Luukkainen (15) by adding 
0.5 ml of water and 0.5 ml of the resorcinol 
reagent to the silica gel scraped from the plate. 
The test tube was heated at 100 C for 15 min, 
cooled in an ice bath, the chromophore ex- 
tracted with 1 ml of butyl acetate-butanol (85- 
15) and the optical density measured at 525 
m/x. Blank values employing silica gel without 
N-acetyl neuraminic acid were always deter- 
mined. Extinction of these blanks was approxi- 
mately 0.02. This method shows good linearity 
up to 40 /xg/ml of N-acetyl neuraminic acid. 

The second aliquot was hydrolyzed with 0.6 
ml of 2 N hydrochloric acid in screw cap tubes 
at 100 C for 12 hr. Hexosamine was assayed 
by the procedure of Gat t  and Berman (16).  
After  ,the aliquot was hydrolyzed, 0.25 ml of 
acetylacetone reagent was added and the tube 
heated at 100 C for 20 min. Ethanol (0.5 ml)  
and Ehrlich's reagent (0.25 ml) were added, 
and the contents of  the tube thoroughly mixed 
with a Vortex mixer. The extinction was mea- 
sured at 530 m/x. The presence of  the silica gel 
had no apparent effect ,on ei ther  the hydrolysis 
of the ganglioside or on the chrcmophore for- 
mation. 

The third aliquot was subjected to metha- 
nolysis by adding 2 ml of dry 5% methanolic 
hydrochloride (w/v)  to the gel and the tube 
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was sealed and placed in an oven at 90 C for 
13 hr. The methyl esters of  the fatty acids 
were extracted with three 2 ml portions of 
petroleum ether. The petroleum ether layer 
was used for fatty acid analysis by gas liquid 
chromatography (GLC)  using a 6 ft column 
containing 10% apiezon L on 60-80 W. 

The methanol layer remaining after the fatty 
acid extraction was  centrifuged to remove the 
silica gel, the silica gel washed with methanol, 
and the supernatant layers combined. The 
methanol was removed by a stream of nitrogen 
and the residue dissolved in 1 ml of methanol 
and again centrifuged to remove residual traces 
of silica gel. An  aliquot of the supernatant, 
0.25 ml, was used  for estimating the sphingo- 
sine base present. The methanol solvent was 
evaporated and the residue dissolved in 0.5 ml 
of 0.5 N sodium hydroxide and the sphingosine 
base extracted into diethyl ether employing 
three 0.3 ml portions of ether. The ether layers 
were combined and the solvent removed by 
evaporation. The residue was heated in an oven 
at 100 C to insure complete drying. The 
sphingosine base was measured by the proce- 
dure of Robins et al. (19).  The samples were 
reacted with 60 /zl of 0.3 N hydrochloric acid, 
60 /~1 of borate buffer at pH 10.0 a n d  12/A of 
fiuorodinitrobenzene. This mixture was heated 
to 60 C for 30 rain. Next, 60/~1 of 6 N hydro- 
chloric acid and 210/A of  propionic acid were 
added and the contents of  the tubes stirred with 
a Vortex mixer. The extinction was measured 
at 420 m/~. 

The residual aliquot, 0.75 ml, from the 
methanolysis step was used for estimating 
hexose by the anthrone-sulfuric acid reagent 
(17).  The methanol was removed from the 
sample by evaporating with a stream of nitro- 
gen. The dried residue was dissolved in 0.1 ml 
of 85% phosphori c acid. One milliliter of 
anthrone-sulfuric acid reagent was added and 
the tube heated at  100 C for 15 min. The 
measurement was made at 625 m/~. Both glu- 
cose and galactose standards were used. After  
the ratio of  glucose to galactose was determined 
by GLC, the molar concentrations of glucose 
and galactose was determined by solving simul- 
taneous equations. Blank values were low and 
no effect of the silica gel on the hexose deter- 
mination was apparent. In some experiments 
the hexoses released by methanolysis were con- 
verted to their trimethylsilyl derivatives and 
analyzed by GLC using the method of Yama- 
kawa and Ueta (18),  i.e., 2.5% SE-30 on gas- 
chrom Z. This procedure was employed to 
determine the ratio of galactose to glucose. 
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FIG. 1. Thin layer chromatogram of gangliosides. 1 --hematoside, i.e., neuNGly---~gal---~glc---gcer., 
2 ---- ganglioside from Tay-Sachs patient brain, i.e., galNAc--->(neuNAc) gal--~glc----~cer; 3 = beef retina 
gangliosides eluted from silicic acid column with chloroform-methanol (6:4 v/v),  major component is 
ganglioside V (C1); 4 = beef retina gangliosides, total profile; 5 --- beef brain gangliosides; 6 ----,beef ret- 
ina gangliosides, duplicates of track 4 but twice concentration. 7 = beef retina gangliosides, duplicate of 
track 3. Solvent: chloroform-methanol-water-aqueous ammonium hydroxide (60:35:6:2 v/v).  Spray: 
Bial's reagent, i.e., 0.1 g orcinol, 1.0 ml  1% ferric chloride, 40.8 ml 11.6 N hydrochloric acid, diluted 
to 50.0 ml with water. After spraying the TLC plate, it is covered with a glass plate and heated at 
95 C for minutes. 

RESULTS AND DISCUSSION 

Beef retinas from 36 eyes were extracted and 
partitioned by the Folch method (7).  The total 
lipid content was 28.2 m g / g  of wet weight 
retinas or approximately 15.5 mg per retina. 
The aqueous layer obtained from the partition- 
ing procedure was dialyzed against distilled 
water and lyophilized. The neuraminic acid 
content of the aqueous phase was 171 k~g/g of 
wet weight retina, or 94 /~g per retina. Thus, 
gangliosides are present in retina at 0.6% of 
the total lipid. 

A typical TLC of beef retina ganglioside is 
shown in Figure 1, tracks 4 and 6. It may be 
seen that there are four distinct major glyco- 
lipids and four minor spots. The pattern of 
the glycolipid distribution differs from that of 
beef brain ganglioside, track 5, as reported by 
Wherrett  and Cumings (12).  For  convenience 
in the laboratory these gangliosides have been 

designated by roman numerals I through VII I  
based on their mobilities as shown by the TLC 
in Figure 1. The four major gangliosides are 
those designated II, III,  IV and V and have a 
neuraminic acid distribution respectively as fol- 
lows: 26.4%, 22.6%, 18.7% and 3 Z 3 % .  The 
components of these four gangliosides are pre- 
sented by the data in Table I. The minor 
ganglioside which just precedes II  was not 
identified. The analysis of the hexose content 
by GLC indicates a ratio of galactose to glucose 
of 2 for gangliosides, II, I I I  and IV and a ratio 
of 1 for ganglioside V. The fatty acid com- 
position was similar for all four gangliosides 
comprising 1.6% myristic acid, 37.0% palmitic 
acid, and 61.4% stearic acid. There  was little 
detectable long chain fatty acids. 

Silicic acid column chromatography of these 
gangliosides permitted the separation of ganglio- 
side V from the other major gangliosides by 
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TABLE I 
Beef Retina Gangliosidr Composition 

Molar ratiosb 
Ganglioside Neuraminic Galactose 
designation a Ganglioside Sphingosine acid Hexosamine Hexose glucose 

II (CO 1.0 1.0 2.6 1.0 3.0 2 
111 (C2) 1.3 1~0 2.2 1.0 3.4 2 
IV (B4) 1.1 1.0 2.3 0.5 3.3 2 
V (Ca) 1.9 1.0 1.9 0.06 2.3 1 

aRoman numerals refer to Figure 1; letter in parenthesis refers to ganglioside designation presented in "Lipid 
and Lipidosis" (21). 

bMolar ratio referred to ganglioside Ct as standard or to sphingosine as reference standard. 

e l u t i o n  w i t h  c h l o r o f o r m - m e t h a n o l  ( 6 : 4 ) .  G a n g -  
l ios ide  V was  c o n t a m i n a t e d  w i t h  t h e  m i n o r  
g a n g l i o s i d e s  VI ,  V I I  a n d  V I I I ,  ( see  Fig .  1, 
T r a c k  3 ) .  C h l o r o f o r m - m e t h a n o l  ( 1 : 1 )  e l u t e d  
g a n g l i o s i d e s  I, II ,  I l i  a n d  IV.  

F r o m  t h e  d a t a  p r e s e n t e d  a n d  t he  c h r o m a t o -  
g r a p h i c  b e h a v i o r  it  m a y  be  c o n c l u d e d  t h a t  I I  is 
a t r i n e u r a m i n y l - g a n g l i o s i d e ,  C~, I I I  is a d i n e u r -  
a m i n y l - g a n g l i o s i d e ,  C2; I V  is a d i n e u r a m i n y l -  
g a n g l i o s i d e ,  B4, b u t  c o n t a m i n a t e d  w i t h  V,  a n d  
V is a d i n e u r a m i n y l - g a n g l i o s i d e  w h i c h  d o e s  n o t  
c o n t a i n  h e x o s a m i n e .  

G a n g l i o s i d e  V w a s  s h o w n  to c h r o m a t o g r a p h  
in a n  i den t i ca l  m a n n e r  to n e u N G l y - - - ~ n e u N G l y  
---~gal---~glc-cer o b t a i n e d  f r o m  ca t  r e d  b l o o d  
cells.  T h e  m o l a r  r a t i o  o f  c o m p o n e n t s  in  V is 
c o n s i s t e n t  w i t h  t h e  i d e n t i f i c a t i o n  o f  V as 
g a n g l i o s i d e  C1. G a n g l i o s i d e  V I I  c h r o m a t o -  
g r a p h e d  in  the  i d e n t i c a l  m a n n e r  to t h a t  o f  T a y -  
S a c h ' s  g a n g l i o s i d e ,  i.e., ga lNAc- - - -~ (neuNAc)ga l  

---~glc---~cer. G a n g l i o s i d e  V I I I  c h r o m a t o g r a p h e d  
as h e m a t o s i d e ,  i e., neuNGly--~gal - - -~glu-- -~cer .  
I t  is i n t e r e s t i n g  to n o t e  t h a t  t h e  c a t  r e d  b l o o d  
cell  g lyco l ip id  a n d  h e m a t o s i d e  c o n t a i n  l o n g  
c h a i n  f a t t y  ac ids ,  i.e., p r i m a r i l y  l i g n o c e r i c  ac id ,  
a n d  N - g l y c o l y l  n e u r a m i n i c  ac id ,  w h e r e a s  the  
r e t i na l  g lyco l ip id s  o f  s i m i l a r  c o m p o s i t i o n  c o n -  
t a in  s t e a r i c  a n d  p a l m i t i c  a c i d s  a n d  N - a c e t y l  
n e u r a m i n i c  acid.  G a n g l i o s i d e  V I  was  n o t  i den -  
tified. 

W h i l e  t he  p r e s e n c e  o f  n e u N A c - - + n e u N A c - - ~  
gal---~glc---~cer in b r a i n  t i s sue  h a s  b e e n  r e p o r t e d  
by  K u h n  a n d  W i e g a n d t  ( 2 0 ) ,  i ts  p r e s e n c e  in 
r e t i na l  t i s sue  is o f  i n t e r e s t  b e c a u s e  it  is p r e s e n t  
in tw ice  t h e  m o l a r  c o n c e n t r a t i o n  o f  t he  o t h e r  
m a j o r  g a n g l i o s i d e s ,  a c c o u n t i n g  fo r  o n e  t h i r d  o f  
t he  g lyco l i p id  n e u r a m i n i c  acid.  T h i s  e x p l a i n s  
t he  m a j o r  d i f f e r ence  b e t w e e n  t h e  g a n g l i o s i d e  
prof i les  o f  r e t i na  a n d  b r a i n  t i s sues .  
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Isoenzymes of Lipoxidase 
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ABSTRACT 

A polyacrylamide disc gel electrophoretic 
technique is described for studying iso- 
enzymes or multiple molecular forms of 
lipoxidase in extracts of fresh green peas, 
pea seeds, wheat, fresh green beans and 
green bean seeds. After electrophoresis, 
gels containing starch were incubated with 
linoleic acid. Hydroperoxide bands were 
visualized by treating the gel with acidic 
potassium iodide. Staining specificity was 
established using the following criteria. 
Activity was absent when extracts or gels 
were boiled and when linoelaidic and oleic 
acids were used as substrates. Cyanide did 
not inhibit staining, whereas a-tocopherol, 
hydroquinone and nordihydroguaiaretic 
acid did. Prevention of the appearance of 
artifactual bands was attempted by: pre- 
electrophoresis of the gels; electrophoresis 
in the presence of thioglycollic acid; elimi- 
nation of the large pore gel; pH adjust- 
ment of the plant extracts; and extraction 
of extract solids with lipid solvents. Gel 
patterns indicated two to three lipoxidase 
bands for fresh green peas and pea seeds, 
one to two bands for fresh green beans 
and green bean seeds, and four bands for 
wheat. 

INTRODUCTION 

Lipoxidase (E.C. 1.13.1.13) catalyzes the 
hydroperoxidation by molecular oxygen of cis, 
cis-l,4-pentadiene systems in unsaturated fatty 
acids such as linolenic, linoleic and arachidonic 
acids (1).  Some evidence for the occurrence of 
two types of lipoxidases has been reported in 
peas and other legumes (2) ,  one attacking only 
the free acid and the other attacking triglyc- 
erides in addition to the free acid. These dif- 
ferent enzymes might possibly be detected as 
isoenzymes. 

The term "isoenzyme" was proposed by Mar- 
kert and Moiler (3) to describe different pro- 
teins with similar enzymic activity. "lsoen- 
zyme" is now recommended by the Standing 
Committee on Enzymes of the International 
Union of Biochemistry to describe the multiple 

1Department of Plant Pathology, University of Wiscon- 
sin, Madison. 

enzyme forms occurring in a single species (4).  
Although most of the work with isoenzymes 

has been for clinical purposes, few plant enzyme 
systems have been studied. Guss et al. (5) 
studied the lipoxidase isoenzymes in wheat and 
soybean. They observed two to four lipoxidase 
isoenzymes in wheat and four isoenzymes in 
soybean. These workers attributed differences 
in the oxidation of various substrates by un- 
fractionated soybean and wheat lipoxidase to 
the existence of isoenzymes (6).  

The present paper describes a polyacrylamide 
disc gel electrophoretic technique for studying 
lipoxidase isoenzymes in fresh green peas, pea 
seeds, wheat, fresh green beans and green bean 
seeds. Attempts are made to obviate artifacts 
by manipulating the electrophoretic conditions 
and by variously treating the extract. 

MATERIALS AND METHODS 

Extraction of Lipoxidase 

Fresh peas. Four extracts of fresh peas were 
made: the first and second from peas purchased 
from a local commercial source, and the third 
and fourth from peas supplied by the Depart- 
ment of Plant Pathology, University of Wiscon- 
sin. Extracts three and four were of peas 
(Pi.~um sativum var. Early Perfection) from 
plants that were 50 and 55 days old, respec- 
tively. The extracts will be designated here- 
after as I, II, I l I  and IV. 

For  extracts II, l I I  and IV, the fresh peas 
were ground thoroughly under nitrogen in a 
mortar and pestle with sand and a minimal 
amount of cold 12.5% (w/v)  sucrose solution. 
The resulting slurry was stirred with a mag- 
netic stirrer at moderate speed to minimize 
foaming for 30 min at 4 C under nitrogen. 
The slurry was strained through cheesecloth, 
and the resulting liquid was centrifuged at 4 C 
in a Beckman Model L-2 ultracentrifuge at ap- 
proximately 62,000 x g for 30 min. The super- 
natant, which contained the enzyme, was frozen 
in approximately 10 ml aliquots. Lipoxidase 
activity in the frozen extracts remained evident 
in the polyacrylamide gel patterns for periods 
up to nine months. The peas used for extract 1 
were placed in a beaker and frozen rapidly in a 
dry ice and acetone bath and were stored at 
-20  C before extraction. 

Pea seeds. Whole pea seeds ( Pisum sativum 
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var. Surprise) and whole bean seeds (Phaseolus 
vulgaris var. Gardengreen) were ground to a 
coarse powder  in a Wiley mill. During the 
grinding, dry ice was added to the seeds as a 
coolant. Each powder was suspended in five 
volumes of cold acetone and centrifuged at 4 C 
for 15 min in an International clinical centri- 
fuge. This solvent extraction was repeated 
twice, and then the powders were dried under 
vacuum at room temperature. The partially de- 
fatted powders were then extracted with 12.5% 
(w/v)  sucrose solution as described above. 

Polyacrylamide Disc Gel Electraphoresls 

Electrophoresis on polyacrylamide gels was 
performed essentially by the method of Orn- 
stein and Davis (7) except that the small pore 
solution number two contained 1% soluble 
starch for iodometry (Mallinckrodt analytical 
reagent) and was made fresh daily, as was the 
ammonium persulfate solution. The modified 
method of Davis (8) ,  which did not include 
ferricyanide, was also used, but no differences 
in enzyme patterns were noted between the two 
methods. 

Large volume of sample was necessary (0.1 
to 0.2 ml of the extrac.t) because of the low 
lipoxidase concentration in the extracts. Sam- 
ples were layered on top of the large pore gel, 
or on top of  the small pore gel in the experi- 
ments in which the large pore gel was omitted. 
Some experiments were also conducted in which 
the gels were subjected to electrophoresis prior 
to sample addition with 0.2 ml of thioglycollic 
acid (TGA)  in 50% (w/v)  sucrose solution 
(1 ~mole thioglycollic acid/0.05 ml 50%, w/v,  
sucrose solution, pH adjusted to 8.5). Other 
samples were also electrophoresized with TGA-  
50% (w/v )  sucrose solutions of various T G A  
concentrations layered on the gel before sample 
application. Under these conditions, the T G A  
migrated faster than the sample proteins. Pre- 
electrophoresis of the gels and the inclusion of 
T G A  in the procedure were attempts to obviate 
any artifacts due to oxidation of proteins by 
residual ammonium persulfate (9).  

Electrophoresis was performed at 4 C with a 
current of 3-5 ma per tube. 

Staining Procedure 

After  electrophoresis, the gels were removed 
from the tubes and placed in 10•  100 mm test 
tubes, and substrate solution was added to com- 
pletely cover the gels. The substrate solution 
was prepared by ultrasonically dispersing lino- 
leic acid (greater than 99% purity, Hormel)  in 
20 ml distilled water. Ultrasonification was 
carried out in an ice bath under nitrogen using 
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a Branson sonifier model LS-75 for 3 min at  a 
power level setting of eight .and tuned to 9.5 
amp. The dispersed linoleic acid was then 
diluted with 0.05 M Tris-HC1 buffer at pH 8.3 
to yield a final concentration of 2 • 10 .2 M 
linoleate. The gels were in the substrate solu- 
tion for 30 min at room temperature with fre- 
quent inversion to assure adequate aeration. In 
enzyme inhibition tests, appropriate concentra- 
tions of inhibitor were added to the substrate 
prior to incubation. 

The gels were then removed from the sub- 
strate solution, rinsed thoroughly with distilled 
water, and placed in clean 10 x 100 mm test 
tubes. The tubes were then filled with the stain- 
ing solution which consisted of 5 ml saturated 
potassium iodide solution per 100 ml 15% 
acetic acid. Dark  brown to blue activity bands 
appeared within 2 to 20 rain and were opti- 
mally developed within 30 min. 

To prevent background staining due to auto- 
oxidation of the potassium iodide, the acetic 
acid solution was degassed by the application of 
vacuum prior to and after the addition of the 
potassium iodide. The saturated potassium 
iodide solution was prepared daily. 

Thin-Layer Chromatography 

A portion of the peas used for extract III  was 
blanched for 4 min in boiling water and ex- 
tracted according to the method of Allen et al. 
(10).  The final chloroform layer was evapo- 
rated to dryness and redissolved in chloroform 
to yield a concentration of 300 /~g of l ipid/5 
bditers, 

Thin layer plates were coated with Silica gel 
G, and activated for 30 min at 180 C. Five 
microliters of sample or standard was applied to 
each spot. Solvent systems used were: petro- 
leum ether (bp 30-60 C)-diethyl  ether-glacial 
acetic acid (90:10:1)  for neutral lipids and 
chloroform-methanol-water (65: 25:1) for phos- 
pholipids. Standards used were fish oil triglyc- 
erides, dipalmitin (Hormel)  and trimyristin 
(Eastman).  Phospholipid standards were phos- 
phatidyl ethanolamine, sphingomyelin and phos- 
phatidyl choline prepared in this laboratory or  
obtained commercially from Applied Science 
Laboratory. Developing sprays were Rhoda- 
mine 6-G, Rhodamine B and 2,7-dichlorofluor- 
escein, Which are general l ipid stains; Dragen- 
dorff's reagent, specific for phosphatidyl cho- 
line; and the spray of Dittmer and Lester (11),  
specific for phospholipids. 

Extraction of Fatty Acids 

An aliquot of extract II  was dialyzed against 
distilled water at 4 C overnight to remove suc- 
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rose, and then pervaporated at 4 C to two 
thirds the original volume. Protein was pre- 
cipitated with five volumes of cold acetone. The 
precipitate was resuspended two times in five 
volumes of cold chloroform-methanol (2 :1)  
and once in five volumes of cold acetone. Cen- 
trifugation for 15 rain at 4 C in an Interna- 
tional clinical centrifuge followed each resus- 
pension. The resulting flaky white precipitate 
was dried under a vacuum at room temperature 
and suspended in 1 ml of  12.5% (w/v) sucrose 
solution (pH adjusted to 8.5). Aliquots of the 
suspension were used for electrophoresis. The 
sample was stored in a screw-cap vial under 
nitrogen at 4 C until electrophoresis. 

RESULTS AND DISCUSSION 

Effect of Heat Treatment 

Boiling of the crude extract until it gela- 
tinized was necessary to eliminate all traces of 
activity on the gel. The enzyme could be in- 
activated after electrophoresis and before sub- 
strate incubation by placing the gel in boiling 
water for 15 min. Thus, the band patterns ob- 
served appear to be due to enzymic activity. 

Staining Specificity 

A series of experiments were undertaken 
with green pea and pea seed extracts to rule out 
the possibility of activity bands on the gels due 
to heme-catalyzed peroxidation. 

No  bands were evident with gels containing 
pea seed or fresh pea lipoxidase incubated in 
chromatographically pure oleic acid or with 
99% pure linoelaidic acid (Sigma). Lipoxidase 
bands appeared only after incubation of the 
gels in linoleic acid. Such results are to be ex- 
pected since lipoxidase is specific for the cis, 
cis, l ,4-pentadiene system found in linoleic acid, 
but not in oleic or linoelaidic acid. In addition, 
if heme catalysis were evident, one might expect 
activity bands with oleic and, particularly, with 
linoelaidic and linoleic acids. 

Heme-catalyzed peroxidation is inhibited by 
the presence of cyanide in the substrate solu- 
tion. Cyanide, at a concentration of 10 .3 M, 
had no effect on the band pattern for both fresh 
pea and pea seed lipoxidase. 

According to Maier  and Tappel (12),  heme- 
catalyzed oxidation of linoleic acid requires an 
induction period of about 24 hr at less than 7.1 
• 10 .3 M linoleate concentrations. The lino- 
leate concentration used routinely in this proce- 
dure is 2 x 10 .3 M or lower than that required 
for rapid initiation of heme-catalyzed lipid 
peroxidation. 

Tappel (13) has reported that lipoxidase is 

inhibited by ~-tocopherol, hydroquinone and 
nordihydroguaiaretic acid ( N D G A ) ,  with ND-  
G A  being the most potent inhibitor. Addit ion 
of hydroquinone at 10 .3 M to the substrate for 
extracts II  through IV reduced band intensity, 
although the gel darkened rapidly when placed 
in acidic potassium iodide, c~-Tocopherol at 
10 .2 M was only partially soluble in the sub- 
strate solution, and thus decreased band inten- 
sity about 50% over a control for extracts I I  
through IV. N D G A  at 3 x 10 .4 M completely 
inhibited lipoxidase activity; at 10 .6 M, band 
intensity was inhibited approximately 50% over 
a control for extracts II  through IV. 

The above results indicate that the bands 
produced on the polyacrylamide gels under the 
conditions described are due to lipoxidase ac- 
tivity. 

The same exper iments--cyanide inhibition, 
substrate concentration, substrate specificity and 
inhibitor react ions--were  carried out with green 
bean seed and fresh green bean extracts with 
substantially the same results. Thus, there ap- 
pears to be lipoxidase isoenzyme activity in 
both fresh green beans and green bean seeds. 

Effect of Method of Extraction 

Extract 1, for which the peas were frozen 
before extraction, gave no bands with the pro- 
cedure described earlier. On the other hand, 
unfrozen peas yielded extracts which gave mul- 
tiple band patterns upon electrophoresis. Pos- 
sibly, freezing the peas altered the extractability 
of the lipoxidase since freezing per se did not 
alter the enzymic activity, as evidenced by lip- 
oxidase bands in extracts kept frozen for nine 
months. 

Foaming was avoided at all times in making 
the extractions. When extracts were allowed to 
foam excessively, smears were produced on the 
gels rather than the expected band patterns. 
Apparently,  lipoxidase is easily denatured by 
foaming. 

Preliminary Electrophoretic 
Studies of Isoenzymes 

The number of isoenzyme bands indicated 
was 2 to 3 for fresh green peas and pea seeds, 
1 to 2 for fresh green beans and green bean 
seeds, and 4 for wheat (var. Selkirk) break 
shorts. Most experiments were performed on 
fresh peas and pea seed extracts. 

Figure 1 shows the band pattern for extract 
II of the fresh peas and the pea seed extract 
(gels 1 and 4).  The presence of activity be- 
tween the large and small pore gels is indicated 
by the arrow. Extracts I I I  and IV gave a 
similar band pa t te rn- -or ig in  activity, an inter- 
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Fro. 1. Effect of TGA on isoenzyme pattern on 
polyacrylamide gels of fresh pea extract II and pea 
seed extract: 1, pea seed extract; 2 and 3, pea seed 
extraCt with TGA layered on gel prior to sample 
addition; 4, fresh pea extract II; 5 and 6, fresh pea 
extract II with TGA layered on gel before sample. 
Activity between large and small pore gels 1 
through 6 is indicated by the arrow. 

mediate band and a lower major band--except  
that the intermediate band did not always 
appear for either extract. 

Effect of Thioglycollic Acid (TGA) and 
pH Adjustment of Sample 

Several workers have noticed variability in 
band patterns when working with various iso- 
enzyme systems. It has been suggested that 
free radicals in the gels could be causing these 
variations in band patterns (9,14,16). How- 
ever, in an attempt to demonstrate free radicals 
in the gels, we examined the gels by electron 
spin resonance spectrometry. No free radicals 
could be observed either in the large or small 
pore gels. 

Brewer (9) used 0.7 pmoles of TGA per gel 
dissolved in 50% (w/v)  sucrose adjusted to 
pH 8.5, layered on the gel before the sample 
was applied to protect the sample proteins. 
Under these circumstances, the TGA migrates 
more rapidly than the protein. The use of a 
reducing agent such as TGA was an attempt to 
eliminate free radicals from the gels, as well as 
to protect the proteins from oxidation by resi- 

dual persulfate in the gels. If free radicals or 
ammonium persulfate were present in the gels, 
they might cause polymerization of protein, re- 
suiting in multiple bands which might be mis- 
construed as isoenzymes. 

Using Brewer's method, we either layered 
TGA on the gels before sample application or 
pre-electrophoresized with added TGA. When 
gels were used with a large pore gel and with- 
out pH adjustment of the sample, TGA had no 
effect upon the band patterns observed for pea 
seed extract or for fresh pea extract II, as 
shown in Figure 1 .  TGA did seem to have an 
effect, at times, upon mobility and band inten- 
sity when extracts III and IV of fresh peas 
were given the same treatment as above. In 
some experiments with extract III, the inter- 
mediate band was eliminated under the above 
conditions. In general, the band pattern for 
extract III was consistently a lower dark band 
in addition to origin activity, whereas an inter- 
mediate band appeared in approximately one 
experiment out of five. Extract IV always gave 
a lower dark band and origia activity similar 
to extravt III and in approximately two out of 
three experiments an intermediate band. Ac- 
tivity always occurred between the large pore 
and small pore gels with extracts II, III and IV. 

Possibly, the above anomalies might be due 
to a pH effect. The pH of the extracts was 5 
to 6 and the pH of the running gel was rou- 
tinely 8.5. In this case, a portion of the extract 
might become basic upon entering the running 
(small pore) gel, but there would be insufficient 
base to react with all the proteins. Hence, a 
portion of the enzyme would be more highly 
protonated at the outset and would tend to 
trail the more negative major band. 

Also, interconversion of one isoenzyme to 
another might be occurring. Jacobson (17) has 
demonstrated the interconversion of faster-mov- 
ing isoenzymes of Drosophila alcohol dehydro- 
genase to the slower-moving isoenzymes when 
absorbed on diethylaminoethyl cellulose; the 
reverse interconversion can be brought about in 
the presence of 0.05 M nicotinamide adenine 
dinucleotide. Kitto et al. (18) have observed 
malate dehydrogenase isoenzymes from chicken 
mitochondria which are interconvertible by 
iodine or acid treatment. Sodium borohydride 
treatment of an esterase from maize causes the 
appearance of enzyme species with altered 
electrophoretic migration rates (19). Jolley and 
Mason (20) have described the interconversion 
of multiple forms of mushroom tyrosinase by 
variation of pH, ionic strength and protein con- 
centration. Such evidence tends to point to- 
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FIG. 2. Effect of pH adjustment of sample and 
deletion of large pore gel upon isoenzyme pattern 
on polyacrylamide gels of fresh pea extracts II, III 
and IV: 1, 2 and 3, fresh pea extract tl; 4, 5 and 
6, fresh pea extract l l l ;  7, 8 and 9, fresh pea ex- 
tract IV. The apparent upper band in gels 4 
through 9 is a heavy concentration of unstained 
protein in the gel and not a lipoxidase activity 
band. Origin activity at tops of all gels is indi- 
cated by the arrow. 

ward the existence of conformers--isoenzymes 
which change their conformation by the bind- 
ing or release of modifiers (18). Modifiers 
could well be present in the form of TGA or 
some compound from the crude plant extract 
itself. 

To test the effect of pH upon isoenzyme 
pattern with pea lipoxidase isoenzymes and also 
wheat break shorts lipoxidase isoenzymes, we 
adjusted the pH of the plant extracts to 8.5 and 
deleted the large pore gel (which routinely had 
a pH of 6 to 7, or Tower than that of the 
running gel). Figures 2 and 3 show the results 
with pea lipoxidase isoenzymes. The interme- 
diate band is absent in some cases. 

Extract 1I was possibly from a different 
variety of pea than extracts 111 and IV. Many 
workers have found that isoenzyme patterns of 
the same enzyme differ between varieties (21). 
Hence, the difference in band patterns betwecn 
extract 1I compared to III and IV is not un- 
usual. 

Fottrell (22) found, when separating legume 
root nodule esterase isoenzymes by starch gel 
electrophoresis, that a difference in age of four 
days between samples produced a different band 

Fi6. 3. Effect of pH adjustment of sample and 
deletion of large pore gel on isoenzyme pattcrns 
on polyacrylamide gels of fresh pea extracts II, 
IlI and IV: 1, 2. 3 and 4, fresh pea extract II; 5. 
6, 7 and 8, fresh pea extract Ill; 9, 10, 11 and 12, 
fresh pea extract IV. The faint upper band in gels 
9 through 12 is a lipoxidase activity band. Origin 
activity at tops of all gels is indicated by the ar- 
row. 

pattern. Lanzani et al. (23), when working 
with peroxidase isoenzymes in wheat germ, 
found that the occurrence of different peroxi- 
dase isoenzymes in plants can be related to 
functional states of the tissues or to growing 
stages, or to pathological states or to the effects 
of radiation. Here again, our observed differ- 
ences in band pattern are not unusual. 

The intermediate band for extract IV, which 
appears in Figure 3 and not in Figure 2, may 
be due to a variation in concentration of 
enzyme applied to the gel. 

Figures 4 and 5 show the results with wheat 
break shorts extract. Without pH adjustment of 
the extract before application to the gel and 
without deletion of the large pore gel (Fig. 4).  
the two major bands are on the bottom in rela- 
tion to the two faint bands. Layering TGA on 
the gel before sample addition has no effect on 
the wheat break shorts extract pattern, as can 
be be seen in Figure 4. Thioglycollic acid was 
layered on gels 3 through 6 prior to sample 
addition. 

Figure 5 shows the effect of pH adjustment 
and large pore deletion on band pattern ob- 
served with wheat break shorts extract. The 
two faint bands (indicated by the arrow) appear 
below the two major bands rather than above 
the two major bands as in Figure 4. Whether 
this difference is due to interconversion of  the 
bottom set of bands to the top set of bands or 
modification of the relative mohilities of the 
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FIG. 4. Effect of TGA on isoenzyme patterns on 
polyacrylamide gels of wheat break shorts extract: 
1 and 2, wheat break shorts extract; 3, 4, 5 and 6, 
wheat break shorts extract with TGA layered on 
gel prior to sample addition. 

two sets of bands is not known. 
In general, pH adjustment and large pore gel 

deletion gave more consistent band patterns 
with all extracts. 

Effect of Extraction of Crude Pea 
Extract by Lipid Solvents 

Lewis et al. (24) found that prolactin growth 
hormone, hemoglobin and myoglobin showed 
altered electrophoretic behavior when fatty 
acids were present. Muscle aldolase, which nor- 
mally migrates as one band, gave at least four 
new bands when electrophoresized in the pres- 
ence of oleic acid. Alteration of electrophoretic 
pattern occurred only under alkaline conditions. 

We therefore attempted to extract free fatty 
acids from an aliquot of extract II as de- 
scribed previously. There was still a multiple 
band pattern similar to that of fresh pea ex- 
tract II in  Figure 1 (gel 4), suggesting that 
the bands we had been observing were not 
due to interaction of lipoxidase protein with 
free fatty acids. The band pattern was faint, 
probably because of the severe treatment given 
the extract. One week after extraction, no 
lipoxidase activity could be observed in the 
fatty acid-free extract2 Hence, lipoxidase must 
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FIG. 5. Effect of pH adjustment and deletion of 
large pore gel on isoenzyme pattern on polyacryla- 
mide gels of wheat break shorts extract. 

have been partially denatured by the extrac- 
tion procedure. 

Thin Layer Chromatography 
Thin layer chromatography revealed the 

presence in fresh peas of diglycerides, triglyc- 
erides, phosphatidyl ethanolamine and a large 
amount of phosphatidyl choline. Future work 
should explore these lipids as possible sub- 
strates for isoenzymes of lipoxidase. 

CONCLUSIONS 

These data indicate that lipoxidase in fresh 
peas, pea seeds, fresh green beans, green bean 
seeds and wheat break shorts extracts exists 
in multimolecular forms or isoenzymes. The 
activity observed at the top of the small pore 
gels may be another isoenzyme or polymer- 
ized lipoxidase protein. Koch et al. (25) have 
reported the existence of a triglyceride tipox- 
idase in green peas and several species of beans. 
Perhaps one of the bands observed in this 
study is triglyceride lipoxidase. Further study 
is needed in this area. 

Adjustment of the pH of the sample before 
application to the gel and deletion of the 
large pore gel in general gave more reproduc- 
ible patterns with all extracts tested. 

Adatthody and Racusen (26) have noted 
that both the pH and the ionic strength of the 
extraction medium played an important role 



ISOI-,NZYMES OF LIPOXIDASE 2 1 5  

in the recovery of certain peroxidase isoen- 
zymes. Future work should include a study 
of the effect of the extraction medium upon 
the lipoxidase isoenzymes extracted. 
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Effect of Dietary Cholesterol on Bile-Acid Composition of 
Gall Bladder Bile From Guinea Pigs 
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ABSTRACT 

The composition of gall bladder bile 
acids from control and cholesterol-fed, 
anemic guinea pigs was analyzed by thin- 
layer-chromatographic and colorimetric 
techniques. In both control and choles- 
terol-fed animals, the gall bladder bile 
acids constituted about one third of the 
total bile solids. The main component of 
the bile acids of both groups of animals 
was chenodeoxycholic acid, which was 
predominantly conjugated with glycine. 
No cholic acid was present although this 
is the main bile acid in most mammals. 
The major difference in bile composition 
between control and cholesterol-fed ani- 
mals was the conjugation pattern of 
chenodeoxycholic acid. The ratio of 
glycochenodeoxycholic to taurochenode- 
oxycholic acid was high, 6.4, for control 
animals, and decreased to 2.4 for the cho- 
lesterol-fed, anemic animals. Impaired 
liver function, limited availability of 
glycine, and greater efficiency of tauro- 
cholanic acids for the disposal of excess 
cholesterol may be involved in the mecha- 
nism for this phenomenon. 

INTRODUCTION 

The main catabolic pathway of cholesterol is 
the formation of bile acids in the liver. Glycine- 
or taurine-conjugated bile acids are excreted 
with the bile into the intestinal tract. There- 
fore, the changes in bile-acid composition, bile 
acid-conjugation pattern, or the rate of bile-acid 
excretion are highly significant to the metabo- 
lism of cholesterol. 

Not all species react in the same manner to 
excess dietary cholesterol. Rabbits and chickens 
become severely hypercholesterolemic and de- 
velop atherosclerosis. In dogs and rats the influ- 
ence of ingested cholesterol is much less 
marked (1), but an increased elimination of 

I Material in this paper has been submitted in 
partial satisfaction of the requirements for the degree 
of Master of Science in Nutrition in the Graduate 
Division of the University of California, Berkeley. 

2A portion of this material was presented at the 
7th International Congress of Biochemistry in 
Tokyo, Japan, August, 1967. 

cholesterol as fecal bile acids has been found 
(2,3). The response of man to a cholesterol- 
supplemented diet is still a controversial sub- 
ject. Wilson and Lindsey, (4) for instance, re- 
ported a moderate increase in the serum choles- 
terol level while Keys (5) found only slight ef- 
fects. No consistent effects on either the biliary 
bile acid composition or the turnover of cholic 
acid have been demonstrated (6). Guinea pigs 
and rabbits develop a hemolytic anemia (7-11). 
In the guinea pig the anemia is accompanied by 
an increase in the amounts of unesterified cho- 
lesterol in plasma, red blood cells and adrenal 
glands. Other tissues including liver, spleen, 
heart, kidney and lungs show increases of both 
esterified and unesterified cholesterol as well as 
striking pathological changes (12-14). 

The present investigation deals with the ef- 
fects of a diet containing cholesterol on the 
composition and the pattern of conjugations of 
gall bladder bile acid of guinea pigs. 

MATERIALS AND METHODS 

Animals 

The animals were mixed strains of young 
male guinea pigs (Dependable Animals Supplier, 
Martinez, California) weighing between 200 to 
225 g at the start of the experiment. Composi- 
tion of the basal diet is shown in Table I. To 
this diet was added 1% cholesterol for the 
experimental diet. The ingredients were mixed 
with water and pelleted. The dried pellets were 
stored at 4 C. The cholesterol-fed animals were 
considered anemic, and were autopsied when 
their red blood cell count had fallen below 4 x 
106/mm 3. 

Bile Sample Preparation 

The gall bladder bile was collected during 
autopsy, performed 20-24 hr after removal of 
food cups. Either bile or the gall bladder with 
its content was immediately frozen in dry ice, 
and lyophilized until  a constant weight was ob- 
tained. The lyophilized bile samples were kept 
in a desiccator and stored in the freezer at -10 C 
until analyzed. It was extracted with chloro- 
form-methanol (2:1 v[v) (20 ml solvent for 1 g 
of dry weight of sample) by boiling on a steam 
bath for 1 min (15). The solution was cooled to 
room temperature, centrifuged, and the residue 
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TABLE I 
Composition of Basal Diet (12) 

Component g/lO0 g diet 

Casein 30.0 
Cornstarch 20.0 
Cerelose (purified carbohydrate) 7.9 
Cottonseed oil 10.0 
Sucrose 6.5 
Solka Flok (cellulose) 15.0 
HMW salt mix (41) 6.0 
Choline bitartrate 0.36 
Potassium acetate 2.5 
Magnesium oxide 0.5 
Zinc carbonate 0.013 
Water-soluble vitamin mixture 5.0 
Fat-soluble vitamin mixture 5.0 
Ascorbic acid 0.2 

Water-soluble vitamin mixture 
Cerelose 2000 
Thiamine HCI 6.4 
Riboflavin 6.4 
Pyridoxine 6.4 
Ca-pantothenate 16 
Niacin 80 
Folic acid 4.0 
Biotin 0.2 
Vitamin B12 (1% in mannitoi) 20 

Fat-soluble vitamin mixture: 
Vitamin A ~palmitate 

(1 x 10~ per g) 6.96 
AIpha-tocopherol 8.0 
Menadione 0.8 
Vitamin D 3 0.016 
Cottonseed oil 2000 

( coagu la t ed  p ro te in )  was w a she d  wi th  a small  
a m o u n t  o f  solvent .  The  c o m b i n e d  s u p e r n a t a n t s  
were  w a she d  wi th  0.2 v o l u m e s  of  water .  Th in -  
layer  c h r o m a t o g r a p h y  (TLC)  s h o w e d  tha t  th is  
p roc e du re  separa ted  the  c on juga t e d  bile acids 
f o u n d  in the  a q u e o u s  m e t h a n o l  layer  f r o m  the  
neu t r a l  l ipids wh ich  w e re  in the  c h l o r o f o r m  
layer.  Free bile acids were d i s t r ibu ted  in b o t h  
layers.  

Gallstone Analysis 
F re sh  gall b ladder  bile f r om a n e m i c  an ima l s  

was separa ted  f rom gal l s tones  by cen t r i fu -  
ga t ion .  The  s t o n e s  were t h e n  washed  wi th  dis- 
ti l led water ,  and  lyophi l ized .  Lipids  were 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 ) u n d e r  
re f lux ,  on  a s t e a m ba th ,  for  1 hr. The  e x t r a c t s  
were f i l tered,  and  the  res idue  was re -ex t rac ted  
wi th  e thano l .  The  ex t r ac t s  were ana lyzed  by 
t he  s a me  m e t h o d s  used  for bile e x t r a c t s  (see 
below).  

Thin-layer Chromatography 
T h e  c h r o m a t o p l a t e s  (20 x 20 cm)  spread 

wi th  250  m/a o f  silica gel G were ac t iva ted  at 
120 C for  1 hr. T w o  solvent  s y s t e m s  were used:  
I, glacial acet ic  a c i d - c y c l o h e x a n e - e t h y l a c e t a t e  
( 3 : 7 : 2 3  v/v) (16) ,  for  the  separa t ion  o f  free bile 
acids;  and  II, wa te r -n -p ropano l -p rop ion ic  acid- 
a m y l a c e t a t e  ( m i x t u r e  of  iso- and  n o r m a l -  
a m y l a c e t a t e )  5: 1 0 : 1 5 : 2 0  v/v) (17) ,  for  the  sep- 

TABLE II 

Color Reaction to Anisaldehyde Reagent of Known Bile Acids 
and Bile Extracts on TLC Plates a 

Color of bile acid standards Color of unknown compounds 

Cholesterol Purple Band I Greenish-purple 
Lithocholic acid Bluish-purple Band II Purple 
Deoxycholic acid Dark red Band II1 Bluish-purple 
7-ketolithocholic acid Yellow . . . . . .  
Hyodeoxycholic acid Greenish-blue . . . . . .  
Chenodeoxycholic acid Blue . . . . . .  
Dehydrocholic acid Red Band IV Purple 
Glycolitholcholic acid Purple . . . . . .  
Cholic acid Bluish-purple Band V Purple 
Glycochenodeox ycholic acid Purple . . . . . .  
Glycodeoxycholic acid Purple Band VI Purple 
Glycocholic acid Blue . . . . . .  
Tamolithocholic acid Purple . . . . . .  
Taurochenodeoxycholic acid Purple Band VII Purple 
Taurocholic acid Blue Band VIII Purple 

aThe developing solvent was water-propanol-propanol-propionic acid-amylacetate (5:10:15:20 v/v) 
for the separation of conjugated bile acids, and glacial acetic acid-cyclohexane-ethylacetate (3:7:23 
v/v) for the separation of free bile acids. After spraying, the plates were heated at 110 C for 30-45 
min. The bile-acid standards (except 7-ketolithocholic acid, KLC) were obtained from California 
Corporation for Biochemical Research, Los Angeles, California. KLC was obtained from Mann Re- 
search Laboratories, Inc., New York, N.Y. Cholesterol was recrystalized from petroleum ether, and 
ethanol in this laboratory. The unknown was a pooled bile extract from animals fed the basal diet of 
Table 1. 
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(~) Unknown .~.' Unknown 

Cholesterol ~LC ~ Cholesterol '~'.~; Cholesterol 
LC C _ . _ j L C  

~ ~  C~KLC �9176 o ~  o.~  
CDC 

0L<D O..c O0.c 
.c~ 0~c~  c C~.c~ 

GcO -~'-)(Not sc) 

" r c D e  , ;,T,C 
O TCOC 

l 
STD I CONTROL STD 2 STD 3 CHOLESTEROL STD 

FED 

FIG. 1. Separation of bile acids from cdntrol and cholesterol-fed anemic guinea pigs. Silica gel G (0.25 mm); 
solvent 1I water-n-propanol-propionic acid-amylacetate (5:10:15:20 v/v); spray reagent: anisaldehyde 0.5 ml, 
cone. sulfuric acid 1 ml, acetic acid 50 ml; running time 90 min.; color developed by heating at !10 C for 30-45 
rain.; standard solutions 1-4 were mixtures of authentic samples, as indicated on the diagram, containing about 
50 big of each component. Control and cholesterol-fed samples were extracts of gallbladder bile from a guinea pig 
fed the basal diet (Table I) and one fed the same diet containing 1% cholesterol for nine weeks, respectively. The 
spot with Rf similar to GLY-C was probably a bile pigment. It was blue before spraying, and did not give glycine 
nor cholic acid on hydrolysis. GLY-CDC was contaminated with small amounts of GLY-DC and could not be 
separated in either solvent system. CDC did not contain KLC nor HDC. The amount of the control sample was 
too large, leading to an enlarged spot and an enhanced Rf value for TAURO-LC. However, rechromatography in 
solvent system I before and after hydrolysis showed it to contain TAURO-LC and LC respectively as the only 
components. Methods used for the identification of individual spots are described in the text. 

O Unknown 
,"-'~ Cholesterol ( ~ )  ~ Cholesterol 
D Lc L c ~  ~Le  

KLC~'~ 

( ~ e o e  

O HDC . ~  

GLC 0 (....'- ") GLC :,..,~ GLC 

scoe ~ ,cDc 

" ' - - "  TLC tE3TCOO ( TCOC  TCOC 

STD I CONTROL STD 2 $TO 3 CHOLs STO 4 
FED 

FIG. 2. Separation of bile acids from control and cholesterol-fed anemic guinea pigs. Silica gel G (0.25 mm); 
solvent I; glacial acetic acid-cyclohexane-ethylacetate (3:7:23 v/v); spray reagent anisaldehyde 0.5 ml, conc. 
sulfuric acid 1 ml, acetic acid 50 ml; running time, 30 min; color developed by heating at 110 C for 30-45 min. 
The spot with Rf similar to C was probably a bile pigment. It was not C because it was blue before spraying with 
anisaldehyde. For other explanations, see legend to Figure 1. 
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TABLE III 

Comparison of Two Methods for the Quantitative Estimation of Gall-Bladder Bile Acids a' b 

219 

Per cent of bile acid 
Animal 
number GLY-CDC/ 

GLY-CDC TAURO-CDC TAURO-CDC CDC GLY-LC TAURO-LC 
PM L-B PM L-B PM L B PM L-B PM L-B PM U 

Control 

152 79.4 73.7 11.7 13.8 6.8 5.4 2.5 1.6 3.6 3.5 2.8 7.4 
221+225 79.5 77.9 14.5 11.3 5.5 6.9 1.0 1.5 1.1 2.3 4.0 6.4 

Cholesterol-fed 

214 50.1 565 41.0 35.2 1.2 1.6 0.5 1.3 2.9 1.4 5.4 3.7 
232 64.4 64.1 30.3 25.8 2.1 2.5 0.7 1.6 0.8 1.7 3.9 3.8 
255 69.6 62.2 23.5 22.5 3.0 2.8 0.1 1.4 0.9 4.7 5.7 9.3 
204 67.7 64.4 27.7 26.5 2.4 2;4 0.2 1.4 0.S 2.0 3.7 4.8 

aAliquots of bile extracts were separated by TLC and estimated by the phosphomolybdic acid color reaction 
(PM) and the Usui reaction (U) for monohydroxycholanic acids or a modified Liebermann-Burchard reaction 
(L-B) for dihydroxycholanic acids. Control animals were fed the basal diet (Table I), cholesterol-fed animals 
were fed the same diets with the addition of 1% cholesterol for 10-17 weeks. 

bCDC, chenodeoxycbolic acid; LC, lithocholic acid; GLY-CDC and GLY-LC, glycochenodeoxy and -litbocholic 
acid; TAURO-CDC and TAURO-LC, taurochenodeoxy and -lithocholic acid. 

a ra t ion  of  conjugated  bile acids. The separa ted  
zones  were loca ted  with:  10% p h o s p h o m o l y b -  
date so lu t ion  in 95% e thanol  (18);  anisa ldehyde 
(18);  and iodine vapor  (19). Plates which  had 
been  sprayed wi th  p h o s p h o m o l y b d a t e  were 
hea ted  at 110 C for  5 to  10 rain. The bile-acid 
spots  t u rned  dark blue against a yel low back- 
ground.  Anisa ldehyde  p roduced  d i f ferent  colors  
wi th  d i f fe ren t  bile acids. (See Table II) 

Qualitative Identification of Bile Acids 

The fol lowing p rocedures  were used for  
iden t i f i ca t ion  of  the  bile acids: (a) The Rf  
values of  the  u n k n o w n  samples were compa red  
wi th  those  of  bile-acid s tandards.  (b) The color  
of  u n k n o w n  spots  was compared  wi th  t ha t  o f  
s tandards  af ter  spraying wi th  anisaldehyde.  (c) 

In tens i f ica t ion  of  the  p h o s p h o m o l y b d a t e  color  
reac t ion  of  an u n k n o w n  spot  w h e n  a k n o w n  
bile acid had been  added  to  the  sample before  
c h r o m a t o g r a p h y  provided fu r the r  evidence for  
the  iden t i ty  of  the  c o m p o u n d .  (d) Af te r  separa- 
t ion  by the  II sys tem,  each band was scraped 
o f f  the  plate,  ex t rac ted  wi th  me thano l ,  and 
r e c h r o m a t o g r a p h e d  in the  I system.  Procedures  
(a) and (b)  were t h e n  fo l lowed,  (e) Af te r  separ- 
a t ion  by  the  II sys tem,  each  band  was scraped 
of f  the  plate,  ex t rac ted  wi th  me thano l ,  and 
saponif ied  wi th  sodium hyd rox ide  (20). The 
l ibera ted free bile acids were then  r ech roma to -  
graphed  in ei ther  the  I or II sys tem,  and ident i -  
f ied as indica ted  unde r  (a) to  (d) above. (f) The 
spectra  of  the  sulfuric acid solut ion of  bile acids 
were examined.  Af te r  TLC separat ion each 

TABLE IV 

Bile Acid Composition of Gallstones from Cholesterol-fed, Anemic Guinea Pigs a 

Per cent of bile solids Per cent of bile acids 

Bile TAURO- GLY- TAURO- GLY-CDC/ Bile 
acids Cholesterol BA/C GLY-LC LC CDC CDC TAURO-CDC solids, 

mg 

17.6 1.4 8.3 4.5 3.9 77.9 12.6 7.8 2.05 
+2.99 +0.29 ---2.5 +--0.4 4"1.4 4"1.8 4"3.3 4"2.06 4"0.68 

aAnimals had been fed the basal diet (Table I) with the addition of 1% cholesterol for 10-17 weeks. Numbers 
are means + SE of results from four animals. BA/C is the ratio of bile acids to cholesterol. 
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TABLE V 

Rf Values of Bile-Acid Standards and Guinea Pig Bile-Extract Components  a 

Developing Developing 
solvent solvent 

Standard bile acids II 1 Unknown 1I I Identified as 

Cholesterol 0.83 0.96 Band 1 0.92 0.99 Unknown 
Lithocholic acid (LC) 0.78 0.93 Band II 0.82 0.96 Cholesterol 
Deoxycholic acid (DC) 0.77 0.84 Band III 0.79 0.93 LC 
7-ketolitholcholic acid (KLC) 0.77 0.85 . . . . . .  
Hyodeoxycholic acid (HDC) 0.74 0.70 . . . . . .  
Chenodeoxycholic acid (CDC) 0.74 0.80 Band IV 0.76 0.76 CDC 
Dehydrocholic acid (DHC) 0.72 0.79 . . . . . .  
Glycolithocholic acid (GLY-LC) 0.69 0.66 Band V 0.69 0.66 GLY-LC 
Cholic acid (C) 0.66 0.48 b 0.48 0.46 --- 
Glycochenodeoxycholic acid 0.59 0.25 Band VI 0.59 0.27 GLY-CDC+ 

(GLY-CDC) GLY-DC 
Glycodeoxycholic acid (GLY-DC) 0.59 0.25 . . . . . .  
Glycocholic acid (GLY-C) 0.43 0.04 c 0.45 0.45 --- 
Taurolithocholic acid (TAURO-LC) 0.28 0 Band Vll 0.28 0 TAURO-LC 
Taurochenodeoxycholic acid 0.20 0 Band VIII 0.18 0 TAURO-CDC 

(TAURO-CDC) 
Taurocholic acid (TAURO-C) 0.09 0 . . . . . .  

aThe Rf values presented came from a single plate. The numerical values varied from plate to plate, but the 
relationship of Rf values between unknowns and that of the standards remained the same. The developing 
system for the separation of conjugated bile acids was water-n-propanol-propionic acid-amylaeetate (5 : l 0:15:20 
v/v) (ll); glacial acetic acid-cycohexane-ethylacetate (3:7:23 v/v).Cholesterol was recrystalized from petroleum 
ether and ethanol in this laboratory. The unknown was a pooled bile extract from animals fed the basal diet of 
Table I. The bile-acid standards (except KLC) were obtained from California Corporation of Biochemical 
Research, Los Angeles, California; KLC was obtained from Mann Research Laboratories, Inc., New York, N.Y. 

bA small spot of similar Rf in both solvent systems. It was not cholic acid but probably a bile pigment, 
because it was blue before spraying with anisaldehyde. 

CA small spot of similar Rf in both solvent systems. It was not glyco-cholic acid but probably a bile pigment 
because it was blue before spraying and did not yield glycine nor cholic acid on hydrolisis.. 

zone  f rom ei ther  a II or a I plate of  bile ex t rac t  
was scraped off  and dissolved in concen t r a t ed  
sulfuric acid. Af ter  the  silica gel G was r emoved  
by cent r i fugat ion ,  the opt ical  densi t ies  were 
read f rom 250 m/a to 500 m/a, with a Beckman  
DU s p e c t r o p h o t o m e t e r ,  and compared  wi th  
spectra  ob ta ined  f rom au then t ic  bile acid sam- 
pies. 

Quantitative Determination of Bile Acids 

The separated bands  of  bile acids on  chro-  
matop la tes  were visualized wi th  iodine vapor.  
Af te r  subl imat ion  of  the  iodine,  the  separa ted  
bands  were col lected by scraping o f f  the  silica 
gel bands.  

M o n o h y d r o x y c h o l a n i c  acids were deter-  
mined  by the  ferric chlor ide react ion of  Usui 
(20).  

D i h y d r o x y c h o l a n i c  acids and choles te ro l  
were  de te rmined  by a slight modi f i ca t ion  of  the  
m e t h o d  descr ibed by Frosch  and Wagner (21) 
using the  Liebermann-Burchard  react ion .  The 
silica gel conta ining the  individual bile acid was 
t r ea ted  wi th  3.0 ml of  a f reshly-prepared  mix-  
ture  o f  e thylaceta te-sul fur ic  acid (15:1 v/v) for  
15 min,  t hen  2.0 ml  acetic  anhydr ide  were  
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added.  The solut ion was centr i fuged to  r emove  
the  silica gel, and the  opt ical  densi ty of  the  
superna tan t  was read at 420 rap. Time for  the  
deve lopmen t  of  maximal  absorp t ions  was 25 
min for  c h e n o d e o x y c h o l i c  acid, 30 rain for  cho-  
lesterol ,  40 rain for  t a u r o c h e n o d e o x y c h o l i c  
acid, and 45 rain for  g lycochenodeoxycho l i c  
acid. A concen t r a t i on  series of  each bile acid 
s tandard  was eh ro ma t o g rap h ed  on the same 
plate as the  u n k n o w n  sample.  Therefore ,  each 
bile acid had  its s tandard  curve on every plate.  

In order  to  check the  above me thods ,  some 
samples were  also analyzed by the  use o f  the  
p h o s p h o m o l y b d a t e  color  reac t ion  (17).  The 
TLC plate was sprayed wi th  a 10% solut ion o f  
p h o s p h o m o l y b d a t e  in 95% ethanol .  The plate 
was dried in air for  15 min ,  t hen  hea ted  at 65 C 
for  20 min.  The colored  spots  were scraped off ,  
the color  was ex t rac ted  in to  me thano l  and sepa- 
ra ted f rom silica gel by centr i fugat ion.  The 
optical  dens i ty  was read at 740 m/~. When ali- 
quo t s  of  the  same sample were analyzed by  t w o  
d i f ferent  m e t h o d s ,  the  results  were similar. Ex-  
amples  of  such compar i sons  are p resen ted  in 
Table III. The  lower  l imit  o f  assay varied some-  
what  wi th  the  individual  bile acid and the  
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method used�9 Cholic acid, at a level of 10/ag, 
for instance, gave an OD reading of  0.053 by 
the phosphomolybdate  method but  only 0.026 
by the Lieberman-Burchard method�9 All bile 
acids tested could, however, be determined 
when present at a level of 10-20/ag. This corre- 
sponds to a level of 1-3% of total  bile acids�9 

RESULTS 

The bile of control  animals was clear and 
faintly yellow, while that  of cholesterol-fed ani- 
mals was cloudy, yellowish to dark brown, and 
sometimes contained stones and small debris�9 ~- 
Some of the analyses were performed on bile 
alone, while some samples contained the gall 
bladder membrane and all contents,  including .o 
the concrements. Separate analysis of these 
membrane-plus-concrements showed that  their 
bile acid composit ion resembled that  of filtered 
bile from control  animals more than that  from 
cholesterol,fed animals, and that  their bile acid 
to cholesterol ratio was much lower than in bile 
from either group (Table IV). Since, however, "6 
the amount of  solids in these extracts  was only 
5% of total  bile solids no significant alterations 
resulted when the composit ion of bile was 
determined with or without  membrane-plus- ~ 
concrements (see footnote  to Table VI). We ~ *~ 
have, therefore, averaged all data for samples ~ 

�9 / 
analyzed with or w~thout bladder membrane < 
and gallstones. 

TLC of  the bile extracts produced eight -~ 
bands, as shown in Figures 1 and 2. The Rf 
values of these bands in both solvent systems 
are listed in Table V. Results show that  the gall- 
bladder bile of normal and cholesterol-fed -~ 
guinea pigs has a similar composit ion,  con- 
taining the monohydroxy-  and dihydroxycho-  
lanic acid-llthochollc (LC), chenodeoxycholic  o = 
(CDC) and deoxycholic  (DC) acids-both as the -~ 
free acids and as their glycine and taurine con- 
jugates. No cholic nor 7-ketolithocholic acids o ~ 
(KLC) were detected. Table VI presents the 
results of the quanti ta t ive determination of the '~ 
bile acids. Bile acids and their conjugates repre- "~ 
sented about 35% of  bile solids. The major con- 
stituents were glyco- and taurochenodeoxy-  
c h o l i c  acid (GLY-CDC and TAURO-CDC) 
which accounted for 88% of total  bile acids. 
GLY-LC, TAURO-LC and free CDC, DC,  LC 
and  c h o l e s t e r o l  were present in smaller 
amounts. The major difference between the 
control  and the cholesterol-fed groups was a 
change in the conjugation pat tern of chenode- 
oxycholic acid. The propor t ion  of GLY-CDC 
was lower in the cholesterol-fed animals than in 
contro ls ,  while that  of TAURO-CDC was 
greater. This led to ratios of  GLY-CDC to 
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TAURO-CDC of 6.4 and 2.4 in the control  and 
cholesterol-fed animals, respectively. The cho- 
lesterol content was higher in the cholesterol- 
fed, anemic group than in controls. Since the 
amount  of bile acids did not  change signifi- 
cantly,  the ratio of bile acids to cholesterol was 
considerably lower in the former than in the 
lat ter  group. 

DISCUSSION 

The presence of biliary concrements in the  
cholesterol-fed, anemic guinea pigs was an inci- 
dental, but not  unexpected observation in the 
present study. The induction of  gallstone for- 
mation by dietary cholesterol in guinea pigs had 
previously been reported (30). Gallstones found 
in mice fed cholesterol and cholic acid con- 
tained over 90% cholesterol (31), while those o f  
guinea pigs contained only small amoun t s  of 
cholesterol (Table IV). The main components  
of these calculi were bile salts and, presumably, 
calcium salts of brlirubin and other bile pig- 
ments, breakdown products of hemoglobin. It 
has been reported that  gallstones with a core of 
such substances are frequently observed in 
hemolyt ic  anemias (32,33) and may, therefore, 
be a consequence of the anemia and unrelated 
to the metabolism of cholesterol. 

Studies of  the mechanism of  gallstone for- 
mat ion using hamsters fed a fat-free diet (34) or 
guinea pigs fed a diet containing cholestyramine 
(35) showed that  the ratio of bile acid to cho- 
lesterol in bile of stoneformers was much lower 
than in controls. A similar effect has been 
observed in the present investigation (Table 
VI). 

Most previous reports on the bile acid com- 
posit ion of gall bladder bile from guinea pigs 
have shown, as we do, that chenodeoxycholic 
acid is the major component  and that  about 
80% of it is conjugated with glycine (22-26).  
Peric-Golia and Jones (27,28) have reported the 
isolation o f  cholic acid from guinea pig bile and 
found i t  conjugated exclusively with taurine. 
These divergent results may be due to differ- 
ences between strains of animals and experi- 
mental conditions. The composit ion of diet and 
the thyroid s ta te  of the animals, for instance, 
markedly affect the type and quant i ty  of bile 
acids in man and animal (29). 

The ratio of glycocholanic to taurocholanic 
acids present in bile of normal animals differs 
widely in different species. Kritchevesky has 
pointed out (36) that  in those mammalian 
species resistant to cholesterol-induced athero- 
sclerosis (rat, dog, cat), the bile acids are conju- 
gated almost exclusively with taurine. The sus- 
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ceptible species, on the other hand (rabbit ,  pig, 
monkey,  man), have both  types of conjugates, 
with glycocholanic acids greatly in excess in 
rabbit  and pig and less so in man and monkey.  
The normal guinea pig appears to fall into the 
group of susceptible species with a high ratio of 
glyco-chenodeoxy cholic to tauro-chenodeoxy 
cholic acid. The susceptibility to injury by cho- 
lesterol in the guinea pig leads, however, not  to 
atherosclerosis, but  to anemia. 

Changes in the conjugation pattern of bile 
acids leading to a greater proport ion of taurine 
conjugation have been reported to occur under 
certain circumstances. Ekdahl ( 3 7 ) r e p o r t e d  
that  homogenates of human livers under certain 
pathological conditions (obstructive jaundice of 
more than 10 days'  duration, or cirrhosis) con- 
tained a higher proport ion of cholic acid conju- 
gated with taurine than normally. In his studies 
o f  human subjects, cholesterol-fed, anemic 
guinea pigs are enlarged, fat ty,  and show 
striking pathological changes (14). The change 
of conjugation pat tern which we have'observed 
may, therefore, be due in part to changes in 
liver function. 

Hellstrom and Sjovall (39) reported that  the 
ratio of glycine to taurine conjugates was high 
(7.2-14.5) in hypothyro id  patients. After  treat- 
ment,  the ratio returned toward the normal 
level (around 3), suggesting that the metabolic 
pathway to taurine conjugated bile acids is in 
some way influenced by thyroid hormones. 
Farley (40) observed an increase ot" biliary 
taurodeoxychol ic  acid in man after an oral dose 
of 14C-cholesterol. He suggested that taurine 
conjugation may be relatively more efficient 
than glycine as a means of hepatic excretion of 
bile acids. The increased proport ion of taurine 
conjugates in the cholesterol-fed guinea pig 
may, therefore, be in part a compensatory 
mechanism to excrete the increased load of 
cholesterol. 

A third possible mechanism for the decrease 
of glycine-conjugates in the cholesterol-fed 
guinea pig may be related to the effect of  the 
anemia on the availability of glycine. The red 
blood cells of cholesterol-fed anemic guinea 
pigs had a life span of 4-19 days, which was 
very much shorter than that of control  guinea 
pigs, 60 days (8). The high rate of hemoglobin 
formation in these animals may, therefore, 
exceed their capacity for the formation of 
glycine. 
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SHORT COMMUNICATIONS 

Novel Microbiological Degradation 
Products From Cholic Acid 

We have recently reported on the micro- 
biological conversion of cholic acid ( I )  into 
4a- (2-carboxyethyl)-5-oxo-7afl , ' / (R)-dimethyl-  
3a~-hexahydroindan-lf l-butyric acid ( I l a )  with 
Arthrobacter simplex (1) and also on the for- 
mation of the amino acid conjugates of the 
acid l la  with Corynebacterium equi (2) .  In 
continuing our studies on the microbiological 
degradation of bile acids, we have found that 
Streptomyces rubescens (3) ,  cultured in a 
medium containing cholic acid (I)  as the 
sole source of carbon, produces unexpected 
products having an enamine lactam struc- 
ture ( I I I ) .  

2 
COOH 

I II III 

O, X" CH. CH(CH3).CH 2"cH 2"cOOH 

b, X= CH' CH(CH3)- CH 2- CH 2 �9 CONH z 
C, X= CH. CH(CH~.CO. CH 3 

d, X, CH- CH (CH3). COOH 

e, X= C : O  

The exposure of cholic acid (I)  to S. rube- 
scens resulted in the formation of the follow- 
ing products after a disappearance of some 
metabolites reported previously (3) from the 
incubation mixture: The acid IIa, l f l - ( l ( R ) -  
methyl-3-carbamoylpropyl)  - 5- oxo-7afl-methyl- 
3aa-hexahydroindan-4u-propionic acid ( l i b ) ,  
3 - oxo- 6aft , - /(  R ) - dimethyl - 2,3,4,6,6afl,7,8,9, 
9aa,9bfl-  decahydro- 1 H-  cyclopenta[[]quinoline- 
7fl-butyric acid ( I l l a ) ,  3-oxo-6afl, , /(R)-di- 
methyl - 2,3,4,6,6 a fl,7,8,9,9 a a,9 b fl- decahydro- 
I H  - cyclopenta [flquinoline - 7fl - h u t y r a m i d e  
( I l l b ) ,  6afl-methyl-7fl- ( 1 (S) - acetylethyl) -2,3, 
4,6,6afl,7,8,9,9aa,9bfl-decahydro - 1H - cyclopen- 
ta[f]quinolin-3-one ( l l l c ) ,  3 - o x o - 6 a f l , a ( S ) -  
dimethyl-2,3,4,6,6afl,7,8,9,9aa,9bfl- decahydro-  
1 H-cyclopenta[f]quinoline-7fl-acetic acid ( I l l d ) ,  
and 6afl-methyl-2,3,4,6,6afl,7,8,9,9aa,9bfl-dec- 
ahydro-  1 H-  cyclopem~ [fl quinoline- 3,7 -~dione 
( I I Ie) .  All the structures of the nitrogen-con- 
taining products, except for the product l l l c  
isolated recently, were conclusively estab- 
lished by a partial synthesis. A detailed discus- 
sion of the isolation and characterization of 

these products, except for the product IIIc,  
will be published elsewhere (4) in the near 
future. The product I l lc ,  mp 242-242.5 C and 
[c~]D + 122.1 ~ in ethanol, was obtained by 
silicic acid chromatography (20% acetone in 
dichloromethane) of a mixture of degradation 
products and its constitution was deduced from 
the following spectrometric data: ) ~ x  232.5 
mt~ ( e=  12 .800) ; . ,  maxKr~r 3215 and 3075 ( N H ) ,  
1713 (methyl ketone),  and 1676 and 1669 
cm -I (enamine lactam);  NMR (in CDCI3) 
0.75 (singlet, 3H, 6aft-Me),  1.12 (doublet, 
J--6.7 cps, 3H, secondary Me in the side 
chain),  2.11 (singlet, 3H, methyl ketone in 
the side chain),  4.79 (multiplet, 1H, vinylic 
5-H),  and 7.79 ppm (broad-singlet, IH, lac- 
tam 4-H).  The product I l lc ,  however, may 
be an artifact produced in the isolation process 
through a decarboxylation of the fl-oxocar- 
boxylic acid, 3,fl-dioxo-6afl,~,(S)-dimethyl-2,3, 
4,6,6afl,7,8,9,9aa,9bfl-decahydro - 1 H - cyclopen- 
tal/lquinoline-7fl-butyric acid, derived from 
the product I l i a  in a manner analogous to the 
fatty acid fl-oxidation mechanism. S. rube- 
scens was not able to utilize the product I l le  
as the sole carbon source at a significant rate. 
However, it was found that this organism was 
capable of utilizing 1,5-dioxo-7afl-methyl-3aa- 
hexahydroindan-4a-propionic acid ( l i e )  as the 
sole carbon source and that one of the metabo- 
lites of the compound l ie  with this organism 
was the product IIIe. 

It is not yet confirmed whether the overall 
reactions involved in the enamine lactam for- 
mation are enzymic or not. However, the pre- 
cursors of the enamine lactams ( I l l )  may be 
the corresponding 3-oxocarboxylic acids ( I I ) ,  
as suggested from a conversion of the com- 
pound l ie  into the product l l le ,  and an en- 
zymic amidation of the propionic acid side 
chain in the compound II molecule is probably 
an early step in the reaction sequence of the 
enamine lactam formation. A similar amida- 
tion of the butyric acid side chain in the acid 
I la  molecule perhaps produces the product 
l ib.  The compound l le  and its reduction 
product have been known as significant inter- 
mediates in the microbiological degradation se- 
quence of some steroids (5-7).  The present 
experiment demonstrates that the compound 
l ie  also may be a key intermediate in the 
degradative pathway of cholic acid ( I ) .  Con- 
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sidering the chemical structures of the degrada- 
tion products, a possible pathway for the cholic 
acid degradation by S. rubescens may be 

1 --, ---) (lla ~ lib ~ l l lb)  and/or  (Ila 
Ilia ~ I l lb) --) (lid ~--- I l ld)  --~ 

(lie ~ IIIe) --> further degradation. 
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Mass Spectra of a,w-Diiodoalkanes 

The a~-diiodoalkanes have several important 
applications in lipid chemistry. The ether ter- 
minal fragments of unsaturated alkyl glycerols 
yield a,ordiiodoalkanes when the alkyl glycer- 
ols are cleaved by reductive ozonolysis with 
lithium aluminum hydride and the products 
are reacted with hydriodic acid. These diiodide 
derivatives are used for the location of olefinic 
bonds in alkyl glycerols (1). The same re- 
action sequence yields a,co-diiodoalkanes from 
the carboxyl terminal fragments of the methyl 
esters of unsaturated fatty acids and these di- 
iodides may be used in place of aldehyde- 
esters and dicarboxylic acids in cleavage studies 
with fatty acids. Plant waxes contain a num- 
ber of long-chain fatty acids with o-hydroxy 
groups (2, 3) and medium-chain fatty acids 
are converted to o~-hydroxy fatty acids by bac- 
terial (4) and mammalian (5, 6) enzyme com- 
plexes. These ~0-hydroxy acids may be identified 
after their reduction to diols with lithium alu- 
minum hydride and conversion to diiodides 

w i t h  hydriodic acid. Furthermore, the ~,o)-diols 
in the neutral estolide fractions of plant waxes 
(3) may be identified as their diiodide deriv- 
atives. 

The a,o-diiodoalkanes are readily separated 
by gas-liquid chromatography (GLC) (1). In 
the present study, we show that the mass 
spectra of the diiodides exhibit several charac- 
teristic features which facilitate their identifica- 
tion. The combination of GLC and mass spec- 
trometry provides a means for the rapid sepa- 
ration and identification of microgram quanti- 
ties of these derivatives. 

Materials included 1,3-diiodopropane and 
1,5-diiodopentane (Eastman Organic Chemi- 
cals, Rochester, N. Y.); 1,4-diiodobutane (Ald- 
rich Chemical Co., Milwaukee, Wis.); 1,6-di- 
iodohexane and 1,9-diiodononane synthesized 
from the corresponding diols (Matheson Cole- 
man and Bell, Cincinnati, Ohio) by refluxing 
with hydriodic acid (1);  1,10-diiododecane and 
1,11-diiodoundecane synthesized from diols 

TABLE I 
Characteristic Ions in Mass Spectra of a,cc-Diiodoalkanes 

l-(CI-h.).=I 
Ion 3 4 5 6 9 10 11 

rn/e a 
M § 296(35) 310(11) 324(36) 338(54) 380(24) 394(27) 408(16) 

M*-I 169(69) 183(100) 197(88) 211(73) 253(22) 267(29) 281(20) 
M §  41(76) 55(94) 69(98) 83(83) 125(17), 139(10) 153(5) 

HI + 128(100) 128(35) 128(40) 128(39) 128(34y 128(37) 128(21) 
I § 127(53) 127(19) 127(21) 127(21) 127(18) 127(19) 127(11) 
I+~ 254(8) 254(5) 254(4) 254(2) < 0.3 < 0.3 < 0.3 

Base peak 128 183 41 55 55 55 55 

aper cent of base peak in parenthesis. 

LIPlDS, VOL. 4, NO. 3 



SHORT COMMUNICATIONS 2 2 5  

sidering the chemical structures of the degrada- 
tion products, a possible pathway for the cholic 
acid degradation by S. rubescens may be 

1 --, ---) (lla ~ lib ~ l l lb)  and/or  (Ila 
Ilia ~ I l lb) --) (lid ~--- I l ld)  --~ 

(lie ~ IIIe) --> further degradation. 

SHOHEI  HAYAKAWA 

SHIGERU H A S H I M O T O  

TADA MASA O N A K A  1 

Shionogi Research Laboratory 
Shionogi & Co., Ltd. 
Fukushima-ku, Osaka 
Japan 

Present address: Research Foundation,  Itsuu Laboratory,  
Tokyo, Japan.  

REFERENCES 

1. Hayakawa,  S., Y. Kanematsu and T. Fujiwara.  Nature 
214, 520-521 (1967). 

2. Hayakawa,  S., T. Fujiwara and H. Tsuchikawa, Ibld. 
219, 1160-1161 (1968). 

3. Hayakawa,  S., Y. Saburi, K. Tamaki  and H. Hoshi- 
jirna, Ibid. 181, 906 (1958). 

4. Hayakawa,  S., S. Hashimoto,  T. Onaka  and T. Fuji- 
wara,  in "Symposium tiber Biochemische Aspekte der 
Steroidforschung," September, 1967. edited by K. Schu- 
bert (Akademie-Verlag GmbH, Berlin, 1969, in press.) 

5. Talalay, P., Ann. Rev. Biochem. 34, 371-373 (1965). 
6. Schubert, K., Z. Chem. 7, 293-296 (1967). 
7. Schubert. K., K.-H. B6hme, F. Ritter and C. H6rhold,  

Biochim. Biophys. Acta 152, 401-408 (1968). 

[Received October 16, 1968] 

Mass Spectra of a,w-Diiodoalkanes 

The a~-diiodoalkanes have several important 
applications in lipid chemistry. The ether ter- 
minal fragments of unsaturated alkyl glycerols 
yield a,ordiiodoalkanes when the alkyl glycer- 
ols are cleaved by reductive ozonolysis with 
lithium aluminum hydride and the products 
are reacted with hydriodic acid. These diiodide 
derivatives are used for the location of olefinic 
bonds in alkyl glycerols (1). The same re- 
action sequence yields a,co-diiodoalkanes from 
the carboxyl terminal fragments of the methyl 
esters of unsaturated fatty acids and these di- 
iodides may be used in place of aldehyde- 
esters and dicarboxylic acids in cleavage studies 
with fatty acids. Plant waxes contain a num- 
ber of long-chain fatty acids with o-hydroxy 
groups (2, 3) and medium-chain fatty acids 
are converted to o~-hydroxy fatty acids by bac- 
terial (4) and mammalian (5, 6) enzyme com- 
plexes. These ~0-hydroxy acids may be identified 
after their reduction to diols with lithium alu- 
minum hydride and conversion to diiodides 

w i t h  hydriodic acid. Furthermore, the ~,o)-diols 
in the neutral estolide fractions of plant waxes 
(3) may be identified as their diiodide deriv- 
atives. 

The a,o-diiodoalkanes are readily separated 
by gas-liquid chromatography (GLC) (1). In 
the present study, we show that the mass 
spectra of the diiodides exhibit several charac- 
teristic features which facilitate their identifica- 
tion. The combination of GLC and mass spec- 
trometry provides a means for the rapid sepa- 
ration and identification of microgram quanti- 
ties of these derivatives. 

Materials included 1,3-diiodopropane and 
1,5-diiodopentane (Eastman Organic Chemi- 
cals, Rochester, N. Y.); 1,4-diiodobutane (Ald- 
rich Chemical Co., Milwaukee, Wis.); 1,6-di- 
iodohexane and 1,9-diiodononane synthesized 
from the corresponding diols (Matheson Cole- 
man and Bell, Cincinnati, Ohio) by refluxing 
with hydriodic acid (1);  1,10-diiododecane and 
1,11-diiodoundecane synthesized from diols 

TABLE I 
Characteristic Ions in Mass Spectra of a,cc-Diiodoalkanes 

l-(CI-h.).=I 
Ion 3 4 5 6 9 10 11 

rn/e a 
M § 296(35) 310(11) 324(36) 338(54) 380(24) 394(27) 408(16) 

M*-I 169(69) 183(100) 197(88) 211(73) 253(22) 267(29) 281(20) 
M §  41(76) 55(94) 69(98) 83(83) 125(17), 139(10) 153(5) 

HI + 128(100) 128(35) 128(40) 128(39) 128(34y 128(37) 128(21) 
I § 127(53) 127(19) 127(21) 127(21) 127(18) 127(19) 127(11) 
I+~ 254(8) 254(5) 254(4) 254(2) < 0.3 < 0.3 < 0.3 

Base peak 128 183 41 55 55 55 55 

aper cent of base peak in parenthesis. 

LIPlDS, VOL. 4, NO. 3 



2 2 6  SHORT COMMUNICATIONS 

,oo] 
=.. 8~ t 

t 

I A 

50 

-HI 

HI + 

I 
. . . .  . . . . . .  t , .  : 2 . . ,  , .  

Io0 15o 

m/e 

- I  

M + 

.......... ! ........ i 
200 250 300 

Fro. 1. Mass spectrum of 1,5-diiodopentane. 

prepared from methyl undecenoate (Eastman 
Organic Chemicals, Rochester, New York)  
and methyl cis-vaccenate (Hormel  Institute, 
Austin, Minn.) by reductive ozonolysis with 
lithium aluminum hydride. Diiodide purity 
was established by GLC (1) .  

The mass spectral data were obtained using 
an A.E.I. MS-9 mass spectrometer. High res- 
olution data were obtained by an on-line digi- 
tization system with subsequent computer- 
processing of the digital tape. Most of the 
mass spectral data were obtained using the 
direct introduction sample probe with a source 
temperature of 150 to 200 C and an ionizing 
voltage of 70 eV. A mass spectrum obtained 
by introducing the 1,6-diiodohexane into the 
mass spectrorneter through the heated inlet 
(all glass except for the valves) showed molec- 
ular ion peaks corresponding to 1,6-bromoiodo- 
hexane and 1,6-chloroiodohexane. These peaks 
were absent in the mass spectrum of the 1,6- 
diiodohexane introduced through the direct 
probe. Consequently, a halogen exchange must 
have occurred in the heated inlet system which 
is normally maintained at 200 C. The Source 
of the chloride and bromide is not known. 

The mass spectra of each of the diiodides 
examined in this study exhibited prominent 
peaks corresponding to the molecular ion (M+), 
M +-I ,  M§ + HI ) ,  HI + , 1% and a series of 
I(CH2),~ ions as well as hydrocarbon ions 
which generally corresponded to the series 
CnH2,~_  1 and C n H 2 ~ l _  a. The mass spectrum of 
1,5-diiodopentane (Fig. 1) illustrates these fea- 
tures. 

Molecular Ions (M+): All o f  the a,o)-diiodo- 
alkanes gave moderately strong molecular ion 
peaks (Table I ) .  The intensities of the molec- 
ular ions were unexpected in view of the very 
small molecular ion peaks reported (7) for 
monoiodoalkanes containing more than six 
carbon atoms. However, this difference is 
partly due to the different instruments and 

LIPIDS, VOL. 4, No. 3 

T A B L E  I1 

Relat ive Intensit ies of I(CH2)+n Ions Obtained in 
the Fragmenta t ion  of a# -Di iod0a lkanes  

I - (CH2)  n-I 

I(CH.,) +n 3 4 5 6 9 10 11 

Per cent of Base Peak 

1 3 4 5 2 2 1 1 
2 6 16 50 31 36 42 33 
3 54 0.5 9 20 22 29 23 
4 100 <1 5 24 31 26 
5 88 0.5 22 24 18 
6 36 12 21 14 
7 0.4 10 12 
8 0.5 0.5 5 
9 22 <1 1 

10 29 <1 
11 20 

inlet systems used. The mass spectrum of 1- 
iododecane obtained using the direct probe 
sample introduction technique showed a molec- 
ular ion with an intensity 3 % of the base peak 
( m / e  43).  No molecular ion was detected in 
the previously reported (7) mass spectrum of 
1-iododecane. The inlet temperature is known 
to affect the relative intensity of the molecular 
ion (8).  

M +- I and M+-( I  + HI)  Ions: Identification 
of the molecular ion is facilitated by the oc- 
currence in each case of an equally strong or 
stronger peak at 127 mu (mass units) below 
the molecular ion corresponding to the loss 
of an I atom. The M +- I ion subsequently un- 
dergoes loss of HI  to give a prominent peak 
at 255 mu below the molecular ion. Both 
of these fragmentations are accompanied by 
unusually large metastable ion peaks. Loss 
of HI  followed by I or consecutive loss of 
two I atoms are negligible fragmentations path- 
ways. 

I +, HI  + and I~ Ions: The ratio of intensities 
of I § to HI  + ions (127-128) is remarkably 
constant, corresponding to 0.53 +- 0.02 for 
each of the diiodides examined. 

Formation of the I2 + ion (m/e  254) is ob- 
served in the lower members of the series. 
Its relative intensity decreases with increasing 
chain length and becomes of negligible inten- 
sity in the C-9 and larger diiodides. 

I (CH2) + Ions: This series of ions accounts 
for a substantial proportion of the total ion 
current. Their relative intensities within each 
spectrum form a characteristic pattern (Table 
I I ) .  In all cases,  the ICH~ ion peak (m/e  
141) is of low intensity. The I C 2 H ;  ion peak 
( m / e  155), however, is one of the stronger 
peaks in each spectrum. The remaining 
I(CH2) ~ peaks decrease in relative intensity 
until reaching the ion corresponding to M+-I 
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which, as previously described, is always in- 
tense. 
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In Vitro Biosynthesis of/~-Carotene by Bovine 
Corpus Luteum Tissue 

In 1913, WillstStter (1) discovered fl-caro- 
tene in the bovine corpus htteum. Its high 
concentration (2) ,  the close relationship of 
carotenoid and steroid synthesis (3,4),  and 
Porter's isolation of geranylgeranyl pyrophos- 
phate synthetase from pig liver (5) caused us 
to question the assumption that only plant tis- 
sues could synthesize carotenoids (6).  This 
report presenls data demonstrating the ability 
of bovine corpus luteum tissue to synthesize 
fl-carotene. 

Preparations, either slices prepared with a 
Stadie hand microtome or homogenates made 
with an all glass hand homogenizer, were made 
from corpora lutea of freshly slaughtered cows 
and incubated at 37.5 C with ~4C-sodium ace- 
tate (New England Nuclear) .  The radioactive 
sodium acetate was prepurified by paper chro- 
matography. After incubation, the tissue was 
homogenized with peroxide-free ether (distilled 
over ferrous chloride).  After the ether was 
evaporated with a stream of nitrogen, each 
sample was dissolved in absohlte ethanol-60% 
potassium hydroxide (10:1 v /v )  and saponified 
overnight in the dark at room temperature 
under nitrogen. Water  was added and the non- 
saponifiable material extracted with ether and 
washed with water to remove alkali (7).  The 
ether was evaporated with a stream of nitrogen. 
The nonsaponifiable fractions were dissolved in 
acetone, and 10% of each sample was spotted 
on the corner of a 250 p. thick, 20 x 20 cm silica 
gel G thin layer chromatography (TLC) plate. 
In the case of the blank, standard fl-carotene 
was added to the spot. The plates were de- 

veloped in two dimensions with benzene-petro- 
leum ether (6 :4)  and acetone-petroleum ether 
( l  :9).  Following development, the spot corre- 
sponding to fl-carotene standards was scraped 
off and eluted with acetone, using a modified 
Swinny adapter (8) ,  into liquid scintillation 
vials. After evaporation of acetone, fl-carotene 
was dissolved in 1 ml of a 10% benzoyl per- 
oxide-toluene solution and placed in the sunlight 
to bleach the yellow color which can quench 
in liquid scintillation counting (9).  Phosphor 
solution ( I0  ml of a solution of 9 g PBD + 50 
mg POPOP/l i ter  of toluene) was added and 
the samples were counted in a Packard TriCarb 
model 3310 liquid scintillation spectrometer. 

Four incubations (Tables I-IV) were run. 
Three incubations were performed with isotonic 
vanadyl sulfate (VOSO,)  since Azarnoff et al. 
(10) reported that this compound inhibits 
squalene synthetase and it might, therefore, 
push the reaction toward fl-carotene. 

TABLE l 
Incubation I:' 

Sample CPM 

Slices, Nitrogen 119 
Slices, Air 71 
Slices, 95% Oxygen-5% CO: 89 
Homogenate, Nitrogen I1 
Homogenate, Air 3 
Homogenate, 95% Oxygen-5% CO~ 0 

a Each flask contained 5 ml isotonic buffer medium (0.12 
M NaCI, 0.0047 M KCI, 0.0(125 M CaCI~,, 0.0012 M KHePO~, 
0.0012 M MgSO~, 0.0008 M MnCh, and 0.0247 M CO.,- 
saturated NaHCO~), pH 7.4 and 430,000 CPM l:4C-sodium 
acetate (2 uc/#mole) .  The incubation was for 20 hr at 
37.5 C. 
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which, as previously described, is always in- 
tense. 
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The nonsaponifiable fractions were dissolved in 
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on the corner of a 250 p. thick, 20 x 20 cm silica 
gel G thin layer chromatography (TLC) plate. 
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was added to the spot. The plates were de- 
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to bleach the yellow color which can quench 
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solution ( I0  ml of a solution of 9 g PBD + 50 
mg POPOP/l i ter  of toluene) was added and 
the samples were counted in a Packard TriCarb 
model 3310 liquid scintillation spectrometer. 

Four incubations (Tables I-IV) were run. 
Three incubations were performed with isotonic 
vanadyl sulfate (VOSO,)  since Azarnoff et al. 
(10) reported that this compound inhibits 
squalene synthetase and it might, therefore, 
push the reaction toward fl-carotene. 
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saturated NaHCO~), pH 7.4 and 430,000 CPM l:4C-sodium 
acetate (2 uc/#mole) .  The incubation was for 20 hr at 
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TABLE II 

Incubation lla 
TABLE IV 

Incubation IVa 

State of Mg corpus umoles 
Sample tissue luteum VOSO4 C P M / g  

H-0 Homogenate 327. I 0 89 
H-1 Homogenate 572.3 15.4 741 
H-2 Homogenate 416.3 30.8 158 
S-0 Slices 356.8 0 8720 
S-1 Slices 329.7 15.4 12780 
S-2 Slices 571.8 30.8 32750 

a Each flask contained 5 ml isotonic buffer medium and 
106 CPM 1-14C-sodium acetate. The incubation was under 
nitrogen for 20 hr at 37.5 C. 

Proof for the identification of B-carotene was 
as follows. The spot scraped off each plate was 
the most brightly colored of all the spots, and 
B-carotene is the predominant yellow pigment 
of the corpus luteum. The spot had the same 
R f  in both solvent systems as authentic B-caro- 
tene (0.74 benzene-petroleum ether and 0.79 
in acetone-petroleum ether).  When measured 
with a Cary model 14 spectrophotometer, the 
radioactive samples had the same spectrum in 
hexane (peaks at 477, 450 and 425 m/z) as 
the standard and as reported in the literature 
(11).  Infrared spectra of potassium bromide 
disks of sample and standard, taken with a 
Perkin Elmer model 257 infrared spectropho- 
tometer, matched each other. The most radio- 
active samples were pooled; added to non-radio- 
active B-carotene and recrystallized to constant 
specific activity from hexane-95% e t h a n o l  
(5: I ). After  each recrystallization, the crystals 
were dissolved in 2-3 ml of benzene, and ali- 
quots removed fo r  counting and spectrophoto- 
metric measurement at 450 m# in hexane. 

1% value (7) values of Using 2505 for the E 1 cm 
41.1, 35.4, and 36.9 counts per minute per 
milligram were obtained after three recrystal- 
lizations, thus demonstrating that the radio- 
activity was in B-carotene. 

It can be seen that B-carotene was synthe- 
sized in the bovine corpus luteum. An average 
recovery of 63% (range: 61-65%) was ob- 

TABLE I l i  

Incubation Il l  a 

Mg corpus #moles 
Sample luteum slices VOSO4 C P M / g  

0 310.6 0 9,300 
2 303.0 30.8 36,400 
4 674.6 61.6 50,800 
6 241.0 92.4 6,460 
8 512.7 123.2 4,420 

I0 443.6 154.0 10,100 

aEach flask contained 5 ml buffer medium and 850,000 
CPM 2-~4C-sodium acetate (2 #e/~tmole). The incubation 
was under nitrogen for 8 hr at 37.5 C. 

Mg corpus micro- 
luteum u moles grams 

Sample slices VOSO4 B-carotene CPM/g  

0 360.7 0 9.8 265 
30 512.5 46.2 13.9 9180 
35 337.1 53.9 4.2 21750 
40 408.4 61.6 7.2 5380 
45 372.5 69.3 5.7 100 
50 287.7 77.0 5.5 0 
80 396.5 123.2 6.5 0 

100 417.4 154.0 4.0 119 
120 477.4 184.8 3.2 9 

aEach flask contained 5 ml buffer medium and 632,500 
CPM 2-14C-sodium acetate. The incubation was under nitro- 
gen for 8 hr. The amount of //-carotene was measured 
spectrophotometrically (Beckman DU-2 spectrophotometer) 
between elution and bleaching at 450 mu, in spectral grade 
hexane. 

tained for B-carotene (measured spectrophoto- 
metrically). A conversion of  1.8% of the 
1'C-sodium acetate into B-carotene was found 
under our best conditions. Since the slices gave 
a better yield than homogenates, one could 
suspect a membrane phenomenon. More likely 
the many different reactions between acetate 
and B-carotene may take place in different 
organelles as is the case in steroid synthesis 
(12). Homogenization dilutes the intermediates 
into the total buffer volume rather than just 
the volume of the cellular cytoplasm. 

Maximum ft--carotene synthesis was reached 
at a VOSO 4 concentration of 350/,t l i ter/5 ml 
buffer (i.e., 0.01 molar) ;  slightly higher con- 
centrations inhibited the conversion. At  even 
higher concentrations, above 0.023 molar, the 
synthesis was once more increased. Both in- 
cubations III  and IV show this same effect. 
This may be because VOSO 4 inhibits other 
enzymes than squalene synthetase (10,13,14), 
and that it may react with varying enzymes 
with differing inhibitor constants. 

Nitrogen was the best atmosphere for the 
incubation, probably because the cyclization of 
squalene, in this case a side reaction, requires 
molecular oxygen (15).  These experiments 
demonstrated the ability of bovine c o r p u s  
luteum tissue to synthesize B-carotene. 
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Mass Spectrometry of Derivatives of Cyclopentenyl Fatty Acids 

Several fatty acids with a cyclopentenyl ring 
at the end of the fatty acid chain are found in 
the seed fats of Hydnocarpus and other genera 
of Flacourtiaceae which are used in treatment 
of leprosy. These acids include hydnocarpic 
( l l - (cyclopent-2-enyl)undecanoic) ,  chaulmo- 
ogric (13-(cyclopent-2-enyl)-tridecanoic) and 
g o r l i c  ( 1 3- (cyclopent-2-enyl)-tridec-6-enoic) 
acids. This paper describes how the mass spec- 
tra of these and certain of their derivatives 
could aid in identification of these and similar 
substances. 

Hydnocarpic, chaulmoogric and gorlic acids 
were obtained from Hydnocarpus wightiana 
seed oil, and were at least 99.5% pure by GLC 
and TLC. The saturated derivatives were pre- 
pared either by hydrogenation over palladium 
oxide catalyst or by deuteration with deutero- 
h y d r a z i n e  (N._,D~.DzO; M e r c k ,  S h a r p e  & 
Dohme of Canada, Ltd.) in anhydrous dioxane. 
Methyl hydnocarpate was reduced to the alco- 
hol with lithium aluminum hydride, and the 
methanesulfonate derived from this was reduced 
similarly to the hydrocarbon. 

The mass spectra were r e c o r d e d  with a 
Hitachi Perkin-Elmer RMU-6D instrument us- 
ing the liquid injection system at 160 C. Spectra 
were obtained at an ionization potential of 80 
eV and also at the lowest voltage which gave 
a countable spectrum for the following: methyl 
h y d n o c a r p a t e ,  ethyl hydnocarpate, methyl 
hydnocarpate-cyclopropane derivative, hydno- 
carpic acid, methyl d i h y d r o h y d n o c a r p a t e ,  
methyl dideuterohydnocarpate, dihydrohydno- 
carpic acid, 1-undecylcyclopent-2-ene, 1-unde- 
cylcyclopentane, 1 - d e c y c l o h e x a n e ,  m e t h y l  
chaulmoograte, methyl dihydrochaulmoograte 
and methyl gorlate. 

The mass spectrum of methyl hydnocarpate 
at 80 eV is depicted in Figure I. Prominent 
peaks are the molecular peak (M -- 266), m/e  
= 185 (cleavage fl to the cyclopentene ring), 
m/e  = 153, (CH2 = CH(CH2)TCO-) ,  and 
m/e  = 82. This last, the base peak at low 
voltages, presumably represents a fragment 
comprising the cyclopentene ring plus one other 
methylene group and a hydrogen atom trans- 
ferred from the chain. At 80 eV, the major 
peak is at m/e  = 67, probably the cyclopentene 
ring itself. These assignments are made because 
although in the spectrum of the ethyl ester, 
those peaks at m/e  -- M-32 and m/e  = 185 
are replaced by similar ones at m/e  = M-46 
and m/e  -- 199, those at m/e  = 153 and m/e  
= 82 remain unchanged. The McLafferty re- 
arrangement ion (1) at m/e  = 74 is apparent 
though not prominent. Many of these peaks 
were even more pronounced in the low voltage 
spectrum. In 1-undecylcyclopent-2-ene the base 
peak was also at m/e  = 82, though the pres- 
ence of a very large peak at m/e  = 67 indicates 
that fragmentation adjacent to the cyclopentene 
ring also occurs in this case. Cleavage also 
occurs in the aliphatic chain and smaller peaks 
are found at m/e = 194 (M-28), m/e  = 180 
(M-43) and m/e  = 166 (M-56). 

The spectra of methyl chaulmoograte were 
analogous to those of methyl hydnocarpate. 
Prominent metastable peaks confirmed the fol- 
lowing transitions: m/e  = 233.5, 294 ---> 262 
+ 32; m/e  = 154.3, 294 ~ 213 + 81; m/e  = 
153.8, 213 ~ 181 + 32; m/e  = 146.8, 181 
---> I63 + 18. 

The spectra of methyl gorlate (Fig. 1) ex- 
hibited quite different features and hydrocarbon 
peaks predominated at both high and low ioni- 
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= 82 remain unchanged. The McLafferty re- 
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peak was also at m/e  = 82, though the pres- 
ence of a very large peak at m/e  = 67 indicates 
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ring also occurs in this case. Cleavage also 
occurs in the aliphatic chain and smaller peaks 
are found at m/e = 194 (M-28), m/e  = 180 
(M-43) and m/e  = 166 (M-56). 
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Prominent metastable peaks confirmed the fol- 
lowing transitions: m/e  = 233.5, 294 ---> 262 
+ 32; m/e  = 154.3, 294 ~ 213 + 81; m/e  = 
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zation potentials. In the 80 eV spectrum, the 
base peak was at m/e  = 67, and the only other 
intense peak was m/e  = 80. At low voltage 
the base peak was m/e  = 80, formally equiva- 
lent to the dihydrofulvene ion CsH6=CH~. +, 
and series of similar alkyl dihydrofulvene ions 
occurred, with the probable structures CsH~ = 
CH(CH~)n + and C~H~ = CH(CH2),~H +. The 
intense peaks were m/e  = 149 (n = 5) and 
m/e  = 121 (n = 3), with smaller ones at m /e  
= 1 3 5  (n  = 4 )  > 178  (n  = 7 )  > 163  (n  = 
6) > 94 (n = 1) > 108 (n = 2). The only 
oxygen-containing ions were the small molecu- 
lar peak and a small peak at m /e  = 260 formed 
by loss of methanol. " 

The mass spectra of methyl dihydrohydno- 
carpate (Fig. 1 ) were very similar to those of 
methyl palmitate, m/e  = 74 being the base 
peak for both. In the high mass region, peaks 
at m /e  = 225 (M-43), m /e  -- 199, and m/e  
= 143 occurred, which are also characteristic 
of normal fatty acid esters (2). At low volt- 
ages, though the base peak was still at m /e  -- 
74, the peak at m /e  -- 199 (M-CsH~r ing )  
was almost as large, and those at m /e  -- 143 
and 225, characteristic of normal saturated 
methyl esters, were smaller. Fission to give a 
fragment -(CH2)10CO2CH3 occurs with most 
long straight-chain saturated fatty acids at high 
voltages, but virtually disappears at low energy. 
The presence of the large peak at m /e  -- 199 
at a low voltage, therefore is in this case in- 
dicative of fragmentation at a cyclopentane 
ring. The spectra of the ester deuterated in the 
cyclopentane ring confirmed that fragmentation 
occurred in the manner described, for the only 
peaks obviously containing deuterium were the 
peak at M = 270 and that at m/e  -- M-43, the 
latter resulting from a rearrangement involving 
the expulsion of a 3 carbon fragment from the 
carboxyl end of the chain (3). Analogous 
spectra were given by methyl dihydrochaulmo- 
ograte, though an ion at m /e  -- 69 which might 
be expected for the cyclopentane ring itself, 
was not ,abundant. In contrast to this, the spec- 
tra of 1-undecylcyclopentane exhibited base 
peaks at m /e  = 69 at both high and low volt- 
ages, corresponding to fragmentation at the 
cyclopentane ring. Fission also occurred at 
virtually every position in the aliphatic chain, 
however, to give regular series of ring-contain- 
ing and aliphatic fragments. Similarly, 1-de- 
cylcyclohexane (supplied by American Petro- 
leum Institute) had as its base peak at both 
high and low voltages an ion of m /e  = 83, 

implying ready cleavage at the cyclohexane 
ring. 

The mass spectrum of methyl 11-cyclohexyl- 
undecanoate isolated from butter fat (4) was 
reported to be so similar to that of the corre- 
sponding normal saturated acid at high voltage 
that the size of the ring could not be deduced. 
In our studies the mass spectra of cyclopentenyl 
and cyclopentyl fatty esters are distinct from 
those of corresponding normal unsaturated or 
saturated esters. Particularly helpful spectra 
were obtained at low ionization potentials, al.- 
though such spectra are not quantitatively re- 
producible, and are therefore not shown here. 
With the cyclopentenyl esters, the principal 
mode of cleavage is fl to the 5-membered ring, 
whereas with the corresponding saturated com- 
pounds, cleavage is adjacent to the ring. The 
additional double bond in methyl gorlate en- 
hanced stability of cyclic ions which dominate 
its spectra. At 80 eV, the spectra of the sat- 
urated cyclic substances are so similar to those 
of the corresponding normal saturated esters 
that it was impossible to determine the size of 
the ring. At low ionization potentials, how- 
ever, the distinction became obvious. 
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Changes in Phospholipid Composition of Human Aorta With Age 
Changes in the amount of sphingomyelin in 

human aorta related to both age and athero- 
sclerosis have been reported (1) .  The uncer- 
tainties with regard to the effects of postmortem 
changes, sampling procedures and analytical 
techniques in the earlier studies prompted us 
to reinvestigate the relationship of age and phos- 
pholipid distribution. With newer techniques 
for sampling and phospholipid analysis, we 
find that aorta sphingomyelin increases ex- 
ponentially with age rather than linearly as 
previously reported. This exponential increase 
is accompanied by an exponential decrease of 
most of the other phospholipids. 

We extracted total lipid with chloroform- 
methanol (2 :1)  as previously described (2) 
but never took the lipid to complete dryness. 
Instead, methanol and water were removed by 

SPHINGOMYELIN  
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"-~ 60- 

< 

50- 

40- ; 

30- ~ 

25 
I I I I / 

35 45 55 
~ of Total Pho,phohpid 

FIG. 1. A plot of sphingomyelin content of hu- 
man male aorta at different ages. Open circles nor- 
mal aortas and x's grossly sclerotic aortas (see text 
for details). 
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repeated addition of chloroform followed by 
evaporation to small volume. The moist lipid 
dissolved in chloroform-methanol (19:1 ) satu- 
rated with water was then applied to a Sepha- 
dex column for removal of nonlipid (3).  Lipid 
in the first fraction from Sephadex was dis- 
solved in a convenient volume of chloroform- 
methanol (9:1 or 2:1)  and total lipid deter- 
mined by weighing on a Cahn microbalance 
(4) the solids obtained from a small aliquot. 
The molar amounts of the phospholipids were 
determined by two-dimensional thin layer chro- 
matography (TLC)  and phosphorus analysis of 
spots (5).  

Postmortem enzymatic degradation results in 
release of free fatty acids from phospholipids 
and production of various lysophospholipids. 
The effect of such changes was evaluated. Table 
1 shows minimal changes for bovine aorta when 
it stood at 23 C for 24 hr postmortem. TLC 
showed no visible rise in the level of free fatty 
acid after 24 hr standing nor a fall of phos- 
pholipid values. Human aortas obtained 6-18 
hr postmortem also had a low level of free fatty 
acid, and there was no correlation between 
the number of hours of standing postmortem 
prior to freezing or  extraction and the phos- 
pholipid distribution or free fatty acid level. 
Postmortem enzymatic degradation thus appears 
to be of little significance in studies of human 
aorta lipids. 

There are distinct regional variations in phos- 
pholipid composition of human aorta (Table 
I) .  This was demonstrated as follows. An 
aorta from the heart to the point of bifurcation 
in the abdomen was cut longitudinally into two 
equal pieces. One of these was further divided 
into the ascending portion, the descending 
thoracic portion and the abdominal segment. 
Each part was analyzed separately and com- 
pared to the analysis of the other half of the 
aorta. The phospholipid values of the different 
segments of the aorta (Table I) were different 
which means that representative samples of the 
whole aorta are required for precise determina- 
tion of age related changes. Subsequent anal- 
yses were of homogenates of samples of aorta 
from the heart to the major bifurcation in the 
abdomen. 

We compared the lipid composition of eight 
carefully selected normal aortas, essentially 
free of vascular disease, with two that were 
grossly sclerotic. One of the sclerotic aortas 
(from a 58 year old man) had about half its 
surface covered with plaques and the other 
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T A B L E  I 

Effect of  Standing Pos tmor t em and Regiona l  Var ia t ions  on Phosphol ip id  Compos i t ion  of  A o r t a  a 

233 

Bovine H u m a n  

Af t e r  24 hr  Descend ing  
Fresh  at 23 C Whole  Ascend ing  Thorac ic  Abdomina l  

Phosphat idyl  33.0 33.0 30.2 28.7 28.8 30.4 
choline -+ 0.49 -+ 0.64 -+ 0.94 -+ 0.56 -+ 0.60 -+ 1.3 

Phosphat idyl  24.4 23.4 17.4 17.3 16.4 19.5 
e thanolamine  -+0.17 -+0.27 -+0.66 -+0.23 -+0.35 -+ 1.3 

Phosphat idy l  !0.1 10.6 7.5 8.4 7.3 9.3 
serine -+0.08 -+0.15 -+0.18 -+0.16 -+0.10 -+0.35 

Phosphat idyl  5.1 4.7 2.9 3.1 2.5 4.7 
inosi tol  -+0.33 -+0.33 -+0.07 -+0.16 -+0.10 -+0.20 

Phosphat id ic  0.8 0.7 0.6 0.5 0.4 0.8 
ac id  -+0.12 -+0.15 -+0.26 -+0.08 -+0.25 

Diphospha t idy l  1.8 0.4 0.7 1.1 0.8 1.5 
glycerol -+0.35 -+0.20 -+0.15 

Sphingomyel i  n 22.2 22.0 38.1 39.3 41.1 31.7 
�9 +0.68 -+0.55 -+0.52 -+0.57 -+0.55 -+1.3 

Lysophosphat idyl  0.4 0.9 1.2 0.8 0.6 1.2 
choline -+ 0.11 -+0.a5 -+ 0.10 -+ 0.65 

Otherb 2.2 4.3 1.4 0.8 2.1 0.9 

aVa lues  as percentage  of  the lipid phosphorus  -+ s tandard  deviation.  
~ T h e  difference between total  phosphorus  and that  o f  the lipid classes identified. 

(from a 90 year old man) was almost entirely 
covered with lesions. Although phospholipid 
composition of the aorta changed markedly 
with advancing age (Table I I ) ,  the changes 
were not related to the presence,of athero- 
sclerotic lesions. Sphingomyelin i n c r e a s e d  
steadily with increase in age whereas most other 
phospholipids decreased. When the changes 

with age are considered, the level of sphingo- 
myelin in the grossly sclerotic vessels does not 
appear to be greatly elevated. 

A plot of the logarithm of age in years (from 
25 to 72 years) versus the percentage of total 
sphingomyelin phosphorus of normal male 
aortas gave a straight line (Fig. 1) expressed 
by the following regression equation: per cent 

T A B L E  I I  
Phosphol ipids  of N o r m a l  and Atherosclerot ic  H u m a n  Aor tas  a 

N o r m a l  males  N o r m a l  females  
Atherosc lerot ic  

males  

1 day 25 yrs 31 yrs 41 yrs 54 yrs 72 yrs 17 yrs 24 yrs 58 yrs 90 ym 

Phosphat idyl  32.9 30.2 27.8 26.1 20.8 21.8 34.0 25.7 24.0 23.8 
choline -+1.3 -+0.94 -+0.78 -+0.32 -+1.10 -+0.67 -+0.01 -+0.65 -+0.44 -+0.68 

Phosphat idyl  24.2 17.4 14.1 5.9 11.6 10.0 20.8 14.2 7.3 3.5 
e thano lamine  -+0.29 -+0.66 -+0.38 -+0.16 -+0.70 -+0.40 -+0.50 -+0.55 -+0.23 -+0.30 

Phosphat idyl  9.8 7.5 7.3 2.7 4.6 4.3 9.1 7.4 3.0 2.9 
serine -+0.50 -+0.18 -+0.22 -+0,20 -+0.01 -+0.57 -+0.15 -+0.25 -+0.35 -+0.25 

Phosphat idyl  5A 2.9 2.8 2.1 1.7 1.3 4.7 3.5 1.7 2.2 
inositol  -+0.01 -+0.07 -+0.30 -+0.07 -+0.01 -+0.20 -+0.15 -+0.20 -+0.07 -+0.09 

Phosphat idic  T 0.6 0.2 0.6 T T 0.6 0.5 T T 
acid -+0.30 

Diphosphat idy l  1.1 0.7 0.7 0.5 0.3 T 1.4 1.5 0.4 T 
glycerol -+0.02 -+0.15 

Sphingomyel in  15.3 38.1 42.1 47,1 51.5 55.7 26.3 29.6 55.1 51.9 
-+0.01 -+0.52 -+0.01 -+1.20 -+1.00 -+0.75 -+0.01 -+0.53 -+0.45 -+0.50 

Lysophosphat idyl  0.7 1.2 ~ 1.8 6.9 1.6 1,6 0.6 2.8 4.8 4.5 
choline -+0.11 -+0.18 -+0.50 _+0:20 -+0.70 -+0.13 -+0.25 -+0.07 -+0.10 

Otherb 10.9 1.4 3.2 8.1 7.9 5.3 2.5 14.8 3.7 11.2 

Sphingomyel in  .... 38.5 42.1 46.8 51.4 56.2 

Calculatede 

aValues  as m e a n  wi th  s t andard  deviat ion when  four  or  more  de terminat ions  were made .  

T,  t race,  deteCtable but  not  measurable~ 
b T h e  difference between total phosphorus  and that  o f  the  ~ ]ipids shown.  
e F r o m  equat ion  percent  sphingomyel in  = 38.44 (loglo age yea r s ) - -15 .20  (see t ex t ) .  

LIPIDS, VOL. 4, NO. 3 



234 SHORT COMMUNICATIONS 

sphingomyelin (as percentage of the lipid phos- 
phorus) --. 38.44 (log age in years)-15.20. 
Similar plots for the other major phospholipid 
classes also gave straight lines but with opposite 
slopes. Equations for the other phospholipids 
were: per cent phosphatidyl choline = 54.91- 
17.88 (log age in years); per cent phosphatidyl 
ethanolamine = 38.73-15.71 (log age in years);  
per cent phosphatidyl serine -- 19.31-8.262 
(log age in years); and per cent phosphatidyl 
inositol = 8.315-3.804 (log age in years). 

The values for females did not fall on the 
line for males. Female aortas at any particular 
age appear to contain less sphingomyelin. When 
the phospholipid values for the aorta of a new- 
born infant are compared to those of adults, 
it is apparent that there is a greater rate of in- 
crease of sphingomyelin content from birth to 
about 20 years than there is from 20 years 
onward. 

GEORGE ROUSER 
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Isolation of Highly Purified Human and Bovine Brain Endothelial 
Cells and Nuclei and Their Phospholipid Composition 

Pure preparation of organelles and individual 
cell types from brain are required for deter- 
mination of their composition and metabolic 
characteristics. In this report, we describe a 
procedure for preparing highly purified endo- 
thelial cells (capillaries) and nuclei from hu- 
man and bovine brains and present phospholipid 
compositions of typical preparations of these 
and renal glomeruli which demonstrate in par- 
ticular a lack of organ and species variability 
for capillary structures. 

The isolation procedure (Fig. 1) employs 
modifications of differential and density grad- 
ient centrifugation commonly used for separa- 
tions. Special features of the procedure are: 
large scale preparation; Sephadex G-25 used for 
separation of nuclei and endothelial cells; and 
foam concentration and glass bead column fil- 
tration used for further purification of endo- 
thelial cells. 

Endothelial cell preparations from bovine 
and human brains appear to be free of other 
brain structures as judged by phase contrast 
microscopy (Fig. 2), although some prepara- 
tions contain fine glass bead particles derived 
from the glass bead columns. Electron micro- 
scopy (Fig. 3) shows the typical structural 
characteristics of i s o l a t e d  endothelial cells. 
Phase contrast microscopy of nuclei isolated 

from bovine brain (Fig. 4) show predominately 
larger neuronal nuclei with some smaller glial 
nuclei. Contaminating structures other than 
Sephadex particles are barely detectable. Elec- 
tron microscopy also indicates bovine brain 
nuclei to be practically free of adhering con- 
taminants. When applied to human brain, the 
procedure gives preparations largely of the 
smaller glial cell nuclei which can be seen to 
have cytoplasmic material adhering to the nu- 
clear membrane (Fig. 5). It seems probable 
that the difference bctwecn bovine and human 
preparations arises largely from the unavoidable 
and more extensive postmortem changes in hu- 
man brain. Although other investigators (1) 
have prepared highly purified nuclei, to our 
knowledge no one has previously prepared pure 
endothelial cells. 

We extracted the lipids, separated them from 
nonlipid substances, and determined phospho- 
lipids by previously described procedures (2,3). 
The phospholipid values (Table 1) from three 
different bovine brain endothelial cell prepara- 
tions show constant composition. A pure endo- 
thelial cell preparation from human b r a i n  
(column 4, Table 1) showed a composition 
similar to that of bovine brain thus demon- 
strating a lack of species variability. Glycolipid 
was not detected in the purest preparations of 
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sphingomyelin (as percentage of the lipid phos- 
phorus) --. 38.44 (log age in years)-15.20. 
Similar plots for the other major phospholipid 
classes also gave straight lines but with opposite 
slopes. Equations for the other phospholipids 
were: per cent phosphatidyl choline = 54.91- 
17.88 (log age in years); per cent phosphatidyl 
ethanolamine = 38.73-15.71 (log age in years);  
per cent phosphatidyl serine -- 19.31-8.262 
(log age in years); and per cent phosphatidyl 
inositol = 8.315-3.804 (log age in years). 

The values for females did not fall on the 
line for males. Female aortas at any particular 
age appear to contain less sphingomyelin. When 
the phospholipid values for the aorta of a new- 
born infant are compared to those of adults, 
it is apparent that there is a greater rate of in- 
crease of sphingomyelin content from birth to 
about 20 years than there is from 20 years 
onward. 
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Isolation of Highly Purified Human and Bovine Brain Endothelial 
Cells and Nuclei and Their Phospholipid Composition 

Pure preparation of organelles and individual 
cell types from brain are required for deter- 
mination of their composition and metabolic 
characteristics. In this report, we describe a 
procedure for preparing highly purified endo- 
thelial cells (capillaries) and nuclei from hu- 
man and bovine brains and present phospholipid 
compositions of typical preparations of these 
and renal glomeruli which demonstrate in par- 
ticular a lack of organ and species variability 
for capillary structures. 

The isolation procedure (Fig. 1) employs 
modifications of differential and density grad- 
ient centrifugation commonly used for separa- 
tions. Special features of the procedure are: 
large scale preparation; Sephadex G-25 used for 
separation of nuclei and endothelial cells; and 
foam concentration and glass bead column fil- 
tration used for further purification of endo- 
thelial cells. 

Endothelial cell preparations from bovine 
and human brains appear to be free of other 
brain structures as judged by phase contrast 
microscopy (Fig. 2), although some prepara- 
tions contain fine glass bead particles derived 
from the glass bead columns. Electron micro- 
scopy (Fig. 3) shows the typical structural 
characteristics of i s o l a t e d  endothelial cells. 
Phase contrast microscopy of nuclei isolated 

from bovine brain (Fig. 4) show predominately 
larger neuronal nuclei with some smaller glial 
nuclei. Contaminating structures other than 
Sephadex particles are barely detectable. Elec- 
tron microscopy also indicates bovine brain 
nuclei to be practically free of adhering con- 
taminants. When applied to human brain, the 
procedure gives preparations largely of the 
smaller glial cell nuclei which can be seen to 
have cytoplasmic material adhering to the nu- 
clear membrane (Fig. 5). It seems probable 
that the difference bctwecn bovine and human 
preparations arises largely from the unavoidable 
and more extensive postmortem changes in hu- 
man brain. Although other investigators (1) 
have prepared highly purified nuclei, to our 
knowledge no one has previously prepared pure 
endothelial cells. 

We extracted the lipids, separated them from 
nonlipid substances, and determined phospho- 
lipids by previously described procedures (2,3). 
The phospholipid values (Table 1) from three 
different bovine brain endothelial cell prepara- 
tions show constant composition. A pure endo- 
thelial cell preparation from human b r a i n  
(column 4, Table 1) showed a composition 
similar to that of bovine brain thus demon- 
strating a lack of species variability. Glycolipid 
was not detected in the purest preparations of 
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Isolation of  Nuclei and Endothelial Cells' 
Fresh brain (1.2-1.4 kg) cut into t/4-t/2 in. coronal sections, placed in soln. 1 [2], drained, gray matter 
removed, chopped in 1 liter soln. 2 [3], drained, homogenized (loose-fitting 200 ml Potter-Elvehjem 
type) [5] in soln. 3 [4], diluted to 3 liters with soln. 2 [3] and passed through a 10 mesh sieve [6]. Cen- 
trifugations as follows: 

1000 g 20,.in [71 ~, 

P, plus P~ S, 
resuspended to 1.3 liter with so ln .  ~ 1000 g. 30 min [7] 

2 131; 1000 g, 30 rain 17] p , , m - ' " " - ' " "  "--.-,k S-, 
discard 

g~ 
discard 

P, 
lesuspended to 0.5 liter with solm 4 [81, mix 

with 1 vol. soln. 5 [91; 7000 g. 45 rain 17] I- S, 
rehomogenizr 

1 / 7000 g. 45 min [71 

P, plus P, 
resospend in I liter soln. 4 [8. I0], pass 
through I 1 • 10 em G-25 column [ I 1 ] ---~ F~ [12] 

collect, blend 1131 gel-particle mixture 
with 2 vol. soln. 4 18]. pass through 
2ndl l  • i0cm G-25coluran [11] ~ F~[121 

collect, blend [131 to produce foam of gel- 
particle mixture with I vol. soln. 4 [8], 
collect foam [14]. concentrate [151. add 
BSA [16[. resuspend in soln. 4 18], pass 
through 4.5 • 10 era O-25 column [11] ~ F= [t2] 

collect, blend [131 to produce foam of gel- 
particle mixture with 1 vol. soln. 4 [8], 
collect foam [141, concentrate [15], add 
BSA [16], resuspend in soln. 418], pass 
through 50.60 mesh glass bead col. 117] ~ F. [121 

collect, blend [I 3] bead-particle mixture 
with I vol. soln. 4 [8], collect foam [14]. 
concentrate [15], re,eat R,.R, treatment. 
final concentrate (F, disc~rdl 

Endothelial cells [ I  81 

Fig. 1 

S, 
discard 

F, + F: Jr F= "~ F, [121 

7000 g. 30 rain [7] 

discard P, [ I gl 
lesuspcnd tO 0.5 liter with soln. 6. 

[19]: 23.500 g. 10 rain [20] 

discard resus~nd to 0.5 liter with soln. 6 
[191:23.500 g. l0 rain [201 

/ , 
e. L181 

discard Jesur, pend to 0.25 liter with soln. 6. 
[19]. pass through 4.7 x 10 cm 

/ G ' 2 5  r 1 7 6  [111 

R, F~ 
discard mix with I vol. soln. 5 [9]; 

23,500 g~20 rain 

S. P. 
discard tesusperld in 1.2 M sucrose. 

cycle through N, gradient 2 
tinw.s; 40,1300 g, 20 rnin [21,221 

S~, discard, P~ 

Nuclei [231 

[I] All  centrifugations,  manipulat ions and solutions at 4 C. Abbreviatiorts:  P, pellet; S, supernatant;  R, visible residue 
in column bed; F', filtrate. 

[2] Solut ion I:  0.4 M sucrose containing 10,000 units of  beparin. 
[3] Solut ion 2 : 0 . 4  M sucrose. 
[4] Solut ion 3: l liter 0.4 M sucrose containing 20,000 units of heparin and 1 ml of 0.1 M adenosine tr iphosphate 

( A T P ) .  
[5] 5-6 passes at 1200 rpm, 0.010 in. clearance. 
[6] Final  filtrate represents approximately 550 g of tissue. 
[71 Sorvall  RC-3, HG..4 rotor. 
[8] Solut ion 4 : 0 . 4  M sucrose containing 0.1 m M  CaCI~, 1 mM ATP, 0.5 mM 2-N-morpholino ethanesulfonic acid 

buffer [MES) ,  pH 6.1. 
[9] Solut ion 5 : 2 . 0  M sucrose. 

[10] Plus 1000 units heparin. 
[I1] Sephadex G-25, coarse, swell gel ha solution 4 for 30-60 rain; apply sample, pass 1 bed volume soln. 4 through, stir 

residue layer, repeat with two addit ional  bed volumes. 
[12] F~, F~, Fa, Ft combined for recovery of nuceli. 
[13] 1-2 sec in 500 ml War ing  blendor. 
[14] Repeat foam product ion (3-4 t imes) until  foam free of endothelial  cells. 
[15] Centrifuge in 30 ml Corex centrifuge tubes, in HG-4 rotor, 10(10 g, 10 rain. 
[16J 10% bovine serum albumin in 0.9% saline. 
[17] Glass beads, 50-60 mesh (#090  Minnesota  Mining & Manuf.  Co.)  packed in solution 4. 
[18] Yield: 2-5 g. 
[19] Solution 6: 0.83% NH;CI solution. 
[20] Lourdes Model A, VRA rotor. 
[21] N~ Gradient: linear, 1.2 M to 2.25 M sucrose. 
[22] Spinco Model L-2, SW..~.= rotor. 
[23] Yield I-2 g. 
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TABLE I 
Phospholipid Composition of Bovine and Human Brain Endothelial Cells 

Lipid Class a 

Human 
Bovine Endothelia.l Human Human 

Endothelial Cells b Cells Glomeruli e Aortaa 

1 2 3 4 5 6 

Phosphatidyl 32.4 32.2 31.8 33.2 70.3 32.9 
choline • • -+0.5 -+0.2 +0.1 -+0.9 

Phosphatidyl 23.5 24.6 23.6 25 2 24.2 24.2 
ethanolamine -+0.2 • -+0.4 _+0,4 -+0.1 -+0.3 

Phosphatidyl 11.0 10.9 10.0 10.7 10.3 9.8 
serine -+0,1 -+0,1 -+0,1 _+0,1 -+0.3 • 

Phosphatidyl 4.3 4.8 4.3 4.8 4.9 5.1 
inositol -+0.5 -+0.1 -+0.1 _+0.2 +_0.1 -+0;1 

Phosphatidyl 0.9 0.8 0.7 ND ND ND 
glycerol -+ 0.1 -+ 0.2 -+ 0.1 

Diphosphatidyl 1.2 1.0 1.5 1,0 2.9 1.1 
glycerol •  • -+0.2 -+0.1 -+0.4 -+0.2 

Phosphatidic 0.9 0.2 0.9 0,3 0.2 0.1 
acid _+0.1 •  -+0,1 -+0,1 -+0.1 _+0.1 

Lysobiphospha- 2.1 0.1 0.3 0.2 ND T 
tidic acid -+0.3 • _+0.1 -+0.1 

Lysophosphatidyl 0.9 0.7 0.8 1.0 1.7 0.7 
choline -+0.2 -+0.2 -+0.1 -+0.1 _+0.2 _+0.2 

Sphingomyelin 20.4 21.2 21.0 17.0 21.1 15.3 
+0.3 -+0.2 -+0.2 -+0.1 • _+0.3 

Misc. minor 0.5 0.2 1.8 1.6 ND 10.7 
-+0.1 -+0.1 _+0.2 _+0.2 -+0.3 

Origin 0.3 0.1 0.3 0.2 0.3 0.2 
-+0.1 _+0.1 -+0.1 -+0.1 •  -+0,1 

Recovery (%)  98.4 96.8 97.0 97.2 97.7 100.1 

aAs percentage of the total lipid phosphorus + standard deviation calculated from a minimum of 4 deter- 
minations. ND, not detected; T, trace. 

bThree pure preparations from different brains. 
elsolated from kidney by filtration. 
dEntire aorta from heart to major bifurcation in abdomen from 1 day old human male. 

FIG. 2. P h a s e  c o n t r a s t  m i c r o g r a p h  o f  a h u m a n  b r a i n  e n d o t h e l i a l  cel l  p r e p a r a t i o n  ( •  2 0 0 i .  T h e  cel ls  
a r e  c o v e r e d  w i t h  s m a l l  l i po fusc in  g r anu l e s ,  a n d  c a p i l l a r y  a n d  s m a l l  a r t e r i o l a r  s t r u c t u r e s  c a n  b e  seen.  

LIPIOS, VOL. 4, N o .  3 
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FIG. 3. Electron micrograph of human brain endothelial cells. In the center is a portion of a capil- 
lary. The capillary endothelial cell contains the lumen and is associated with pericytes; two are visible. 
The basement membranes of both pericytes and endothelial cells are clearly visible (• 

endothelial cells. The phosphotipid composi- 
tion of isolated human renal glomeruli (column 
5, Table I) was very similar to that of brain 
endothelial cells. Thus, capillary structures 
from different organs appear to have the same 
lipid composition which is also' like that of 
whole human aorta at birth (column 6, Table 
I).  

The small variability "in the phospholipid 
composition of bovine brain nuclei preparations 
(Table II) could be correlated with the purity 
of the preparations. Thus, preparation 1 (one 
of the most highly purified to date) had the 
lowest sphingomyelin, phosphatidyl serine, cere- 
broside and sulfatide levels, all of which in- 
dicate minimal contamination with myelin. 

FIG. 4. Phase contrast micrograph of a bovine brain nuclear preparation (X530). See text. 

LIPIDS, VOL. 4, NO. 3 
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FIG. 5. Phase contrast micrograph of a human brain nuclear preparation (•  See text. 

T A B L E  11 

Phospholipid Composi t ion  of Bovine and 
Human Brain Nuclei a 

Bovineb 

Lipid Class I 2 3 Humanc 

Phosphatidyl 54.8 5 3 1 1  48.2 47.6 - 
choline -+ 0.5 •  • • 1.0 

Phosphatidyl 24.2 20.8 23.8 17.8 
ethanolamine • •  +-0.1 •  

Phosphatidyl 4.7 5.0 6.7 9.3 
serine • • • •  

Phosphatid~,l 8.6 7.9 7.1 5.0 
inositol • -+0.2 • -+-0.2 

Phosphatidyl T T 0.4 0.6 
glycerol •  •  

Diphosphat idyl  0.5 N D  N D  0.3 
glycerol "- 0. I • O. 1 

Phosphatidic 0.4 0.6 1.3 1.2 
acid -+0.1 • • •  

Lysobisphospha- 0.2 1.1 0.7 0.2 
tidic acid • • •  • 

Lysophosphatidyl  0.9 N D 1.0 2.5 
choline • l • • 

Sphingomyelin 2.6 3.0 4.9 10.7 
•  •  • •  

Misc. minor 2.4 7.5 2.8 2.0 
•  +0.2 •  •  

Origin 0.1 0.8 0.2 0.6 
• • • •  

Recovery 99.0 99.8 97.7 98.2 

aValues as percentage of the total  l ipid phosphorus -- 
standard deviat ion calculated from a minimum of  four 
determinations;  ND, not detected; T, trace. 

bHighly  purified preparations. 

eContamina ted  with other structures. 

LIvlos, VOL. 4, No. 3 

Diphosphatidyl glycerol is a characteristic mito- 
chondrial lipid (4,5) and thus its presence at a 
low level in preparation 1 indicates little con- 
tamination with mitochondria. No diphospha- 
tidyl glycerol was detected in preparations 2 
and 3, although preparation 3 did have some- 
what higher levels of sphingomyelin, phospha- 
tidyl serine and glycolipids indicating a greater 
contamination with myelin. The lipid composi- 
tion of pure preparations of bovine brain nuclei 
was very similar to that found for nuclei of 
other organs (4).  There thus appears to be 
little organ variability in lipid composition as 
noted also for mitochondria (4,5),  although the 
lipid composition of mitochondria is character- 
istic and different from that of nuclei. The best 
human brain nuclei preparations are more con- 
taminated with material of non-nuclear origin 
as judged by microscopic examination and the 
higher levels of sphingomyelin, phosphatidyl 
serine and glycolipid, presumably derived from 
myelin. In general, lipid analysis appears to be 
a valuable means for judging purity of fractions 
when used in conjunction with microscopic 
examination. 

Phospholipid compositions of our purest 
preparations of nuclei differ significantly from 
the values reported for guinea-pig brain (6) .  
These differences may be explained by the 
presence of endothelial cells, myelin and mito- 
chondria in the nuclear preparations analyzed 
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by the previous investigators. These contam- 
inants are suggested by the higher sphingomye- 
lin values (high in myelin and endothelial 
cells), lower values for phosphatidyl choline, 
and the presence of diphosphatidyl glycerol 
(from mitochondria) which was not detected 
in extracts of most of our bovine brain nuclear 
preparations. The present lipid values for en- 
dothelial cells and glomeruli appear to be the 
first reported. The availability of a rapid pro- 
cedure (2-3 hr) for isolation of highly purified 
endothelial cells provides a novel approach to 
the study of cerebral metabolism and allows 
direct study of the composition and permea- 
bility of these cells and factors influencing their 
metabolic activity. 
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Phospholipid Composition of Human, Bovine and Frog Myelin 
Isolated on a Large Scale From Brain and Spinal Cord 

Myelin has long been considered as a model 
for membrane structure studies, Furthermore, 
the amount of myelin is reduced in several 
pathological states in which it is essential to 
know whether the composition of myelin is 
normal of altered. Our studies of the structures 
(including lipid composition) of membranes 
from human and large animal brains neces- 
sitated development of an isolation procedure 
yielding highly purified myelin from larger 
quantities of tissue than usually employed. This 
report presents a large-scale isolation procedure 
for highly purified myelin from human, bovine 
and frog central nervous system. Also pre- 
sented are the phospholipid class compositions 
of typical myelin preparations which show that 
mammalian and amphibian myelins differ in 
phospholipid composition. 

The procedure (Fig. 1) has three special 
features. First, filtration through glass beads 
removes fibrillar structures encountered par- 
ticularly in human brains showing degenerative 
changes. Second, improved separation of con- 
taminants is achieved in one step by centrifuga- 
tion in slightly acidic buffer and in another with 
the use of a Diodrast-sucrose gradient. Third, 
the volumes of suspensions are reduced rapidly 

by treatment with dextran gel rather than by 
centrifugation. With our procedure, both light 
and heavy myelin are isolated in gram quanti- 
ties from human and bovine brain and spinal 
cord. The procedure was also applied success- 
fully to frog brain and spinal cord. 

Electron microscopy disclosed that heavy 
myelin (Fig. 2) has the lamellar structure com- 
monly associated with myelin, whereas light 
myelin (Fig. 3) is composed of vesicles which 
are generally larger and less dense than micro- 
somal vesicles from the endoplasmic reticulum. 
It is estimated from recovery yalues that about 
80% of the myelin from spinal cord ,and 20% 
of the myelin from cerebral white matter vesicu- 
lated to form light myelin, whereas cerebral 
cortical grey matter homogenates gave almost 
entirely heavy myelin. 

Phospholipid values for brains of adult ani- 
mals (Table I) were obtained after extraction 
(1) and removal of nonlipid contaminants 
(1,2) by phosphorus analysis of spots separated 
by two-dimensional thin layer chromatography 
(3). Significant and variable enzymatic break- 
down is indicated by Values of 0.3-7.9% for 
lysophosphatidyl ethanolamine and the variable 
amount of the total phosphorus that was not 
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by the previous investigators. These contam- 
inants are suggested by the higher sphingomye- 
lin values (high in myelin and endothelial 
cells), lower values for phosphatidyl choline, 
and the presence of diphosphatidyl glycerol 
(from mitochondria) which was not detected 
in extracts of most of our bovine brain nuclear 
preparations. The present lipid values for en- 
dothelial cells and glomeruli appear to be the 
first reported. The availability of a rapid pro- 
cedure (2-3 hr) for isolation of highly purified 
endothelial cells provides a novel approach to 
the study of cerebral metabolism and allows 
direct study of the composition and permea- 
bility of these cells and factors influencing their 
metabolic activity. 
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Phospholipid Composition of Human, Bovine and Frog Myelin 
Isolated on a Large Scale From Brain and Spinal Cord 

Myelin has long been considered as a model 
for membrane structure studies, Furthermore, 
the amount of myelin is reduced in several 
pathological states in which it is essential to 
know whether the composition of myelin is 
normal of altered. Our studies of the structures 
(including lipid composition) of membranes 
from human and large animal brains neces- 
sitated development of an isolation procedure 
yielding highly purified myelin from larger 
quantities of tissue than usually employed. This 
report presents a large-scale isolation procedure 
for highly purified myelin from human, bovine 
and frog central nervous system. Also pre- 
sented are the phospholipid class compositions 
of typical myelin preparations which show that 
mammalian and amphibian myelins differ in 
phospholipid composition. 

The procedure (Fig. 1) has three special 
features. First, filtration through glass beads 
removes fibrillar structures encountered par- 
ticularly in human brains showing degenerative 
changes. Second, improved separation of con- 
taminants is achieved in one step by centrifuga- 
tion in slightly acidic buffer and in another with 
the use of a Diodrast-sucrose gradient. Third, 
the volumes of suspensions are reduced rapidly 

by treatment with dextran gel rather than by 
centrifugation. With our procedure, both light 
and heavy myelin are isolated in gram quanti- 
ties from human and bovine brain and spinal 
cord. The procedure was also applied success- 
fully to frog brain and spinal cord. 

Electron microscopy disclosed that heavy 
myelin (Fig. 2) has the lamellar structure com- 
monly associated with myelin, whereas light 
myelin (Fig. 3) is composed of vesicles which 
are generally larger and less dense than micro- 
somal vesicles from the endoplasmic reticulum. 
It is estimated from recovery yalues that about 
80% of the myelin from spinal cord ,and 20% 
of the myelin from cerebral white matter vesicu- 
lated to form light myelin, whereas cerebral 
cortical grey matter homogenates gave almost 
entirely heavy myelin. 

Phospholipid values for brains of adult ani- 
mals (Table I) were obtained after extraction 
(1) and removal of nonlipid contaminants 
(1,2) by phosphorus analysis of spots separated 
by two-dimensional thin layer chromatography 
(3). Significant and variable enzymatic break- 
down is indicated by Values of 0.3-7.9% for 
lysophosphatidyl ethanolamine and the variable 
amount of the total phosphorus that was not 
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I so la t ion  of  Heavy  and  L igh t  Mye l in  [1]. 

Cu t  f resh  whole  b ra in  (1,2-1.4 kg)  into �88 in. co rona l  sections;  place in solut ion 1 [2]; t r anspor t  to 
the  labora tory ;  drain;  separa te  grey  and  whi te  ma t t e r ;  chop  in solut ion 2 [3]; drain;  adjust  solut ion vol- 
u m e  by  di lut ion of  each  g r a m  of  h o m o g e n a t e  to 2 m l  wi th  so lu t ions  3 [4]; h o m o g e n i z e  in a loose-fit- 
t ing 200 ml  Po t t e r -E lveh jem h o m o g e n i z e r  [5]; dilute to 10 m l / g  wi th  so lu t ion  2 [3]; pass  t h r o u g h  a 10 
m e s h  a l u m i n u m  sieve; add  �88 v o l u m e  solu t ion  4 [6] and  mix .  Cen t r i fuge  as fol lows:  

I 
P1 + S, 

r e suspend  [5], 
59,000 g [7] 

[ 
I 
P~ + $2 
discard 

59,OOO g [7] 
�9 I 

I 
TB2 TB~ 

aspirate  aspirate[ 

I 
combine ,  add  1 vol H20,  resuspend,  
pass  th rough  70-80 mesh  glass bead  

_ ,  colul   [81 
I I 
F~ R1 

add  1 /10 vol 0.5 M M E S  discard 
[9] p lus  3 vol H:O: 

59,000 g [71 

I , 
P3 Ss 

r e suspend  [10] in soln. d iscard 
5 [11]; 107,000 g. 30 min  

I 
P, 

r e suspend  in H~O [10]; cycle 
t h r o u g h  G: grad ien t  [13] 4 

t imes;  38,000 g, 30 m i n  [12] 
aspirate  middle  band ,  concen-  
t ra te  [14], and  r e suspend  in 
H~O [10] be tween  each  cycle 

I 
Heavy  mye l in  

[1 i[ 
S~ 

discard 

Fig. 1 

I 
TB, 

aspirate ,  r e suspend  in H20  [10], 
cycle t h r o u g h  G1 gradient  [15] 
4 t imes;  68,000 g, 60 min  [12]; 

aspirate  middle  band,  concen t ra te  
[16] and  resuspend  in H~O [10] 

be tween  each  cycle 

I 
Light  myel in  

[1] Centrifugations, manipulations and solutions at 4 C. Abbreviations: P, pellet; S, supernatant; TB, top band; F, 
filtrate; R, residue. 

[2] Solution 1 :1  liter 0.4 M sucrose containing 10,000 units heparin. 
[3] Solution 2:0.4 M sucrose. 
[4] Solution 3 : 1  liter 0.4 M sucrose containing 20,1300 units heparin. 
[5] 5-6 passes at 1200 rpm. 
[6] Solution 4:2.0 M sucrose. 
[7] Spinco L-2 #21 rotor, 30 rain from start to max. speed. 
[8] Hydrochloric acid washed glass beads, 70-80 mesh (#100, Minnesota Mining and Manuf. Co.) packed in sol. 2 [3], 
[9] MES (2-N-morpholino ethanesulfonic acid) buffer, pH 6.1. 

[10] Homogenizer with 0.007 in. clearance. 
[11] Solution 5: 5% Diodrast (Iodopyracet, 35%, w/v; Winthrop Labs., N. Y.) in 0.4 M sucrose. 
[12] Spinco L-2, SWzs.2 rotor. 
[13] Gz gradient: linear, 0.4 M sucrose to 10% Diodrast in 0.4 M sucrose. 
[14] Add 1 vol. solution 2 [3] and centrifuge 23,500 g, 20 min, Lourdes Model A, VRA rotor (1.5 liter vol.). 
[15] G1 gradient: linear, distilled water to 0.4 M sucrose. 
[16] Add 4 vol. distilled water, mix, add 260 g dry Sephadex G-25, coarse, per liter, allow to stand 15-30 rain, collect 

free fluid by centrifugation (500 g). 
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Fro. 2. Electron micrograph ( • 12,000) of heavy 
myelin (see text for details). 

positively identified. The effect of these vari- 
ables is minimized (Table I I )  when the sum 
of the values for phosphatidyl ethanolamine 
and lysophosphatidyl ethanolamine is used as 
the correct value for phosphatidyl ethanolamine 

Fro.  3. E l e c t r o n  m i c r o g r a p h  ( • 15 ,000)  o f  l igh t  
m y e l i n  ( see  t ex t  f o r  d e t a i l s ) .  

a n d  t h e  v a l u e s  f o r  t h e  i d e n t i f i e d  l i p i d  c l a s s e s  a r e  

t a k e n  as  1 0 0 %  ( u n i d e n t i f i e d  p h o s p h o r u s - c o n -  

t a i n i n g  s u b s t a n c e s  e l i m i n a t e d ) .  T h e  s i m i l a r i t y  

o f  v a l u e s  f o r  h u m a n  b r a i n  a n d  s p i n a l  c o r d  t h u s  

b e c o m e s  a p p a r e n t .  F u r t h e r m o r e ,  V a l u e s  f o r  

TABLE I 
Phospholipid Composition o f  Myelin 

(Values as percentage of total lipid phosphorus) a 

Lipid Class 

Human Bovine 

Brain b Brainb Brain Brain 
Brainb Brain b mixed mixed Brain mixed mixed 

grey white grey & grey & Spinal white grey & grey & Spinal 
matter matter white white cord matter white white cord 

(heavy) (heavy) (heavy) (light) (light) (heavy) (light) (heavy) (light) 

Frog 

Mixed 
brain & 
spinal 
cord 

(heavy) 

Phosphatidyl 21.0 
choline • 

Phosphatidyl 30,6 
ethauolamine • 

Phosphatidyl 20,5 
serine • 

Phosphatidyl 2.0 
inositol • 0.4 

Phosphatidic 0,5 
acid • 

Sphingomyelin 11.7 
• 

Lysophosphatidyl 5.5 
ethanolamine • 

Lysobisphospha- 0.3 
tidic acid • 

Sum e 92.1 

% P recoveredd 96.9 
No. determinations 4 

20.4 20.5 21.8 18.6 18.8 19.1 18.4 19.7 30.6 
• • • • • • • • • 
27.7 33.8 35.4 36.8 37.2 40.8 36.1 38.4 37.0 
• • • • • • • • • 
17.8 18.6 18.8 15.9 19.1 15.5 18.0 15.3 7.1 

• • • • • • • • • 
1.9 1.7 1.8 1.6 1.0 1.1 1.8 1.2 1.6 

• • • • • • • •  • 
0.6 1.3 1.1 1.4 1.5 1.1 1.7 1.3 3.0 

• • • • • • • • • 
12.7 15.0 16.3 20.7 14.6 18.7 15.0 17.6 4.8 

• • • • • • • • • 
7.9 2.2 2.0 0.3 0.7 0.6 0.2 N D  2.4 

• • • • • • • • 
0.8 1.0 1.0 0.3 ND 0.2 0.4 0.9 ND 

• • • • • • • 
89.8 94.1 98.2 95.6 92.9 97.1 91.6 94.4 86.5 

100.8 97.2 ~ . 6  100.6 99.9 100.8 100.0 99.7 97.1 
8 4 4 4 8 4 4 4 4 

a__. Standard deviation. 
bFrom the same brain. 
e Sum of all identified lipids. 

d pe r cent of total phosphorus applied. 
ND, not detected. 
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TABLE II 
Phospholipids of Myelin 

(Values converted for uniform basis of comparison)a 

Lipid class 

Human Bovine Frog 

Brain Brain Brain Brain Mixed 
Brain Brain mixed mixed Brain mixed mixed brain & 
grey white grey & grey & Spinal white grey & grey & Spinal spinal 

matter matter white white cord matter white white cord cord 
(heavy) (heavy) (heavy) (light) (light) (heavy) (light) (heavy) (light) (heavy) 

Phosphatidyl 23.0 22.8 21.9 22.2 19.5 20.3 20.9 22.2 20.8 36.5 b 
choline 

Phosphatidyl 39.1 39.6 38.3 38.0 38.6 40.8 42.0 44.5 40.6 44.7 
ethanolamine 

Phosphatidyl 22.2 19.7 19.6 19.3 16.7 20.5 21.1 22.4 16.2 8.1 
serine 

Phosphatidyl 2.2 2.1 1.8 1.9 1.7 1.1 1.1 1.2 1.3 1.8 
inositol 

Phosphatidic 0.5 0.8 1.4 1.1 1.5 1.6 1 ~6 1.7 1.4 3.4 
acid 

Sphingomyelin 12.7 14.1 15.9 16.5 21.7 15.7 16.1 17.1 18.7 5.5 
Lysobisphospha- 0.3 0.9 1.1 1.0 0.3 ND ND ND 1.0 ND 

tidic acid 

aUncharacterized substances eliminated so that the lipid classes shown total 100% and the sum of the values for phos- 
phatidyl ethanolamine plus lysophosphatidyl ethanolamine is entered as phosphatidyl ethanolamine. 

bSum of phosphatidyl choline and lysophosphatidyl choline values. 

b o v i n e  b r a i n  a n d  sp ina l  c o r d  a re  s i m i l a r  to  e a c h  
o t h e r  a n d  t o  t h e  v a l u e s  f o r  h u m a n  b r a i n  a n d  
s p i n a l  c o r d  m y e l i n .  I n  c o n t r a s t ,  f r o g  m y e l i n  
c o n t a i n s  m o r e  p h o s p h a t i d y l  c h o l i n e  a n d  p h o s -  
p h a t i d y l  e t h a n o l a m i n e  a n d  less  s p h i n g o m y e l i n  
a n d  p h o s p h a t i d y l  s e r i n e  t h a n  h u m a n  o r  b o v i n e  
m y e l i n .  

A l t h o u g h  t h e  p h o s p h o l i p i d  v a l u e s  o b t a i n e d  
f o r  o u r  m y e l i n  p r e p a r a t i o n s  a r e  d i s t i n c t l y  d i f -  
f e r e n t  f r o m  t h o s e  o b t a i n e d  b y  ea r l i e r  i nves t i -  
g a t o r s  ( 4 - 6 )  w h o  u s e d  d i f f e r en t  p r o c e d u r e s  f o r  
i s o l a t i o n  a n d  a n a l y s i s ,  t h e  g e n e r a l  c o n c l u s i o n s  
f r o m  o u r  s t u d i e s  a re  in  g o o d  a g r e e m e n t  w i t h  
t h o s e  o f  s o m e  p r e v i o u s  r e p o r t s .  T h u s ,  t h e  d o s e  
s i m i l a r i t y  o f  l i gh t  a n d  h e a v y  b o v i n e  b r a i n  m y e -  
l in w a s  r e p o r t e d  b y  N o r t o n  a n d  A u t i l i o  ( 4 )  
a n d  t h e  c l o s e  s i m i l a r i t y  o f  m y e l i n  l ip id  c o m -  
p o s i t i o n  o f  s e v e r a l  m a m m a l i a n  spec i e s  a n d  w a s  
e m p h a s i z e d  b y  E v a n s  a n d  F i n e a n  ( 5 )  w h o  p r e -  
s e n t e d  d a t a  f o r  s eve ra l  spec i e s  a n d  c o m p a r e d  
t he i r  v a l u e s  to  t h o s e  p r e v i o u s l y  r e p o r t e d .  O u r  
d a t a  f o r  f r o g  m y e l i n  d e m o n s t r a t e  in  a d d i t i o n  
t h a t  m y e l i n  f r o m  ,a l o w e r  v e r t e b r a t e  h a s  a d i f -  
f e r e n t  p h o s p h o l i p i d  c o m p o s i t i o n  f r o m  m a m -  
m a l i a n  m y e l i n .  
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Variations Among Vertebrates of Lung 
Phospholipid Class Composition 

Species va r i a t ions  in m e m b r a n e  lipid class 
c o m p o s i t i o n  can be s tudied  by  analys is  o f  h igh-  
ly purif ied subce l lu l a r  pa r t i cu la tes  and  m o r e  
rap id ly  by  analys is  o f  w h o l e  o rgans .  Th i s  r epo r t  
p r e sen t s  ana lyses  o f  lipid c lasses  in h u m a n ,  
bovine ,  rat ,  m o u s e ,  and  f rog  lungs .  T h e  close 
s imi lar i ty  o f  the  va lues  ob t a ined  s h o w s  that ,  
a m o n g  ver tebra tes ,  t he re  is little species  var ia-  
t ion o f  lung  p h o s p h o l i p i d  compos i t i on .  

Rep re sen t a t i ve  s a m p l e s  o f  w h o l e  h u m a n  and  
bovine  lung  w e r e  ob t a i ned  f r o m  h o m o g e n a t e s .  
Severa l  lungs  f r o m  smal l  an ima l s  were  poo led  
and  ext rac ted .  Lipids  were  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 1:2  v / v )  (1 )  

and  nonl ip id  c o n t a m i n a n t s  r e m o v e d  by  Sepha-  
dex c o l u m n  c h r o m a t o g r a p h y  ( 1 , 2 ) .  P h o s p h o -  
lipids were  d e t e r m i n e d  in S e p h a d e x  f r ac t ion  I 
by  p h o s p h o r u s  analys is  o f  spo ts  a f te r  s epa ra t i on  
b y  t w o - d i m e n s i o n a l  thin layer  c h r o m a t o g r a p h y  
( 3 ) .  Tab l e  1 s h o w s  only  smal l  va r i a t ions  in 
c o m p o s i t i o n  w h e n  lung  lipids of  several  indi- 
v idua l  ra ts  were  analyzed.  Likewise,  var ia t ion  
in lipid c o m p o s i t i o n  fo r  the  species  e x a m i n e d  
was  also small .  O n l y  three  va lues  ( 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 h u m a n  lung;  p h o s p h a t i d y l  
cho l ine  and  s p h i n g o m y e l i n  in bov ine  l ung )  were  
dis t inct ly  ou ts ide  the  r ange  obse rved  for  dif- 
f e r e n t  s a m p l e s  o f  r a t  lung.  Even  these  relat ively 

TABLE 1 
Phospholipid Composition of Vertebrate Lungsa 

Ratb 

Sample No. 1 2 3 4 5 
No. of Animals (3) (1) (1) (1) (1) 

% H~O 77.72 80.51 78.94 75.10 75.37 
% Lipid t 3.76 3.49 3.68 3.92 3.10 
Lipid Pg 1.65 1.64 1.40 1.30 1.80 
Phosphatidyl 48.1 45.3 42.7 43.8 44.7 

choline • • • -+0.3 • 
Phosphatidyl 21.4 23.7 21.7 22.3 22. I 

ethanolamine -+0.2 • • -+0.3 • 
Phosphatidyl 9.0 8.6 9.1 9.3 9.0 

serino • 0.1 -+ 0.1 • 0.2 -+ 0.3 • 0.4 
Phosphatidyl 4.0 4.2 3.8 3.9 3.7 

lnositol • 0. I • 0.1 • 0.2 - 0.1 • 0. I 

Phosphatidic 0.1 0.2 0.2 0.4 0.5 
acid -'-0.05 -,-0.1 • • -+0.2 

Diphosphatidyl 0.7 1.2 1.1 1.1 1.2 
glycerol --.0.2 • -+0.0 • --.0.1 

Phosphatidyl 2.6 2.4 2. I 1.6 2.1 
glycerol -+0.3 -+0.2 • • • 

Lysobisphosphatidic 0.4 0.3 0.2 T 0.4 
acid -0.1 • • • 

Lysophosphatidyl 1.1 1.2 1.3 1.6 1.5 
choline -+0.2 • -0.1 -0.1 • 

Lysophosphatidyl 0.5 ND ND T ND 
ethanolamine • 0.2 

Sphingomyelin 10.4 9.6 10. ! 9.9 10.1 
• • • • • 

Sum 98.3 96.7 92.3 93.9 95.3 
Unidentified 0.3 0.5 3.7 0.6 1.2 
% P recovery 98.6 97.2 96.0 94.5 96.5 
No. Determinations 4 4 4 4 4 

Mousee Frogd Humane Bovine 

6 7 8 9 
(12) (8) (1) (1) 

80.46 85.00 89.99 78.32 
3.80 3.90 1.22 3.2 
1.70 1.51 1.14 1.51 

43.7 42.6 47.5 39.5 
- 1.2 • 1.0 •  • 0.5 
20.1 21.2 17.5 21.2 
+0.2 • _*0.4 *0.6 

8.1 7.8 7.0 9.4 
• • *_0.3 --+0.2 

4.1 3.4 3.2 3.3 
• -+0.2 .~0.1 -+0.1 

0.4 0.3 0.5 1.4 
-+0.2 • -,-0.1 • 

1.1 0.9 1.0 1.0 
• -+. 0.1 t0.1 • 

2.4 1.8 2.5 2.0 
-+0.2 • :--.0.2 • 

0.3 0.3 1.5 0.5 
• • • -+0.2 

1.1 0.7 2.0 0.3 
• • • • 
ND O.2 0.6 0.2 

-+0.1 • -+0.1 
9.3 10.8 11.1 16.1 

-+0.3 -+0.3 • -+0.7 
90.6 90.0 94.4 94.9 
2.5 3.6 2.6 2.7 

93.1 93.6 97.0 97.6 
8 12 8 8 

a A s  percentage of  the total lipid phosphorus (Sephadex fraction I) - standard deviation. 
b Wistar strain. 
c Swiss-Webster. 
aRana plpiens (similar re.suits were obtained with the toad, Bu/o boreas). 
eObtained 1 hr 45 rain postmortem. 
tPer cent fresh weight. 

Milligram phosphorus/100 mg lipid. 
T, trace (detectable but too little to determine). 
N D ,  not detected. 
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small differences may have been produced by 
postmortem enzymatic breakdown from the 
greater length of time required to obtain and 
work up the large human and bovine organs. 
Consistent with this interpretation was the find- 
ing that when part  of human lung homogenate 
stood at 23 C for 12 hr the value for phospha- 
tidyl ethanolamine was about 15% lower than 
that of another portion maintained in the frozen 
state. 
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14" Sphingosine, A Novel Sphingosine Base From 
Procambarus Clarkii 

Seventeen naturally occurring sphingosine 
bases have been well characterized at this 
writing. The term, "sphingosine bases," is used 
here to mean isomers of 18:sphingosine, or 
sphing-4-enine in the newer IUB-IUPAC nomen- 
clature. Most of these, as well as a few addi- 
tional, less well characterized bases, were sum- 
marized three years ago by Karlsson and Holm 
(1), who were responsible for discovering a 
number of them. The remainder, more recently 
reported, are four branched chain bases (2-4), 
as well as a long suspected, but only recently 
rigorously characterized sphingadienine (5,6). 
These seventeen bases have been found in many 
tissues of many species and include saturated, 
unsaturated, hydroxylated and branched chain 
isomers whose chain lengths vary from 16 to 20 
carbons. 

We wish to report  the discovery, in the cray- 
fish Procambarus clarkii, of 14:sphingosine 
(tetradeca-4-sphingenine), and to present and 
discuss the results of initial studies of sphingo- 
s ine  base  c o m p o s i t i o n  of crayfish non- 
ganglioside sphingolipids. 

Ventral cord (usually including brain) was 
removed by careful dissection from 100 cray- 
fish. Accumulated cords were washed by several 
suspensions in about 5 ml of ice cold, 0.9% 
aqueous NaC1 solution. After blotting on filter 
paper, total weight of washed ventral cord was 
found to be 3.0 g. 

Total polar lipids, less gangliosides, were pre- 

LIPIDS, VOL. 4, NO. 3 

pared by Folch extraction and wash (7), 
followed by separation on a column of acti- 
vated, acid washed silicic acid, 100-200 mesh 
(Unisil, Clarkson Chemical Co., Williamsport, 
Pa.), as previously described (8). 

Thin layer chromatography (TLC) was used 
to monitor  the column separation. TLC ana- 
lyses were performed on 20 x 20 cm glass 
plates, using a 250 bt thickness of silicic acid 
(Silica Gel H acc. to Stahl, E. Merck A. G., 
Darmstadt,  Germany). Separations were carried 
o u t  using chloroform-methanol-methylamine 
(30% aq.) (65:25:8)  (10). Standard samples of 
all comlbounds identified were either previously 
prepared in this laboratory or purchased.from 
Applied Science, State College, Pa. Sprays used 
for detection and partial identification of spots 
were phosphomolybdate  blue (11) and 50% 
aqueous sulfuric acid followed by charring. 

Sphingosine bases were liberated from total 
polar lipid by methanolysis, isolated and sub- 
jected to periodate oxidation for conversion to 
aldehydes and subsequent analysis by gas liquid 
chromatography (GLC). All of these techniques 
have been previously described (8). 

GLC analyses were performed at various 
temperatures between 105 and 140 C, using an 
F & M Model 400 Biomedical Gas Chromato- 
graph equipped with a hydrogen flame ioniza- 
tion detector. A U-tube glass column, 183 em x 
4 mm i.d., packed with 4% diethylene glycol 
succinate (DEGS) on Gaschrom P (Applied 
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pared by Folch extraction and wash (7), 
followed by separation on a column of acti- 
vated, acid washed silicic acid, 100-200 mesh 
(Unisil, Clarkson Chemical Co., Williamsport, 
Pa.), as previously described (8). 

Thin layer chromatography (TLC) was used 
to monitor  the column separation. TLC ana- 
lyses were performed on 20 x 20 cm glass 
plates, using a 250 bt thickness of silicic acid 
(Silica Gel H acc. to Stahl, E. Merck A. G., 
Darmstadt,  Germany). Separations were carried 
o u t  using chloroform-methanol-methylamine 
(30% aq.) (65:25:8)  (10). Standard samples of 
all comlbounds identified were either previously 
prepared in this laboratory or purchased.from 
Applied Science, State College, Pa. Sprays used 
for detection and partial identification of spots 
were phosphomolybdate  blue (11) and 50% 
aqueous sulfuric acid followed by charring. 

Sphingosine bases were liberated from total 
polar lipid by methanolysis, isolated and sub- 
jected to periodate oxidation for conversion to 
aldehydes and subsequent analysis by gas liquid 
chromatography (GLC). All of these techniques 
have been previously described (8). 

GLC analyses were performed at various 
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Science, State College, Pa.), was employed. 
Formation of bisulfite addition products, 

catalytic hydrogenation and NaBH 4 reduction 
were all performed as described in an earlier 
report (8). 

TLC of the ganglioside free, total polar lipids 
showed the main constituents to be phospho- 
lipids, a minor component of which was 
sphingomyelin. Cerebroside and sulfatide were 
found present in very low, almost trace, quan- 
tities. Phosphatidyl serine was another minor 
component.  The major polar lipid components 
were phosphatidyl choline and phosphatidyl 
ethanolamine. These observations are compat- 
ible with those of Reinisova and Michalec (12), 
who noted a steady relative decrease in central 
nervous system glycolipids in the direction of 
lower species. 

GLC analysis of sphingosine bases revealed 
three major aldehyde peaks, two of which were 
identified as 14:sphingosine and 16:sphingo- 
sine, in a ratio of 59:41. The criteria used for 
identifying these were: (a) retention time 
identity with authentic standards at several 
widely differing temperatures, (b) retention 
time predictability from semilogarithmic car- 
bon number plots, again at several tempera- 
tures, (c) formation of bisulfite addition prod- 
ucts, (d) catalytic hydrogenation and (e) reduc- 
tion by sodium borohydride. In cases (c), (d) 
and (e) disappearance of the original peak and 
reappearance of an appropriate peak upon sub- 
sequent GLC provide evidence for the identity 
of the aldehyde in question. 16:Sphingosine 
was positively identified by criteria (a) through 
(d), 14:sphingosine by criteria (b) through (d). 
The final aldehyde mixture was too impure, 
and in too small a quantity, for us to report 
other than corroborative and tentative, rather 
than definitive evidence, via criterion (e). The 
third peak meets the criteria for a small, unsatu- 
rated aldehyde, but cannot at present be identi- 
fied. It is not likely to be an artifact and may 
represent yet another new sphingosine base; 
none of the presently known bases would run 
at the very low retention time exhibited by this 
a l d e h y d e  de r iva t i ve .  Trace quantities of 
1 8 : s p h i n g o s i n e  and 18:dihydrosphingosine 
were also noted. 

It is interesting to compare our data with 
that obtained by Reinisova and Michalec (12), 
who isolated sphingosine containing glycolipids 
from crayfish and investigated their sphingosine 
base composition using TLC of dinitrophenyl 
(DNP) derivatives. They found 'no 18:dihydro- 

sphingosine present and reported finding three 
sphingosine bases, two of which were unidenti- 
fiable by their system, one of which was 
18:sphingosine and was the major base present. 
The latter finding is in sharp disagreement with 
our data. Of the many possible explanations for 
the difference in data the best probably lies in 
the fact that these workers analyzed sphingo- 
sine containing glycolipids, which were a very 
minor part of the total sphingolipid contained 
in our polar lipid fraction. It is possible that 
crayfish sphingomyelin has a very different 
sphingosine base composition from tha t  of cere- 
broside and sulfatide. We have noted significant 
differences between these two classes in recent 
worh with other species (unpublished obser- 
vations). In addition, it should be noted that 
TLC identification of DNP sphingosine base 
derivatives is not as reliable a method as the 
GLC technique, unless accompanied by many 
more controls than those available in the work 
cited above. 
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LETTER TO THE EDITOR 

The Resolution of Complex Triglyceride Mixtures t 

Sir: A number of excellent techniques for 
separating and analyzing triglycerides have been 
discovered in recent years, and it is possible to 
resolve most triglyceride mixtures into classes 
having the same carbon and double bond num- 
bers. (The term class is used for glycerides 
having the same carbon and double bond num- 
bers. The term group is used for glycerides 
having the same carbon or double bond num- 
bers.) However, a complete analysis has been 
possible for only the simplest mixtures of tri- 
glycerides (McCarthy and Kuksis, JAOCS 41, 
527-530, 1964; Coleman, Ibid. 42, 1040, 1965; 
Brockerhoff, I.ipids I, 162, 1966; Lands and 
Slakey, Ibid. 295, 1966). For  example Cole- 
man (JAOCS 42, 1040, 1965) has pointed out 
that, in the nut oils which include coconut and 
palm kernel oils, "The wide range in molecular 
weight of the fatty acids present, and their 
largely saturated character, offer very limited 
opportunities for separating their mixed tri- 
glycerides." He further points out that straight- 
forward application of present techniques would 
leave over 100 possible triglycerides unresolved 
in these oils and that fish oils with their wide 
range of polyunsaturated acids "will clearly re- 
quire radically different methods from those 
now in prospect, if they are to be analyzed 
exhaustively." This letter will point out that 
a complete triglyceride analysis can be obtained 
for these fats and most natural fats by: separat- 
ing the triglyceride mixture into classes; forming 
diglycerides from these classes by a method that 
is random with respect to the acyl groups; 
separating the 1,3- from the 1,2- plus 2,3- 
diglycerides; separating either the 1,3- or 1,2- 
plus 2,3-diglycerides into classes; and stereo- 
specific analysis of each of the diglyceride 
classe.~. 

The application of this analytical scheme to 
coconut oil is illustrated in Figure I. First the 
coconut oil is separated according to number 
of double bonds. This yields seven groups, all 
of which could be resolved by this scheme, but 
for simplicity only the separation of the com- 
plex mixture of trisaturated glycerides is given 
in detail. The saturated triglycerides are sep- 
arated according to carbon number into 16 
classes. Again for simplicity only carbon num- 
ber 38, one of the most complex of the mix- 
tures, is analyzed in detail. Diglycerides are 

' P a p e r  No. J-6060 of the Iowa Agricultural and Home 
Economics Experiment Station. Project 1517. 

generated by some random procedure and 
separated into the 1,3-digtycerides, the 1,2- plus 
2,3-diglycerides, monoglycerides and unreacted 
triglycerides. Then either the 1,3- or 1,2- plus 
2,3-diglycerides are refractionated according to 
carbon number. Consider the 1,3-diglycerides. 
All the diglycerides that suffered the loss of 
18:0 will now have a carbon number 20, all 
that lost 16:0 will have a carbon number 22. 
etc., so there will be a different diglyceride 
class for each of the fatty acids lost from the 
2 position. Examination of  the 1,3-diglyceride 
classes shows that they are completely resolv- 
able by stereospecific analysis, for each different 
acyl group occurs only once in the 1 and once 
in the 3 position. This will be true no matter 
how many acyl groups are involved, for each 
class has a fixed carbon number and a given 
acyl group can occur in combination with only 
one other to give the correct sum. Moreover, 
if an acyl group occurs twice (as 8:0 and 12:0 
in class 20, for example) the two 1,3-diglyc- 
erides are optical isomers and arose from tri- 
glyceride optical isomers. Thus, if the distinc- 
tion of optical isomers is not necessary, a simple 
analysis of the 1,3-diglyceride classes for their 
acyl groups will resolve the mixture. If one 
knows the amount of 8:0  in class 20. for 
example, one knows it is combined with 12:0 
and that the triglyceride from which it came 
contained 18:0 on the 2 position. The calcula- 
tion of the a m o u n t  of  8:0,18:0,12:0 plus 
12:0,18:0,8:0 in the original triglyceride mix- 
ture is straightforward. (The acyl groups are 
listed here as they occur on the 1, 2, and 3 
positions of glycerol.) Likewise if one knows 
the amount of 8:0  on the 1 position from a 
stereospecific analysis of 1,3-diglyceride class 
20, one can calculate the amount of 8:0,18:0, 
12:0 in the original mixture. 

If  one works with the 1,2- plus 2,3-diglyc- 
erides, the same results can be achieved. There 
will be twice as many 1,2- plus 2,3-diglycerides 
as there were 1,3-diglycerides. If we consider 
again the optical isomers 8:0,18:0,12:0 and 
12:0,18:0,8:0 and refer to Figure 1, we find 
that the diglycerides 8:0,18:0,-  and -,18:0,8:0 
derived from them occur in class 26 and the 
diglycerides - ,18:0,12:0 and 12:0,18:0,- which 
are also derived from them, occur in class 30. 
Examination of the 1,2- plus 2,3-diglyceride 
classes, however, indicates that stereospecific 
analysis will still give a complete resolution of 
the mixture. Moreover,  if an acyl group occurs 

246 



S H O R T  C O M M U N I C A T I O N S  2 4 7  

COCONUT O;k TRtGLYCERIDES CONTAINING 

B:O, I0;0J2.0,14 0.16:0.18 0,18:1 AND 18T2 

I FRACTIONATION BY NO, OF DOUBLE BONOS 

No DOUBLE ~ ' - - ~ - " - -  ~ -- ~ '~ ~ ; 
BONDS tFRACTIONATE BY CARBON NUMBER 

i i i r - ' - - -  i i i i i T i I - T - - -  i ' - - T  . . . . . . .  "l  
CLASS - - 2 4 0  ZB:O 28 0 3010 3Z 0 ~4 0 360 38 0 40 0 42 O 44:0 46:0 4 8 0  50:0 520 540 
NUMBER OF I 5 6 I0 15 21 25 27 27 25 21 15 I0 6 3 I 

POSSIBLE AND SEPARATION OF PRODUCTS TRIGLYCERI[HE$ RANDOM OEACYLATION 

r i ] - - I  
i ,s-  OlGLYCERIBES UNREACTED MONOG LYCERIOES 1,2 ( 2.3 ) - DIGLYCERt DES 

FRACTIONATION BY TRIGLYCERIDES FRACTIONATION BY 
CARBON NUMBER CARBON NUMBER 

CARBON 
CARBON NO. r B 12 io NO 8 I0 

~sB~ot,, EB E o ~~ E: E ~ E:~ E:o o ~o i 

~,BB~,:o.E:, E: E'.: E'.'o ":DE': E: E: E;, E :~ E:~ E :~ E:~ 

o~-. ..:o E,: E: E:: E:: E:'. . . 4  E: E: E,~ E',: E,,; E',; E,,: E ',~ E:~ 
~ ":~ E,*. E~' E',: E',: E:: E',: ~.:oE ,~. E~ E ;~ E,~B E:: E:~ E :o~ E:: E:: E:~ 

,B ,, " E "  E'~ E'BE E"E  E ' E  E"E  .,.=~.oE E E E .:o,s ,B ,o ,o ,. , . . .  ,. ,. ,. 
IS I0 16 12 14 I0 lib 12 16 14 

,, ,B , .E..  E"E  E'"E E"E  E"E  o.ss..:oE E E .o:o,s ,. ,. ,. ,. �9 ,. ,. 
IB 12 16 14 12 18 14 16 

I I 
$TEREOSPECIFIC ANALYSTS OF EACH STEREOSPECIFIC ANALYSIS OF EACH 

CARBON NO. CLASS ~ . . , . . . , , . . ~  COMPLETE ANALYSIS OF ~ ~ CARBON NO CLASS 

ALL MOLECULAR SPECIES 

FIG. 1. Schematic resolution of the saturated triglyceridcs of coconut oil. 
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twice in a 1,2- plus 2,3-diglyceride class, on the 
2 position, these diglycerides came from tri- 
glyceride optical isomers. This means that, if 
we ignore optical isomers, an analysis of the 
2 position, such as obtained with pancreatic 
lipase (Mattson and Volpenhein, J. Lipid Res. 
2, 58-62, 1961), will give us a complete anal- 
ysis. For example, in class 26 all the diglyc- 
erides with 18:0 on the 2 position came from 
8:0,18:0,12:0 or 12:0,18:0,8:0. The same is 
true of the diglycerides containing 18:0 on the 
2 position in class 30. The amounts of these 
diglycerides will allow the calculation of the 
amount of these two optical isomers in the 
original triglycerides. 

Figure 2 illustrates how this same system 
would work for a hypothetical marine oil con- 
taining acyl groups of several chain lengths and 
degrees of unsaturation. For simplicity only 
the analysis of the triglyceride class of carbon 
number 54 and 6 double bonds is given in 
detail, and only the 1,3-diglycerides are written 
out. The only difference in this example and 
that of coconut oil trisaturated glycerides is 
that the diglycerides must be separated by de- 
gree of unsatttration as well as carbon number 
to give resolvable classes. From the diglyceride 

class carbon and double bond numbers, one 
may know the carbon and double bond num- 
bers of the acyl group that has been removed. 
This allows calculation of the triglyceride com- 
position of the original mixture as before. 

Many variations of this separation scheme 
are possible. The separation into carbon num- 
ber groups might be accomplished by gas liquid 
chromatography (Kuksis and Breckenridge, J. 
Lipid Res. 7, 576-579, 1966; Litchfield, Harlow 
and Reiser, JAOCS 42, 849-857, 1965; Kuksis 
and Ludwig, Lipids 1, 202-208, 1966; Litch- 
field, Harlow and Reiser, Ibid. 2, 363-370. 
1967; Watts and Dils, J. Lipid Res. 9, 40-51. 
1968) or partition chromatography on thin 
layers or paper (Kaufmann and Wessels, Fette 
Seifen Anstrichmittel 66, 81-86, 1964; Vere- 
shchagin and Novitskaya, JAOCS 42, 970-974, 
1965). In partition chromatography methods, 
the apparent carbon number is changed accord- 
ing to the number of double bonds in the 
molecule, but one must always find the degree 
of unsaturation of the glyceride classes, so it 
is always possible to correct for the effect of 
the double bonds on the partition. The separa- 
tion according to number of double bonds is 
best accomplished by silver ion chromatography 
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of the 54:6 triglyceride fraction of a hypothetical marine oil. 

(Kaufmann and Wessels, Fette Seifen Anstrich- 
mittel 66, 81-86, 1964; Barrett, Dallas and 
Padley, JAOCS 40, 580-584, 1963; DeVries, 
Ibid. 41, 403-406, 1964; Litehfield, Farquhar 
and Reiser, Ibid. 41, 589, 1964; Blank, Verdino 
and Privett, Ibid. 42, 87-90, 1965). The order 
of separation by carbon number and double 
bond number may be reversed. 

One could bring about the formation of di- 
glyccrides either by using Grignard reagent 
(Yurkowski and Brockerhoff, Biochem. BiD- 
phys. Acta 125, 55-59, 1966) or pancreatic 
lipase (Mattson and Volpenhein, J. Lipid Res. 
2, 58-62, 1961; Anderson, Bottino and Reiser, 
Lipids 2, 440-442, 1967). The latter, of course, 
would give only the 1,2- and 2,3-diglycerides, 
but this would not matter if there were no bias 
in the acyl group hydrolysis. There are satis- 
factory thin layer techniques for separating 1,2- 
plus 2,3-diglycerides, 1,3-diglycerides, mono- 
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glycerides and triglycerides from each other 
(Youngs and Subbaram, JAOCS 41, 218-221. 
1964; Thomas, Scharoun and Ralston, Ibid. 
42, 789-792, 1965). The migration of acyl 
groups from one position to another of di- 
glycerides will limit the accuracy of the analy- 
sis. It may be desirable to block the free hy- 
droxyl groups of the diglycerides with a suit- 
able reagent as soon as separation of the 1,3- 
from the 1,2- plus 2-3-diglycerides has been 
achieved. This would prevent migration dur- 
ing the rest of the separation and might also 
facilitate the further fractionation of the di- 
glycerides. 

The stereospecific analysis of the 1,2 and 3 
positions of glycerides may be accomplished by 
enzymatic methods (Lands and Slakey, Lipids 
1, 295, 1966; Lands, Pieringer, Slakey and 
Zschocke, Ibid. 444, 1966; Brockerhoff, J. Lipid 
Res. 6, 10-15, 1965; Brockerhoff, Ibid. 8, 167- 
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169, 1967). 
Some glyceride classes will contain so few 

possible members that some of the separation 
and analysis steps may be omitted. 

If  acyl groups that differ in the position of 
double bonds are involved (such as oleoyl and 
petroselenoyl or c~- and ,/-linolenoyl) complete 
resolution is not always possible. Further infor- 
mation may be obtained by degradative analyses 
of the glyceride classes (Youngs and Subbaram, 
JAOCS, 41, 218-221, 1964; Privett and Blank, 
J. Lipid Res. 2, 37-44, 1961), but this would 
give complete resolution only if each unsatu- 
rated acyl group gave a unique degradation 
product that remained attached to the glycerol. 

This method will lead to a great many frac- 
tions and the cleanness of  the separations and 
the accuracy of  the final analysis will have a 
great effect on the ability of the method to 
detect minor components. This method will be 
laborious and automation of the techniques and 
calculations will be required for its practical ap- 
plication on a routine basis. 

In using this separation method it is helpful 
to know how many glyceride groups and classes 
may be expected and how many members are 
possible in each. 

If  one writes an equation in powers of X such 
that each chain length is represented by a power 
of X and cubes this expression, the coefficients 
of the powers of X corresponding to the carbon 
numbers of the triglycerides in the expanded 
expression will represent the number of possible 
triglycerides in this class. For  example, if the 
fatty acids permitted have chain lengths of 
14,16,18 and 20 the expression would be 

(X 14 + X 1~ + X 18 + X2O)~ 

This is then multiplied out to give the powers of 
X representing triglyceride carbon numbers and 
the desired coefficients. 

X 42 + 3 X 4a + 6X 46 + 10X 4s + 12X 5~ + 12X 52 + 
10X 54 + 6X 56 + 3X 58 + X s~ 

This tells us that there will be one possible 
triglyeeride of carbon number 42, 3 of carbon 
number 44, 6 of carbon number 48, etc. If 
different degrees of unsaturation are included, 
we may write an expression 

( X  14:0 + X 16:0 + X 16:1 + X 18:0 + 

XlS:l + XlS:2 + XtS:3 + X2O:O) 3 

In expanding this expression one must add the 
exponents in front of the colon and behind the 
colon separately. Then the coefficients of X 
corresponding to a given triglyceride carbon 
number (the number before the colon) and a 
given degree of unsaturation (the number after 
the colon) will be the number of triglycerides 
falling into this class. Each different carbon 
number and degree of unsaturation will yield a 
triglyceride class in the separation. During the 
cubing of the expression, one may keep track of 
the number of different exponents representing 
carbon number or double bond number that 
contribute to a triglyceride class. The number 
of different carbon or  double bond exponents 
will be the number of diglyceride classes ex- 
pected to be generated from that triglyceride 
class. The labor of multiplication may be 
minimized if one remembers that each set of 
three identical numbers ( 1 6 + 1 6 + 1 6 )  that add 
to a given carbon number will have a coefficient 
of 1, each set of three with two alike (14+ 
14+20)  will have a coefficient of 3, and each 
set of  three with none alike ( 1 4 + 1 6 + 1 8 )  will 
have a coefficient of 6. If one does not wish to 
count optical isomers, change all the coefficients 
of 3 to 2 and all the coefficients of 6 to 3. For  
example, in the illustration given, the combina- 
tions that will occur in the expanded expression 
to give triglyceride class, 52:1 will be: 18 :0+  
18 :0 +16 :1 ,  1 8 : 0 + 1 8 : 1 + 1 6 : 0 ,  2 0 : 0 + 1 6 : 0 +  
16:1, and 1 4 : 0 + 2 0 : 0 + 1 8 : 1 .  The coefficient 
of the first trio will be 3 and that of the others 
will be 6, so there are 21 possible triglycerides 
in this class. Or 11 if we ignore optical isomers. 
The exponents involved are: 18:0, 16:1, 18:1, 
16:0, 20:0 and 14:0, a total of 6, so there will 
be 6 possible diglyceride classes from the tri- 
glyceride class 52: 1. 
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Addendum 
"Studies on Liver Phosphatidyl Cholines: I. Effects of Fatty Liver Induction on Phosphatidyl 

Cholines From Liver Mitochondria and Microsomes", James E. Miller and W. E. Cornatzer, 
The Gudy and Bertha Ireland Research Laboratory, University of North Dakota School of 
Medicine, Grand Forks, North Dakota 58201, Lipids 4, 19-27. In Table V, F-1 control value 
and F-1 choline deficient value for Fatty Acid 22:6 were misstated. Table should read as fol- 
lows: 

TABLE V 
Fatty Acid Composition of Mitochondrial Phosphatidyl Choline Fractions 

From Livers of Female Rats Accumulating Fat  

Control a Choline deficient a 

Fatty acid F-1 F,2 F-3 F-4 F-1 F-2 F-3 F-4 

14:0 0.1 0.3 0.2 0.I 0.2 0.4 0.2 0.4 
15:0 0.1 0.1 t 0.1 0.1 0.2 0.2 0.2 
16: 0 17.4 12.9 13.3 16.8 20.5 14.9 16.9 29.2 
16:1 t 1.8 0.8 1,0 0.5 1.4 1.2 2.6 
17: 0 0.6 0.5 0.4 0.5 0.2 0.$ 0.9 1.9 
18:0 28.3 23.6 33.1 31,5 17.6 19.9 22.8 16.3 
18.1 1.4 10.8 4.1 19.7 4.2 9.3 5.8 26.2 
18.2 3.5 7.5 9.8 24.7 1.8 5.4 5.7 19.5 
18:  3 . . . . . .  0.3 ...... 0,3 0.3 1.$ 0.7 0.6 
20:3 t t 0.2 1,6 0.9 4.8 1.2 1.0 
20: 4 3.8 24.0 38.1 3.4 2.9 12.4 43.4 1.9 
20: 5 1.0 10.3 . . . . . . .  1.4 10.9 . . . . . . . . . . . .  
22: 5 ...... 6.2 . . . . . . . . . . . . . .  10.2 . . . . . . . . . . . .  
22: 6 43.7 1.8 ...... t 47.5 8.6 1.2 0.3 
Others 0.1 1.8 ...... t 2.3 8,6 1.2 0.3 

aPer cent of total fatty acid by weight. 
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(To readers of  LIPIDS: The Lipids Advisory Board has recommended a policy, accepted by the 
AOCS Publications Committee, that the Editor o f  LIPIDS shall occasionally invite review articles 
on timely topics for publication in LIPIDS. The first such invitation was extended to Professor 
Dennis Chapman, who is an internationally recognized authority on the subject matter that he has 
covered in this review--Edi tor  of  LIPIDS.) 

Physical Studies of Lipid-lipid and Lipid-protein Interactions 
DENNIS CHAPMAN, Unilever Research Laboratory, 
The Frythe, Welwyn, Hefts, Great Britain 

ABSTRACT 

This is a review of studies of lipid-lipid 
and lipid-protein interactions conducted 
in the author 's  laboratory.  Studies of the 
thermotropic  mesomorphism of phospho- 
lipids and effects due to the presence of 
water are described. The relevance of 
these thermal transitions to monolayer,  
bilayer and membrane systems is dis- 
cussed. Studies on the interactions of 
p hospholipids and cholesterol are re- 
viewed. Finally, l ipid-protein interactions 
under various conditions are discussed 
with special at tention being given to 
serum lipoproteins and natural mem- 
branes. 

INTRODUCTION 

There is an increasing interest in under- 
standing the nature of lipid-lipid and lipid- 
protein interactions. Lipid-lipid interactions are 
important  to understanding the interactions of 
various lipids in emulsifiers, bile salt disper- 
sions, and a variety of biological structures. 

The interactions between phospholipids and 
proteins are fundamental  in processes of biol- 
ogy and technology, and underlie a variety of 
important  situations. The ways in which lipids 
and proteins interact in (a) cell membranes, (b) 
various enzyme reactions, e.g., with/3-hydroxy- 
butyrate dehydrogenase, (c) blood coagulation 
processes, (d) various lipase reactions, and (e) 
the structure of the serum lipoproteins, are 
among the many important  areas under consid- 
eration and research at the present t ime( l ) .  

The study of cell membrane structure raises 
many questions which illustrate the importance 
of understanding these interactions. Perhaps the 
most fundamental  question is whether the 
bilayer model is a good one and whether it can 
be applied to all membrane types. This imme- 
diately raises fundamental  questions about the 
nature of lipid-protein interactions in mem- 
brane structure(2). 

If the bilayer or Davson-Danielli model is the 

correct structure for various membranes, a 
number of questions still require answers. For  
example, why does a particular cell membrane 
have characteristic distributions of alkyl chain 
lengths and unsaturation? How do the lipid 
chains interact with each other, and what is the 
degree of coiling or random character of these 
chains in a membrane? Why do some mem- 
branes contain a characteristic distribution of  
different lipid classes, and do the various polar 
groups of these lipids interact specifically with 
each other? Are the different lipids arranged in 
specific patterns or mosaics, or are they present 
in a random fashion? What is the nature of 
l ip id -cho les te ro l  interactions? Is the lipid- 
protein interaction electrostatic in character? 

The lipids present in serum lipoproteins 
show more variations than those in cell mem- 
branes. In what ways do the lipids interact with 
each other? Is the nature of the lipid-protein 
interaction similar to that which occurs in cell 
membranes? 

LIPID-LIPID INTERACTIONS 

In our laboratory we have recently been ex- 
amining some of the physico-chemical aspects 
of these questions. Because phospholipid mol- 
ecules are principal lipid components  of mem- 
branes and occur also in serum lipoproteins,  our 
studies started with an examination of these 
molecules. We have investigated pure synthetic 
lipids, and are now extending our studies to 
interaction between lipids of different classes, 
chain lengths, and degrees of unsaturation. 

Phospholipids 

Thermotropic mesomorphism. Various phase 
changes occur in phospholipids at lower tem- 
peratures. When a pure phospholipid,  e.g., 
d imyris toyl  ethanolaminephosphatide,  which 
contains two saturated acyl moieties is heated 
from room temperature to the capillary melting 
point,  a number of thermotropic  phase changes 
occur (i.e., phase changes caused by the effect 
of heat). This was shown by infra-red spectros-  
copy (IR) (3), by thermal analysis (4), and has 
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FIG. 1. DSC heating curves for 1,2-distearoyl- 
phosphatidylcholine in increasing amounts of water. 

now been studied by a variety of other physical 
techniques (5,6). 

The main conclusions from these studies are: 
(1) Even in the saturated phospholipid, 

some molecular mot ion occurs in the solid state 
at room temperature.  This is evident from the 
nuclear magnetic resonance (NMR) spectra, and 
from the IR spectra taken at room temperature 
and at the boiling point  of liquid nitrogen. 

(2) When the phospholipid is heated to 
higher temperature,  it reaches a transition 
point, a marked endothermic change occurs, 
and the aliphatic chains "mel t"  and exhibit a 
very high degree of molecular motion. This is 
evident in the IR spectrum and also from the 
narrow NMR line width. The broad diffuse IR 
spectrum is consistent with the flexing and 
twisting of chains, and with a "break-up" of 
their all-planar trans configuration. That the 
phase transition involves primarily the aliphatic 
chains of the phospholipid is confirmed by 
X-ray analyses which show that the space taken 
up by the glycerol and polar group remains es- 
sentially unchanged when this phase transition 
o c c u r s .  

(3) Phospholipids that  contain shorter car- 
bon chains or unsaturated chains exhibit these 
marked endothermic phase transitions at lower 
temperatures (7). The temperatures at which 
these transitions Occur fall in an order that par- 
allels the melting points of the constituent fatty 
acids. The transition temperatures are high for 
the saturated long chain phospholipids, lower 
when there is a trans double bond present in 
one of the chains, and lower still when there is 
a cis double bond present. 

(4) An important  aspect of these phase 
transitions is that, above the endothermic tran- 
sition temperatures,  a given phospholipid will 
be in a highly mobile condition with its ali- 
phatic chains flexing and twisting. This is a f un -  
d a m e n t a l  p roper t y  of the phospholipid and we 
can expect t h a t  this chain mobili ty,  unless 
somehow inhibited for special reasons, will nor- 
mally be found in whatever situation the phos- 
pholipid occurs. Among such special reasons, 
we can envisage inhibition of chain motion by 
interaction with other molecules, such as water 
or protein. Due to less perfect packing arrange- 
ments at some temperatures,  even greater mo- 
bil i ty of the chains of the lipid and, indeed, 
diffusion of the whole lipid molecules, may be 
expected. 

Ef f e  c ts o f  water. 

(1) Transit ion temperatures .  Small amounts 
of water can have unusual effects upon the mes- 
omorphic behavior of phospholipids. Thus the 
phosphatidylcholines (lecithins) exhibit liquid 
crystalline forms between the first transition 
temperature and the capillary melting point  (7). 
The intermediate liquid crystalline form is 
found to exhibit X-ray spacings consistent with 
a cubic  phase organization. On the other hand, 
if all the water is removed from the phospho- 
lipid, it no longer exhibits this phase. 

The marked endothermic transition tempera- 
t u r e  f o r  a given phospholipid falls with 
increasing amounts of water (7) but it reaches a 
limiting value. We can understand this if we 
regard the effect of water as leading first to a 
"loosening" of the ionic structure of the phos- 
pholipid crystals. This, in turn, affects the 
entire crystal structure and a reduction, up to a 
certain limit, of the dispersion forces between 
the aliphatic chains. Quite high temperatures 
are still required to counteract the dispersion 
forces between the chains and to cause the 
chains to "mel t ."  The limiting transition tem- 
peratures of individual phospholipids parallel 
the melting point behavior of their constituent 
fatty acids and are lower with increasing unsat- 
uration. At  the more common temperatures in 
biological systems, we should expect the phos- 
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pholipids which contain highly unsaturated 
chains to be in a highly mobile and fluid con- 
dition. 

(2) Bound water. Some added water in 
phospholipid appears to be bound to the lipid; 
dipalmitoyl lecithin binds about 20% water (7). 
This water does not freeze at O C, and calori- 
metric studies made with lipid-water mixtures 
have shown that only after more than 20% has 
been added can one observe a peak at 0 oC,. 
Differential scanning calorimetry (DSC) curves 
of phospholipid-water mixtures in various ratios 
are shown in Fig. 1. This "bound"  water may 
have considerable relevance to interactions of 
anesthetics, drugs, and ions with biological 
membranes. If the bound water varies either in 
its properties or its total amount,  this may alter 
transport and diffusion properties across the 
membrane, depending on the type of inter- 
acting molecule or ion. The bound water asso- 
ciated with the constituent lipids and proteins 
will perhaps represent a minimum of water nec- 
essary for membranes to retain their organi- 
zation. We are presently studying the bound 
water using D20 and examination of the deu- 
teron magnetic resonance spectrum (8). 

(3)  Monolayers. Phospholipid molecules 
possess both hydrophobic and hydrophilic 
properties and are oriented at a water surface, 
f o r m i n g  m o n o l a y e r s .  F o r  m a n y  years, 
monolayer studies of phospholipids have been 
conducted. Usually this work has been per- 
formed with natural phospholipid mixtures 
and, in the vast majority of cases, with egg yolk 
phosphatidylcholine. In recent years a few 
studies have been made with pure synthetic 
phospholipids (9). These have shown that, at 
room temperature, the saturated phospholipids 
exhibit monolayers which are more condensed 
than those of unsaturated phospholipids con- 
taining cis double bonds, i.e., the saturated 
phospholipids occupy less area at low surface 
pressures than the corresponding unsaturated 
compounds. The monolayer behavior of the 
phospholipids reflects their transition tempera- 
tures (10). Thus, at room temperature, a phos- 
pholipid which has a high transition tempera- 
ture exhibits a condensed film; a phospholipid 
having a lower transition temperature exhibits 
an expanded film or greater area per molecule 
(11 ). This is illustrated in Fig. 2. 

(4) Phase polymorphism. Phospholipids in 
the presence of water can also form different 
liquid crystalline phases. In some cases, as the 
concentration of water varies, transitions from 
lamellar to hexagonal phases occur. These tran- 
sitions have been fully discussed by Luzzati and 
Husson (12). 

In our laboratory recent studies on pure 
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FIG. 2. Pressure area curves for saturated lecithins 
on aqueous 0.1 M NaCI solution at 22C: D, 
dibehenoyl (C22); o, distearoyl (C18); x, dipalmitoyl 
(C 16); A, dimyristoyl (C 14); V, dicapryl (C 10). 

phosphatidyl-cholines in water have shown that 
over a wide range of concentrations, lamellar/ 
hexagonal transition does not occur. The pres- 
ence of impurities, such as ions, however, can 
have an appreciable effect upon the amount  of 
water taken up by the lipid (7). 

It is interesting that in water lecithins of 
different chain lengths adopt a lameUar or 
bilayer type structure over a wide range of con- 
centrations. At first sight this may appear to 
lend some support to the idea that a natural 
membrane may be built up as a bilayer. This, 
however, need not necessarily be the case. The 
influence of the protein on the resultant struc- 
ture may be quite considerable, and the organi- 
zation of the membrane will then depend on 
the mode of interaction of the lipid and pro- 
tein. 

(5) Bilayers. Recently great interest in the 
formation of phospholipid bilayer systems has 
developed (13). The transition temperatures of 
phospholipids are also relevant to the produc- 
tion of model bilayers which are analogous to 
cell membranes. When a suitable phospholipid 
is heated above its transition temperature, satis- 
factory bilayers can be made. We have shown 
recently that these bilayers behave optically 
like a positive uniaxial crystal with the optical 
axis perpendicular to the plane of the film (14). 

Using calorimetric and monolayer tech- 
niques, we are presently studying the ways in 
which lipids of different chain lengths and 
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FIG. 3. DSC curves of 50 wt % dispersions in 
water of 1,2-dipalmitoyl-L-lecithin/ cholesterol mix- 
tures containing (a) 0.0 moles %; (b) 5.0 moles %; (c) 
12.5 moles %; (d) 20.0 moles %; (e) 32.0 moles %; and 
(f) 50.0 moles % of cholesterol. 

degrees of unsaturation interact with each other 
and affect transition temperatures.  

Phospholipid - Cholesterol Interactions 

Biological aspects. An interaction which may 
be of considerable biological importance is that  
of cholesterol with phospholipids. Cholesterol 
occurs in many membranes, particularly in the 
myelin sheath and in red blood cell membranes, 
but its precise arrangement and functions are 
not understood. The biochemical importance of 
the solubilization of cholesterol by phospho- 
lipid and the vehicular aspects have often been 
discussed (15). 

Monolayer studies. As early as 1925 Leathes 
(16) showed that  cholesterol, when mixed with 
certain phospholipids in monomolecular films 
on water, caused a diminution of the area occu- 
pied by the fat ty acids. Studies of this con- 
densing effect of cholesterol have continued to 

the present day using monolayer  techniques. 
Despite the many investigations, the interpre- 
tation of the effect is still uncertain. Monolayer 
studies of natural phospholipids, such as egg 
yolk lecithin, or pure phospholipids containing 
cis unsaturated double bonds, have shown that  
a film of  a more condensed type is produced 
when cholesterol is present. This has led to a 
variety of models and discussions of the inter- 
action between phospholipids and cholesterol. 

It has been suggested that the presence of a 
cis double bond in the 9:10 position of an acyl 
moiety of a phospholipid is ideal for combi- 
nation with a cholesterol molecule (17). It has 
also been stated that short chain saturated 
phospholipids which give expanded monolayers 
nevertheless do not interact with cholesterol 
(18). 

Recent work in our laboratory has indicated 
that an apparent interaction between choles- 
terol and phospholipids occurs even when the 
double bond is not in the 9:10 position, if the 
monomolecular film of the phospholipid is 
e x p a n d e d .  Thus, phospholipids containing 
chains with a double bond in the 6:7 position, 
or the 10:1 1 position, also show a condensation 
effect. Monolayers of the saturated phospho- 
lipids usually are condensed and there is no 
further condensing effect in the presence of 
cholesterol. However, a condensing effect is 
f o u n d  with saturated phospholipids when 
heated above room temperature.  Phospholipids 
containing a single trans double bond have 
little, if any, condensing effect, although this is 
not the case with dielaidoyl phospholipids (19). 
Thus, the presence of a kink in the molecule 
due to a cis double bond at the 9:10 posit ion is 
not a necessary condition for condensation. 

Recently studies have been made of bulk 
phospholipid-cholesterol systems using the DSC 
technique (20). In Fig. 3 are the DSC curves 
between 7 and 87 C for a series of dipalmitoyl  
lecithin-cholesterol mixtures, each containing 
50% by weight of water and varying ratios of 
lecithin to cholesterol. As the concentration of 
cholesterol increases, the main endothermic 
transition remains sharp, and a small peak at 
35 C disappears. This is followed by a profound 
change in which the main transition becomes 
broad and decreases in area. When the concen- 
trat ion reaches 50 mole percent of cholesterol, 
no endothermic peak is observable. The varia- 
tions in the transition temperatures and the 
heats of  transition are shown in Fig. 3. 

Cholesterol disrupts the ordered array of  ali- 
phatic chains in the gel and, when cholesterol 
and lecithin molecules are present in equimolar 
proport ions,  all the chains are in a "f luid" con- 
dition. 
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I nteractions with Metal Ions 

S o m e  phospholipids,  e.g., phosphatidyl-  
serines and phosphatidylethanolamines,  have a 
high affinity for Ca ++ and Mg ++ and this is 
related to interactions with their polar groups. 
We have recently studied the interaction of  
Ca ++ w i t h  phosphatidylserine and mono- 
phosphatidylinositol  monolayers (21). We have 
also used electron spin resonance (ESR) spec- 
t roscopy to study the interaction of  Mn ++ with 
phosphatidylserine dispersions and the compe- 
t i t ion between ATP and the phospholipid (22). 

Relevance to Cell Membranes i 

The transition temperatures of i~hospho- 
lipids may also be relevant to cell membrane 
structure. The fluidity of membranes may be 
related to the transition temperatures of their 
components.  Thus membranes which contain 
phospholipids having little unsaturation will 
have less fluidity than those having phospho- 
lipids with much unsaturation. This control  of 
f luidity may then be related to diffusional char- 
acteristics of molecules passing into and out  of  
the cell. 

In line with this idea it is interesting that  
poikilothermic organisms, which alter their 
body temperature to correspond to their envi- 
ronment,  apparently alter the unsaturation in 
their phospholipids (23). The alteration may 
provide a more or less constant fluidity of  the 
membrane structure. At  high temperatures the 
chains are more saturated; at low temperatures,  
more unsaturated. 

Some cell membranes contain compounds 
having saturated branched chains. In this case 
the dispersion forces, and hence the transit ion 
temperatures,  are reduced because of the diffi- 
culties in packing of branched chains. 

I t  would be interesting to know whether 
thermal transitions occur with natural mem- 
branes similar to those observed with the phos- 
pholipids themselves, and whether the lipids 
present in a cell membrane always have a lower 
transit ion temperature than the particular envi- 
ronmental  temperature.  

Our studies with myelin isolated from white 
matter  of ox brain (24) show that: 

(1) With wet myelin, thermal transitions are 
not  detectable. In this case the cholesterol and 
other  lipids appear to be organized in a single 
phase. The organization of  cholesterol in the 
membrane appears to prevent the lipids from 
crystallizing. 

(2) To maintain the organization of the lipid 
in myelin a critical amount  of water appears to 
be required. This water is unfreezable at 0 C 
and may correspond to "bound"  water. 

(3) On drying myelin the cholesterol and 

other lipid crystallize and precipitate.  Endo- 
thermic transitions associated with the choles- 
terol and other lipid can then be observed. 

(4) The total  lipid extract in water does not  
show a detectable endothermic transition but  
the cholesterol-free lipid does. In the absence of 
cholesterol, part  of the myelin lipid is crystal- 
line at body temperature.  

Other membranes are being examined to 
determine whether they exhibit  similar prop- 
erties. 

L I P I D - P R O T E I N  I N T E R A C T I O N S  

In our present state of knowledge, there is a 
danger of oversimplification in at tempting to 
explain lipid-protein interactions, whereas in 
reality explanation in different cases may be 
complicated by certain variables. 

First ,  although lipids are generally con- 
sidered to be related to fat ty  acids structurally, 
or metabolically,  or in physical properties,  the 
term "lipids," in fact, includes a wide variety of 
molecular structures. In addition to the classical 
hydrocarbon or fat ty  acid antecedents,  lipids as 
now known may contain one or more of a 
variety of functional groups, among which may 
be various acidic, basic, and carbohydrate com- 
ponents. In some cases the functional groups 
give rise to positively or negatively charged 
regions in lipid molecules, and lipids with 
zwitterion-type structures may occur. Metal 
ions are known to be int imately involved in 
some lipid structures. 

Second, there is of course a considerable 
variety of protein structures that may be 
involved in lipid-protein interactions. When one 
considers that interaction of any given lipid and 
given protein may also vary depending on other 
materials present, and on pH, ionic strength, 
temperature,  and other variables, it  is evident 
that there may be a variety of ways in which 
lipids and proteins can interact. 

Binding Forces 

Some of the binding forces that may be 
involved in interactions of lipids and proteins 
are as follows: (a) covalent binding, (b) electro- 
static binding, (c) polarization interaction, (d) 
dispersion interaction, and (e) hydrophobic  
binding. Other types of binding, in some cases, 
are conceivable. On the basis of present evi- 
dence, it appears probable that  electrostatic and 
hydrophobic  binding, and metal  ion partici- 
pat ion are especially important  in the binding 
of l ipid-protein structures. 

I t  is important  to note that ,  in many studies 
of phospholipid-protein complexes, the phos- 
pholipid is dispersed by sonication. Often, 
phospholipases, which hardly at tack coarse 
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l e c i t h i n  d i s p e r s i o n s ,  hydrolyze sonicated 
lecithins at an appreciable rate (25,26). The 
a p o p r o t e i n  of the mitochondrial  enzyme 
~-hydroxybu ty ra te  dehydrogenase does not  
react with coarse lecithin dispersions, but does 
so when the lecithin has been sonicated. 
Sonication of  the lipid breaks up the aggregates 
to produce small particles which are, however, 
considered to retain a lamellar type structure 
(27). We have studied the effect of sonication 
on  aqueous phospholipid dispersions using 
X-ray analysis, NMR spectroscopy, and electron 
microscopy, and have confirmed that a break- 
down in size occurs from large particles (0.5 to 
20/a) too small particles with diameters less than 
1,000 A (28). 

To summarize lipid-protein interactions, it 
may be said that if lipids and proteins are 
b r ough t  together in water, various conse- 
quences can develop, which are dependent also 
upon the free energy of the products. There 
are: (a) no interaction and no complex for- 
mation, i.e., both  lipid and protein retain their 
original configurations; (b) interaction, with the 
lipid losing all, or part,  of its configuration, i.e., 
a lipid phase change, but  with the protein 
retaining its configuration; (c) interaction, with 
the protein losing all, or part,  of its configu- 
ration, but with the lipid retaining its configu- 
ration; (d) interaction, with both lipid and pro- 
tein losing all, or part,  of their original configu- 
rations; (e) interaction, with both lipid and pro- 
tein retaining (largely) their original configu- 
rations. 

As an example of (b), charged groups on the 
protein may be neutralized by a few lipid mole- 
cules with the protein retaining (largely) its 
original configuration. As an example of (c), it  
is conceivable that a protein may unfold its 
amino acids at the lipid surface, with the lipid 
configuration remaining largely unchanged. In 
(d) a gross rearrangement o f  the long chain 
moieties of the lipid is conceivable so that they 
are within the hydrophobic  central region of 
the protein, i.e., associated with the non-polar 
amino acids; polar groups of both lipid and pro- 
tein would be on the outside of  the complex. In 
(e) a small interaction might occur involving a 
sheet of lipid and protein in which both largely 
retain their original configuration. 

From the foregoing it is apparent that phys- 
ical methods which give information about the 
shape and size of  l ipoprotein complexes, and 
about changes of lipid or protein configu- 
rations, should be valuable in studying the 
nature of lipid-protein complexes. A descrip- 
t ion of some such methods follows. 

X-ray Studies 

Studies of the model l ipoprotein complexes 
formed with cytochrome C and basic proteins 
and  serum lipoproteins using Conventional 
X-ray diffraction techniques and smal l  angle 
X-ray scattering can provide useful information. 
In particular, small angle X-ray scattering, a 
technique used successfully to derive size, 
shape, molecular weight, hydrat ion properties, 
etc., of proteins in solution, may prove fruitful. 
In our laboratory (29) we have obtained scat- 
tering curves for some of the iso-octane-soluble 
complexes of cytochrome C with phospho- 
lipids. F rom plots, log 7 versus h2, we have 
derived radii  of gyration of the scattering par- 
ticles, indicating that the complexes are not  
simple monomers but are aggregated, and we 
have also shown that at least two complexes 
exist within the concentration range studied. 
Further  physical studies on this and related 
model l ipoprotein complexes will provide infor- 
mation on the interaction between lipids and 
proteins in model  systems. 

Magnetic Resonance Techniques 

Magnetic resonance spectroscopy appears to 
have potential  for the study of  natural and 
synthetic hpoprotein complexes. This includes 
both nuclear magnetic resonance and electron 
spin resonance spectroscopy. 

Nuclear magnetic resonance (NMR) spectros- 
copy. The basis of NMR spectroscopy is that  
some nuclei (HI and p a l )  behave like elemen- 
tary bar magnets and can be lined up in a mag- 
netic field. The absorption of radiation h'r can 
flip the magnets from one energy level to 
a n o t h e r  corresponding to the relation h7 
=2/~H o where H o is the magnetic field applied 
and p is the magnetic moment  of the nucleus. 
The energy separation corresponds to radio fre- 
quency radiation. Since only some nuclei ex- 
hibit this proper ty ,  they can be studied, while 
other nuclei in the molecules remain trans- 
parent. 

With solids, resonance occurs over a wide 
field due to dipole-dipole effects of the mag- 
netic units acting on each other. Liquids give a 
narrow line because the resonance magnetic 
effects are cancelled out by molecular motion.  
With good magnetic homogeneity,  liquids and 
solutions show a number of lines related to the 
various groups in the molecule. Hence, a 
lecithin molecule gives separate lines associated 
with the resonance absorption of radiation due 
to the protons in [CH2]n,  N(CHa)3, and 
HC=CH groups, etc. (30). Thus interaction of  
lipid and protein can be studied by comparing 
the interact ion spectrum with the separate 
spectra of the lipid and protein. 
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FIG. 4. The 220 Mc/s proton magnetic resonance spectrum of human serum ~-lipoprotein 
(sub-fraction HDL2) in D20 at 50 C. Peaks marked x are spinning side bands. 

We have studied the bulk mesomorphic 
behavior of phospholipids (3 i ) ,  phospholipid 
dispersions in water (32) and water solutions of 
bile salts (33). More recently we have studied 
serum lipoproteins (34), and the lipid-protein 
interactions in aqueous dispersions of fragments 
of erythrocyte  membranes (35). 

The high density a-l ipoprotein (HDL), one 
of the major l ipoprotein classes of human 
serum, contains about 50% lipid by weight and 
can be separated with a high degree of puri ty 
from other serum lipoproteins (36). Ultra- 
centrifugation provides a means for separating 
HDL into two major classes, HDL 2 (d = 1.125) 
and HDL 3 (d = 1.125 - 1.21). 

The water-soluble high density a-l ipopro- 
teins of serum can be freed of lipids by careful 
t reatment with organic solvents to yield a 
water-soluble apoprotein that  has been charac- 
terized, chemically and immunologically, in 
some detail. It binds lipids avidly, particularly 
phospholipids, to generate water-soluble recon- 
stituted l ipoproteins (37). 

Recent developments have demonstrated the 
advantages of high resolving power of the 220 
Mc/s NMR spectrometer for the study of pro- 
tein conformation.  We have used this instru- 
ment to study the proton resonance spectra of 
l ipoproteins and other systems. 

The  f i r s t  p rominen t  feature which is 
apparent in the 220 Mc/s spectrum of  HDL2 
lipoprotein shown in Fig. 4 are the signals asso- 
ciated with the lipid material. These can be 
clearly seen including those of various func- 
tional groups that  contain chemically shifted 
protons in the phospholipid moiety,  such as in 
the N(CH3)3, (CH2)n, terminal CH3, and 
HC=CH groups. This is of  particular interest 
because these are the signals which one observes 
when a phospholipid (e.g., lecithin) is dissolved 
in an organic solvent such as chloroform (30). 
In contrast,  high resolution signals cannot be 
obtained if one disperses phospholipid alone in 
water, without  sonication (32). Thus, the first 
conclusion that  one can draw about HDL lipo- 
proteins, both  HD12 and HDL3, is that the lipid 
material present appears to be in a magnetically 
isotropic environment with considerable molec- 
ular freedom, such as exists when the lipid is 
dissolved in organic solvents. This is unlike 
what one finds with erythrocyte  membranes 
(35). 

A number of differences were observed 
when the NMR spectra of l ipoproteins were 
examined at high temperatures (50 C). The sig- 
nals associated with the aromatic amino acids 
of the protein are not  increased very much in 
intensity, but  the signals associated with the 
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FIG. 5. The proton magnetic resonance spectra at 
33.4 C of a 5% (w/v) dispersion in D20 of (a) erythro- 
cyte membrane fragments and (b) total equivalent 
lipid (phospholipid + cholesterol). (64 scans each) 

lipid moiety become sharper. The signal asso- 
ciated with the N(CH3) 3 group is particularly 
sharp, of the order of -6 Mc/s Sharp signals are 
also observed on each side of the terminal 
methyl  signal at 9.1 r. At first it was thought 
that these signals might be due to ring shifted 
methyl  signals, as observed in the spectrum of 
lysozyme (38). It became apparent,  on compar- 
ison of the positions of these signals with those 
of several cholesterol esters, that they were due 
to the methyl  groups associated with the ring 
system of  the cholesterol esters in the lipopro- 
tein. This suggested that,  at low temperature,  
the ring system associated with the cholesterol 
moiety was in an anisotropic condition, or was 
slightly restricted in its molecular freedom and 
that, on increasing the temperature,  there was 
greater mobil i ty of the lipid chains and also of 
some of the amino acids of the protein moiety.  
The greater freedom of the amino acids appears 
to be such as to allow greater mobil i ty of the 
cholesterol ring structure. 

After reconsti tut ion of the apoprotein with 
phospholipid,  an NMR spectrum similar to that 
of the original l ipoprotein was observed. Reso- 
lution in the spectrum of the reconsti tuted lipo- 
protein at low temperature (13 C) was more 
like that of the high resolution spectrum of the 
original l ipoprotein at 50C,  as though the 

reconsti tuted l ipoprotein had a less compact 
structure. It may be that  the other lipid 
material, e.g., the cholesterol esters, are impor- 
tant  in determining the compactness of the 
structure. No particular differential broadening 
effect is observed with any signals associated 
with the phospholipid as a result of phospho- 
lipid-protein interaction. 

The fact that it is possible to obtain high 
resolution NMR spectra from phospholipid 
dispersed in aqueous systems led to the idea 
that biological membranes themselves could be 
examined using this technique. There is consid- 
erable molecular mot ion of  phospholipid in the 
presence of water so that  one might expect that 
an NMR signal could be obtained from the 
lipids in the membrane itself. 

T h e  first experiments carried out (35) 
involved examination of the proton magnetic 
resonance (PMR) spectra of membranes, in par- 
ticular of the erythrocyte  membranes or ghosts, 
when dispersed in D20.  These studies indicated 
that useful information can be obtained. PMR 
spectra of  erythrocyte  membranes after soni- 
cation are shown in Fig. 5. Peaks associated 
with some of the functional groups of com- 
p o u n d s  in the membrane can be clearly 
observed. Thus there is a peak at 6.8 ppm 
which arises from the 9 protons present in the 
choline group of the phosphatidylcholines and 
sphingomyelins present in the membrane. Peaks 
are also observed which have been assigned to 
the protons present in sugar groupings (6.3 
ppm),  and also to sialic acid (7.3 ppm) which is 
known to be associated with the erythrocyte 
ghost material. The PMR spectra of ox brain 
ganglioside and N-acetyl neuraminic acid give 
peaks near these positions and aid the assign- 
ment. 

Interestingly, the considerable number of 
protons present in the long chains of the phos- 
pholipids do not give rise to a strong peak. A 
broad hump occurs in the 8.8 ppm region 
rather than a sharp peak. It is similar to that 
observed when phospholipid-cholesterol inter- 
actions occur. A signal at 4.7 ppm which would 
be due to protons in HC=CH in the chains is 
not apparent. These results can be contrasted 
with those obtained with serum lipoproteins. It 
appears that the lipid-protein interaction pro- 
vides a more compact structure in the mem- 
brane. 

Addit ion of a molecule, such as sodium 
desoxycholate,  causes a progressive increase in 
the alkyl chain signal, and it appears that the 
sodium desoxycholate has weakened the lipid- 
protein interaction and released lipid from the 
membrane. 

Our interpretat ion of the spectral changes 
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FIG. 6. Two spin labels used in electron spin resonance experiments (a) N-l-oxyl-2,2,5,5-tetra- 
methyl-pyrrolidinyl) -maleimide (b) 2,4-dinitrophenylhydrazone of 2,2,6,6-tetramethyl-4-piperidone. 

observed with sodium desoxycholate is that it 
liberates lipids from the protein and then forms 
a mixed miceUe with these lipids. Bile salts and 
lipids are known to form mixed micelles (39). 
In such micelles, molecular motion of the 
desoxycholate proton groupings may be inhib- 
ited but molecular motion of the lipid is quite 
considerable. 

The spectrum of the membrane co-dispersed 
with lysolecithin showed features which are 
consistent with the formation of an additive 
complex with the membrane material. A com- 
plex micelle formation has been reported in the 
case of myelin lipoprotein solubifized by lyso- 
lecithin (40). 

S p e c t r a  of erythrocyte membranes co- 
dispersed with increasing concentrations of 
sodium dodecyl sulphate (41) show interesting 
changes. At concentrations greater than 0.4 
mg/mg of membrane protein, the signal for 
(CH2) n at 8.7 ppm begins to narrow and the 
peak at 4.7 ppm becomes apparent, which is 
due to protons of the CH=CH group. At a con- 
centration of 0.8 mg sodium dodecyl sulphate/ 
mg membrane protein, a new peak occurs at 2.4 
- 2.6 ppm due to amino acids of the membrane 
protein. This peak is not observed in the spectra 
of erythrocyte membranes treated with com- 
pa rab le  concentrations of sodium desoxy- 
cholate. However, narrowing of the chain signal 
and appearance of peaks for a CH=CH group 
show a similar dependence on concentration. 

We have also examined myelin and the envel- 
opes of Halobacterium halobium.* Brown and 
Shorey (42) have shown that cell envelopes of 
H. halobium are stable in high salt concen- 
trations (4 to 5 M NaC1), but dissolve rapidly as 
the salt solution in which they are suspended is 
diluted. In distilled water they give lipoprotein 
complexes. The intact cells are considered to be 
bounded by a single membrane, devoid of cell 
walls. Some evidence, however, has been given 

*The study of H. halobium is being carried out in 
collaboration with Miss J. Cullen and a full account of 
our studies will appear elsewhere. 

recently (43) to suggest the existence of a labile 
cell wall. 

The PMR spectrum of the envelopes in a 4 M 
NaC1 solution in D20 is almost featureless, 
exhibiting only very weak and broad absorption 
between 8 and 9 ppm. However, when disaggre- 
gation of these envelopes occurs by dilution 
with D20 (to salt concentrations less than 0.8 
M), a spectrum with well resolved proton reso- 
nance signals is observed. 

We conclude that disaggregation of the 
envelopes at low ionic strength produces in- 
creased freedom for some amino acid protons 
of the protein. These assignments are consistent 
with the evidence (44) that only 20% of the 
lipoprotein of the envelopes is lipid and that, 
upon dilution, more groups of the envelope 
protein become available for titration. 

Electron spin resonance (ESR). This mag- 
netic resonance technique also has potential for 
the study of lipoprotein complexes and mem- 
branes. In this case an unpaired electron is re- 
quired in the molecule before a signal can be 
observed. Since this does not usually occur 
naturally with lipids and proteins, spin labels 
containing an unpaired electron are prepared. 
The structures of two spin labels are shown in 
Fig. 6. These can be attached either to the pro- 
tein or to the lipid, and the ESR spectrum of 
the spin label studied before and after complex 
formation. Recent studies (45) have been pub- 
fished of the cytochrome C complex where the 
protein was labelled with N-(1-oxyl-2,2,5,5- 
t etramethyl-pyrrolidinyl)-maleimide. Recently 
we have also studied spin labelled cell mem- 
branes (46). 

CONCLUSIONS AND FUTURE STUDIES 

Physical techniques have given useful and 
important information about the behavior of 
phospholipids, and the interactions which these 
molecules undergo with water, cholesterol, and 
protein. Further studies should yield additional 
knowledge about these interactions, thereby 
providing useful guides to an understanding of 
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t h e  b e h a v i o r  o f  e m u l s i f i e r s ,  a n d  o f  t h e  s t r u c  
t u r e s  o f  l i p . p r o t e i n s  a n d  cell  m e m b r a n e s  I n f o r  
m a t i o n  a b o u t  t h e  m o d e  o f  i n t e r a c t i o n  o f  d e t e r  
g e n t s  a n d  d r u g  m o l e c u l e s  w i t h  m e m b r a n e s  m a y  
ar ise  f r o m  s imi l a r  s t u d i e s  C o m b i n e d  w i t h  
s t u d i e s  o f  m o d e l  m e m b r a n e s ,  t h e  w a y  in  w h i c h  
e x c i t a b l e  c h a r a c t e r i s t i c s  o c c u r  in cell  m e m -  
b r a n e s  m a y  a lso  be  r e v e a l e d  
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Studies on Positional Specificity of the Castor Bean 
Acid Lipase 
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ABSTRACT 

The acid lipase of castor bean endo- 
sperm catalyzed the hydrolysis of fat ty 
acids from the 1 and 3 positions of 
synthetic glycerides immediately after 
achieving proper  reaction conditions, but 
fa t ty  acids from the 2 position were not 
detected in the reaction products until  7 
to 10 rain later. Results obtained with 
2,3-butane dioleate, n-hexyl oleate and 
2-hexyl oleate showed that the castor li- 
pase does not cleave secondary ester link- 
ages. These findings suggest that the acid 
lipase of the castor bean may catalyze 
hydrolysis of fa t ty  acids from the 1 and 3 
positions of triglycerides only; the steady 
appearance of 2 position fatty acids in 
the reaction products during lipolysis is 
probably the result of an apparent iso- 
merization reaction. 

INTRODUCTION 

The specificity of the castor bean lipase (EC 
3.1.1.3) for fat ty acid chain length in single 
acid triglycerides was reported several years 
ago(l) .  A study on positional specificity of the 
enzyme was delayed for lack of suitable sub- 
strates. Savory et al. (2), in experiments using 
olive oil as substrate, reported that the castor 
lipase was not specific for position; that inner 
fat ty acids of triglycerides were cleaved as well 
as outer  ones. In our laboratory using cotton- 
seed oil as substrate, we reported that hydrol- 
ysis in the castor lipase system was rapid and 
complete with no evidence for reversal of 
hydrolysis (3). The normal assumption, based 
on such data, was that the castor lipase was 
nonspecific for position. However, rapid and 
complete appearance of the fatty acid from the 
2 posit ion does not  necessarily mean release 
from that position by the lipase. Isomerization 
of 2-monoglyceride to 1-monoglyceride is pos- 
sible under certain condit ions of pH, tempera- 
ture and time of reaction (4). 

For  these investigations, we have controlled 
these conditions and have used synthetic sub- 
strates in at tempts to limit or overcome the 
migration of the inner fat ty  acid to the primary 
position. Triglycerides having a different fat ty 

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

acid in the 2 position were used on one phase 
of the work. In the second phase, secondary 
esters having no primary hydroxyl  groups were 
employed as substrates to prevent isomerization 
from 2 to 1 positions. These latter type esters 
having been employed by other investigators of 
lipase positional specificity (5,6). The results of 
our investigations are described. 

EXPERIMENTAL PROCEDURES 

Seed 

Castor beans, Ricinus communis, Baker 296 
variety, were a gift from W. E. Domingo and D. 
S. Bolley, Baker Castor Oil Company. 

Materials 

All inorganic salts and organic solvents were 
analytical grade materials purchased from com- 
mercial suppliers, Cottonseed oil used as a sub- 
strate was commercial Wesson Oil. 1,3-Dipalmi- 
tin, 1,3-diolein, and boron triflouride were pur- 
chased from Applied Science Laboratories; pal- 
mi toyl  and oleoyl chlorides from Universal Oil 
Products, Chemical Division; and silica gel G 
f r o m  B r i n k m a n n  I n s t r u m e n t s  Company. 
2,3-Butane dioleate, n-hexyl oleate, and 2-hexyl 
oleate were generous gifts from Dr. Fred 
Mattson, Proctor & Gamble Company. 

Methods 

Preparation of Lipase. The acid lipase was 
prepared by sequential extraction of  castor 
beans with pH 7.5 phosphate-cysteine-EDTA 
buffer, ether, and salt solutions as described 
earlier (7). For  the tests involving 2,3-butane 
dioleate as substrate, the lipase employed was a 
suspension in tris buffer, pH 7.5, containing 
0.05 M cysteine. Our early work (1,3) showed 
that this enzyme was SH-sensitive and was quite 
stable in dry form. However, to insure maxi- 
mum activity the enzyme was incubated over- 
night under nitrogen in the refrigerator in the 
above buffer. 

Preparation of Triglycerides. The specific 
triglycerides 1,3-dipalmitoyl, 2-oleoyl glycerol 
(POP), and 1,3-dioleoyl, 2-palmitoyl glycerol 
(OPO), were synthesized by acylation of the 
1,3-diglycerides with excess acyl chloride in 
chloroform and quinoline (8). The final prod- 
ucts were repeatedly washed with bicarbonate 
until free of fat ty acids as detected by thin 
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FIG. 1. Release of fatty acids from POP catalyzed 
by castor bean acid lipase; 146 mg POP used in this 
experiment; other conditions as described in "Proce- 
dure for Lipolysis Tests." 

layer  chromatography (TLC) on silica gel 
impregnated with silver nitrate (9). 

Measurement of Lipolysis. Optimum con- 
ditions of pH and time of reaction were devel- 
oped using cottonseed oil as substrate. Lipase 
activity on this and on butane dioleate was 
measured by titrating the fat ty  acids released 
from the substrate with 0.1 M sodium hydrox- 
ide in a Radiometer pH-Stat as described earlier 
(7). Fa t ty  acids hydrolyzed from the synthetic 
triglycerides at increasing times of reaction 
were analyzed by gas liquid chromatography 
(GLC) in a Model 1520 Varian Aerograph. 

Procedure for Lipolysis Tests. For the tri- 
glyceride experiments 10 mg of dry lipase prep- 
aration, 100 to 300 mg of POP or OPO, and 
water were honogenized in a Potter-Elvehjem 
glass homogenizer for 1 rain. The tube was 
rinsed twice with water and the pH was lowered 
to 4.2 with 1 N acetic acid; total  volume of the 
reaction was 6 ml. At  various times 0.5 ml ali- 
quots were removed by pipet te  directly into 20 
ml of diethyl ether and 10 ml of sodium bicar- 
bonate to stop the reaction. The ether layer was 
extracted once more with sodium bicarbonate 
to remove the hydrolyzed fat ty  acids from the 
unhydrolyzed glycerides. The combined bicar- 
bonate solutions were acidified with sulfuric 
aoid to pH 4-5 and again extracted with two 10 
ml port ions of ether to isolate the fat ty acids. 
Ether extracts were dried over anhydrous so- 
dium sulfate and the ether removed by strip- 
ping with nitrogen gas under an incandescent 
lamp. Methyl esters of the fa t ty  acids were pre- 
pared with boron triflouride in methanol (10). 
The methyl  esters of the palmitic and oleic 
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FIG. 2. Release of fatty acids from OPO cata- 
lyzed by castor bean acid lipase; 374 mg OPO used in 
this experiment; other conditions as described in "Pro- 
cedure for Lipolysis Tests." 

acids released in the above reactions by the 
castor lipase were then analyzed by GLC. 

Procedure for GLC Analyses. Standard 
curves for quantitative analysis of the results 
were prepared using methyl  esters of authentic 
palmitic and oleic acids. The GLC columns 
were �88 in. by 2 ft aluminum tubing packed 
with 100/120 mesh Chromasorb W coated with 
3% SE 30. Injector temperature was 227 C; the 
column was 177 C, and thermal detector was 
207 C; MA was 249. 

Samples of 1-10X were injected to obtain 
peaks of good size and each was done in tripli- 
cate. The areas of the peaks were determined 
by cutting out  the chromatographic peaks, 
weighing them individually on a Mettler analyti- 
cal balance, and using the average values of each 
three weighings for subsequent plotting of data. 

RESULTS A N D  DISCUSSION 

Mattson and Volpenhein (4) studied the iso- 
merization of 2- to 1-monoglyceride under 
varied conditions of pH, temperature and reac- 
t ion time. The rate of isomerization of 2-. to 
1-monolein dropped considerably within 30 
min while changing the pH from 8.6 to 6.0, but  
they stated that  the use of  more acidic solu- 
tions would undoubtedly  result in higher rates. 
In order to minimize any isomerization of the 2 
position fat ty  acids in these experiments on 
POP and OPO, the reactions were limited to 30 
rain and were conducted at room temperature 
and at the opt imum pH for this enzyme, 4.2 
(1). It was felt that longer reaction times at pH 
4.2 would enhance any isomerization which 
might occur in this system. 
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FIG. 3. Act iv i ty  of  castor bean ]ipase on cotton- 
seed oi l  and 2,3-butane dioleate. Cmwe A, 150 mg 
cottonseed oil used as substrate per test; curve B, 
46-50 mg 2,3-butane dioleate used per test; other con- 
ditions as described in "Measurement of Lipolysis." 

The results of experiments with POP as sub- 
strate (Fig. 1) show that the primary esters are 
cleaved immediately but that the inner fatty 
acid is not detected in the reaction products 
until  after 10 min. Similar results were obtained 
with OPO as substrate (Fig. 2), though larger 
quantities of triglycerides were initially present 
in these experiments. 

These results may be interpreted in several 
ways. If this lipase is nonspecific, similar to the 
pancreatic enzyme2 reported by Mattson and 
Volpenhein (6), then one might conclude that 
both primary fatty acids are removed before 
the inner ester bond is broken; the time for this 
reaction to take place under these conditions 
being about 10 min. However, if reaction con- 
ditions are promoting isomerization, then the 
lipase is catalyzing hydrolysis of the newly- 
formed 1-monoglyceride as quickly as it is 
formed; the time for appearance of quantities 
of the inner fatty acid sufficient for detection 
being about 10 min. There is the added possi- 
bility of an isomerase system existing in the 
seed, but  there is no evidence to support this at 
present. 

With OPO substrate it may be pointed out 
that one palmitate would be released for every 
two oleates if the enzyme is nonspecific for 
position. This does occur but 0nly after 20 min 

2The nonspecific pancreatic lipase has an absolute 
requirement for bile salts, but no emulsifiers were 
added in these experiments since a lipid cofactor sepa- 
rated from the castor lipase (11) has been found to  act 
as a natural emulsifier (12). 
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FiG. 4. Act iv i ty  of  castor bean ]ipase on cotton- 
seed oil, n-, and 2-hexyl oleates. Curve A, 150 mg 
cottonseed oil used as substrate per test; Curve B, 
75-80 mg n-hexyl oleate used per test; Curve C, 75-80 
mg 2-hexyl oleate per test; other conditions as de- 
scribed in "Measurement of Lipolysis." 

have elapsed, providing evidence in favor of a 
prior isomerization of 2- to 1-monoglyceride 
before the inner fatty acid is cleaved. 

In order to determine if the castor lipase is 
capable of hydrolyzing secondary ester bonds 
of a substrate in which the primary carbon 
atoms have no free hydroxyl to which the inner 
fatty acids can migrate, 2,3-butane dioleate was 
employed as a substrate. Optimum conditions 
for lipolysis were determined using cottonseed 
oil as substrate (Fig. 3, Curve A) and as the 
reference material. The results in Fig. 3 show 
that hydrolysis of secondary fatty acid ester 
bonds in 2,3-butane dioleate (Curve B) cata- 
lyzed by the castor lipase is extremely slow, if 
it does indeed occur. Only 11-17 /amoles of 
oleic acid (theoretical yield, 164) were released 
after 2 hr of reaction. This small amount  of 
activity on the artificial substrate might be 
compared to results obtained by Mattson and 
Volpenhein (6) with pancreatic lipase. They 
also found that hydrolysis of the secondary 
ester group by a treated enzyme, or by an 
untreated enzyme in the absence of bile salts, 
was so slow that a measurable initial rate could 
not be obtained on the pH- stat. 

The ability of the castor lipase to catalyze 
hydrolysis of secondary esters was further 
tested by comparing normal and secondary 
hexyl oleates and cottonseed oil as substrates 
(Fig. 4). The results using 2-hexyl oleate (Curve 
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C) con f i rm  those  o b t a i n e d  wi th  the  b u t a n e  
d io lea te  subs t ra te ;  this  lipase does no t  ca ta lyze  
hydro lys i s  or secondary  esters.  The  small  
a m o u n t  of  hydrolys is  of  n -hexyl  o lea te  (Curve  
B) seems to  be re la ted to th is  e n z y m e ' s  low 
act ivi ty  on  m o n o h y d r i c  a lcohol  esters.  Earl ier  
s tudies  (1)  showed  tha t  the  lipase was relat ively 
inact ive  on  me thy l  and bu ty l  r ic inoleates .  

The  logical conc lus ion  d rawn  f rom these  
resul ts  is t ha t  the  cas tor  bean  lipase, con t r a ry  to 
earlier bel iefs  (2 ,3) ,  seems to be pos i t iona l  spe- 
cific. It appears  t ha t  the  lipase sys tem in th is  
seed f u n c t i o n s  at an acid pH in which  isomer-  
iza t ion  of  2 -monoglycer ides  to 1-monoglycer -  
ides is favored.  Under  such cond i t i ons  l ipolysis  
of s torage oil can occur  rapidly  and comple t e ly .  

Less work on pos i t iona l  ~pecificity on  seed 
lipases has been done  c o m p a r e d  to those  inves- 
t iga t ions  on animal  (4-6)  and microbia l  l ipases 
(13 ,14) .  The  reasons  for  th is  are u n k n o w n .  It  
may be t ha t ,  excep t  for  the  cas tor  bean ,  mos t  
o i l s e e d s  mus t  be ge rmina t ed  and e n z y m e  
act ivi ty  is low. C o n s e q u e n t l y ,  very long reac- 
t ion  t imes  are requi red  to ob ta in  suf f ic ien t  
measurab le  fa t ty  acids. Whatever  the  reason ,  
the  resul ts  of these e x p e r i m e n t s  suggest t h a t  
this  seed lipase is similar to  the  pancrea t i c  lipase 
wi th  respec t  to  its pos i t iona l  specif ici ty.  
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Fatty Acid Desaturase Systems of Hen Liver and Their 
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ABSTRACT 
Hen liver preparations which 

desaturate stearic acid at the 9,10 
posit ion to form oleic acid have been 
found to desaturate other saturated fatty 
acids of carbon chain length from 12 to 
20 and 22. The 9,10-monoenoic fat ty 
acid of the same chain length as the 
substrate fat ty  acid is the major product 
formed. Minor amounts of the 10,11- and 
11,12-monoenoic acids are also formed. 
Maximum desaturation occurred with the 
C14 fat ty acid substrate and with the 
fat ty acids C17 and C18 , suggesting the 
presence of at least two desaturating 
systems. The cyclopropene fatty acids, 
sterculic and malvalic acids, inhibited the 
desaturation of all the fat ty acids at the 
9,10 posit ion but desaturation at the 
10,11 and 11,12 positions was affected 
only slightly. The effect is not due to 
inhibit ion of the primary activating 
enzyme, the long chain acyl CoA 
synthetase. Sterculic acid is a more 
effective inhibitor than either malvalic 
acid or sterculyl alcohol, probably 
because these cyclopropene compounds 
do not block the desaturating site of the 
enzyme as completely as sterculic acid. 

INTRODUCTION 
The cyclopropene fat ty acids inhibit the 

system which desaturates stearic acid to oleic 
acid in hen liver (1,2), in chicks (3,4), in rats 
(5,6) and in plant tissues (7). In the desaturase 
system of hen liver, sterculic acid was more 
effective than malvalic acid in inhibiting the 
9,10 desaturation of stearic acid (2). The 
difference was probably related to the posit ion 
of the cyclopropene ring in the two inhibitors, 
sterculic acid having the ring at the 9,10 
position and malvalic acid at the 8,9 position. 
To determine whether differences existed with 
substrates of different chain lengths the effect 
of the two cyclopropene fat ty acids on the 
desaturation of saturated fat ty  acids from C12 
to C2o was investigated. The influence of chain 
length on the dehydrogenation of saturated 
fatty acids has recently been studied in plant 
tissues (8) and in rat liver (Kellerman & 
Williams, private communication,  1963) (9). 

EXPERIMENTAL PROCEDURES 

In the initial stages of this work 
1A4C-labeled fat ty acids of  low specific 
activity, prepared and donated by G. M. 
Kellerman and R. A. Williams, University of 
Sydney, were used. Most of the work was 
carried out using 1A4C-labeled fat ty acids 
obtained from Mallinckrodt Nuclear, Florida, 
(C13 , C15 , C19 ) or from the Radiochemical 
Centre, Amersham, England (C12, Cl4 ,  C l6 ,  
C17, C18, C~o). Carrier fa t ty  acids of high 
purity were obtained from commercial sources 
and gas radiochromatography or gas-liquid 
chromatography (GLC) of the methyl esters 
showed that the puri ty of the labeled and 
carrier acids was at least 99%. The 
cyclopropene fatty acid inhibitor solutions 
were prepared by saponification of pure methyl 
sterculate and methyl malvalate (2). Sterculyl 
alcohol was prepared from methyl  sterculate by 
the method of Kircher (10). 

Liver preparations containing soluble 
enzymes and microsomes of homogenized livers 
of White Leghorn hens were prepared as 
previously described (1). The desaturase assay 
system, total  volume 10.1 ml, comprised: 3 ml 
liver preparation; 3 ml cofactor solution (1 ml 
0.1 M adenosine tr iphosphate;  1 ml 0.5 M lactic 
acid; 1 ml 0.5 M KH2PO4; 2 mg nicotinamide 
adenine dinucleotide; 1 mg coenzyme A (CoA); 
all solutions had been adjusted with NaOH to 
pH 7.4); 2 ml 0,55 mM potassium salt of the 
substrate fatty acid in 2.5% aqueous bovine 
serum albumin (BSA, Sigma Chemical Co., 
Missouri or K & K Laboratories, California); 0.1 
ml 0.1 M MgC12 (added simultaneously with 
the substrate); and 2 ml 2.5% BSA in which the 
potassium salts of the cyclopropene fat ty acids 
were dissolved when their effect was being 
studied. Sterculyl alcohol was solubilized with 
Tween 80; the latter was shown to have no 
effect on the hen liver desaturase system. 

The assay system was incubated by shaking 
in flasks for 30 rain at 37 C, after flushing out  
with oxygen. When the effect of the cyclopro- 
pene fat ty acid inhibitors was being studied the 
control flasks and those containing inhibitor 
were pre-incubated for 10 min to allow reaction 
between the desaturase system and the 
inhibitor. The substrate fat ty acid was then 

265 



266 A. R. JOHNSON ET AL 

FIG. 1. Desaturation of fatty acids of varying chain length by the desaturase system prepared from 
each of three hen livers, A, B and C. Dotted line represents mean; least significant difference between 
means (P = 0.05) = 10.1%. 

added and incubation was continued further for 
30 min. 

After incubation aqueous N KOH solution 
(5 ml) was added to each flask and the mixture 
was refluxed for 90 rain to saponify the lipid. 
Fatty acids were isolated, converted to methyl 
esters and the purified esters were separated 
into saturated and unsaturated fractions as 
described previously (2). Radioactivity was 
determined at each stage in the procedures (2). 

The activity of the desaturase system for 
each substrate was expressed as per cent 
desaturation at 30 rain calculated from the 
ratio of the count found in the unsaturated 
methyl ester fraction to the sum of the counts 
found in the saturated and unsaturated methyl 
ester fractions. 

Radioactive components in the saturated 
and unsaturated methyl ester fractions were 
determined by gas radiochromatography. The 
site of introduction of the double bond into the 
saturated fatty acid substrates by the hen liver 
desaturase system was determined by oxidizing 
the unsaturated fatty acid methyl esters from 
each substrate, essentially by the procedure of 
Tinoco and Miljanich (11). The acid products 
of each oxidation were converted to methyl 

esters using boron trifluoride-methanol (12) 
and the esters were separated by chroma- 
tography on Florisil (Floridin Co., Florida) 
containing 7% w/w water. The mono-carboxylic 
acid methyl esters were eluted with 5% 
ether-hexane (v/v) and the dicarboxylic acid 
esters with 20% ether-hexane (v/v). Only the 
dimethyl esters of the dicarboxylic acids carried 
the 14 C label, and gas radiochromatography of 
the dimethyl esters was used to determine the 
labeled components. The amounts of 9,10-, 
10,11-, and l l ,12-monoenoic  fatty acids 
produced from each substrate were calculated 
from the per cent desaturation and the 
distribution of label in the dicarboxylic acids. 

The long chain acyl CoA synthetase was 
isolated from beef heart mitochondria by 
cholate treatment (9,13). The acyl CoA 
synthetase remained particulate and the prepa- 
ration exhibited no desaturase activity (9). The 
enzyme was assayed by hydroxamate trapping 
of the activated acyl group (14) and the activity 
was expressed as #moles of acylhydroxamate 
produced per hour. Aqueous solutions of either 
potassium stearate or potassium sterculate, or 
both, were added to the complete incubation 
mixture at 37 C to start the reaction. 
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TABLE I 

Desaturation Products of Fatty Acids of Varying Chain Length by the 
Desaturase System of Hen Liver in the Presence or Absence of 

Cyclopropene Fatty Acids a 

Substrate Type of 9,10- 10,11- 11,12- 
(0.11 mM) incubation b UnsaturatesC, d Unsaturates c Unsaturates c 

C12:0 C 110 1.8 3.1 
S 8 0.3 1.0 
M 24 0.5 1.4 

C13:0 C 236 3.3 1.1 
S 22 0.4 0.2 
M 66 0.7 1.4 

C14:0 C 621 4.4 4.4 
S 29 0.3 1.2 
M 106 0.9 1.4 

C15:0 C 174 0.9 0.7 
S 18 1.0 0.5 
M 52 0.7 0.5 

C16:0 C 423 3.3 Trace 
S 44 0.8 1.0 
M 117 1.1 1.1 

C17:0 C 461 3.3 Trace 
S 45 0.7 1.0 
M 142 0.9 1.1 

C18:0 C 521 3.3 1.1 
S 71 1.2 1.2 
M 163 1.4 1.0 

C19:0 C 156 1.0 0.3 
S 31 0.5 0.2 
M 66 1.I 0.3 

C20:0 C 189 1.1 Trace 
S 11 0.3 0.5 
M 32 0.7 1.0 

aMillimicromoles of product per/dmole of substrate in 30 min. 
bc, control; S, inhibited by sterculic acid (0.0005 mM); M, inhibited by malvalic acid 

(0.0005 raM). 
CBased on dicarboxylic acids formed in oxidation, and on per cent desaturation using 

results obtained from liver C. (Fig. 1). 
dMay contain small amounts of 7,8 and 8,9 

RESULTS AND DISCUSSION 
The per  cent  de sa t u r a t i on  values o b t a i n e d  

wi th  desa turase  sys tems f rom 11 d i f fe ren t  livers 
were s ta t is t ical ly  ana lyzed  and  the  m e a n  values 
for  the  f a t t y  acids C 14, C16,  C17 and  C18 were 
58.2,  45.2 ,  50.5 and  50.6 respect ive ly  ( s t anda rd  
er ror  of  the  means  1.96 on  30 degrees of  
f r eedom) .  Since the  abi l i ty  to  desa tu ra te  varied 
cons iderab ly  f rom one  liver p r epa ra t i on  to 
a n o t h e r  the  whole  range of  f a t t y  acid subs t ra tes  
was used on  each of  th ree  separate  hen  livers. 
When th is  was carr ied ou t  a c o m m o n  p a t t e r n  
was a p p a r e n t  (Fig. 1) in wh ich  the  e x t e n t  of  
desa tu ra t ion  d e p e n d e d  on  the  chain  l eng th  of  
the  subs t ra te  f a t ty  acids. M a x i m u m  desatu-  
r a t ion  occu r red  wi th  the  C14 fa t ty  acid 
subs t ra te  and  wi th  the  f a t t y  acids C t  7 and  C 1 8 ,  
suggesting t ha t  at  least t w o  desaturase  sys t ems  
were present .  However ,  de sa tu ra t i on  i n v o l v e s  
m a n y  steps inc lud ing  ac t iva t ion ,  t r ans fe r  
m e c h a n i s m s  and  remova l  of  the  p r o d u c t  by  

unsaturates. 

i n c o r p o r a t i o n  in to  complex  l ipid;  the  in f luence  
of cha in - leng th  may  be opera t ive  at  any  of  
these  stages, bu t  i t  has b e e n  s h o w n  (9)  for  ra t  
liver t ha t  ac t iva t ion  was no t  ra te- l imi t ing  in the  
de s a tu r a t i on  of  the  f a t t y  acids C 14 to C 1 8. 

The  ma jo r  p r o d u c t  f rom each subs t ra te  f a t t y  
acid was s h o w n  to be the  m o n o e n o i c  f a t t y  acid 
of  the  same chain  l eng th  by  gas r a d i o c h r o m a -  
tography .  This  p roduc t  c o n s t i t u t e d  over  90% of  
the  p r o d u c t s  of  de sa tu ra t i on  in all cases, 
w h e t h e r  cyc lop ropene  fa t ty  acid i nh ib i t o r s  
were p resen t  or  no t .  Trace a m o u n t s  of  o t h e r  
sa tu ra ted  and  u n s a t u r a t e d  f a t t y  acids were also 
p r o d u c e d  f r o m  each  subs t ra te ,  appa ren t ly  by  
e longa t ion  or sho r t en ing  o f  the  chain  by  
t w o - c a r b o n  uni ts .  

I n t r o d u c t i o n  of  the  doub le  b o n d  i n to  each  
f a t t y  acid by  the  h e n  liver desa turase  s y s t e m  
was p r e d o m i n a n t l y  at  the  9 ,10 pos i t ion  (Table  
I) and  to a slight e x t e n t  at  t he  10,11 and  11,12 
posi t ions .  Af t e r  o x i d a t i o n  of  the  desa tu ra t i on  
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FIG. 2. Mean per cent inhibition of desaturation of fatty acids of varying chain lengths by 
sterculic and malvalic acids (0.0005 mM) in desaturating systems from two hen livers (A and B, Fig. 
1). The open blocks represent sterculic acid and shaded blocks malvalic acid. The per cent inhibition 
was calculated using the per cent desaturation from the uninhibited systems as 100% conversion. 

products the amount of radioactivity in the C 7 systems. The double bond was still introduced 
and C8 dicarboxylic acids was variable, but  low, predominantly into the 9,10 position (Table I). 
and was at tr ibuted mainly to over-oxidation. The 9,10 desaturation was very strongly 

Since the desaturase system of hen liver inhibited by the cyclopropene acids, while 
desaturates all the saturated acids from C 12 to 10,11 desaturation was only partially inhibited 
C20 at the 9,10 position, the site of and 11,12 desaturation was probably not 
desaturation must be independent of the affected. Sterculic acid was a more effective 
number of methylene groups beyond the 9,10 inhibitor than malvalic acid for both 9,10 and 
position. Similar results were obtained by 10,11 desaturation. 
Howling, Morris and James (8) for 9,10 The initial step in desaturation is activation 
desaturation of fat ty acids by Chlorella vulgaris; by an acyl CoA synthetase of the long chain 
these workers conclude that  a direct attach- fat ty  acid to form the acyl CoA derivative. 
ment of the saturated fat ty acid, or of the CoA Inhibit ion of desaturation could perhaps be 
ester, or of the acyl carrier protein thiol ester a t t r ibuted to inhibition of the acyl CoA 
occurs with the desaturase enzyme complex, synthetase. However, when the activity of the 
We came to the same conclusion and envisage a acyl CoA synthetase isolated from beef heart 
primary at tachment involving the carboxyl  end mitochondria  was measured with stearic acid, as 
of the CoA ester of the substrate, followed by a substrate, the addit ion of sterculic acid at 
alignment of the 9,10 bond at the desaturating levels of one tenth and one hundredth that  of 
site, which must be separated from the first site the substrate stearic acid (0.5 mM) had no 
of at tachment  by a distance corresponding to inhibi tory effect. This indicates that the fat ty  
nine carbon atoms, acid activating reaction is probably not the rate 

The cyclopropene fat ty  acids, s tercul icacid  determining step in the inhibition of the 
and malvalic acid, strongly inhibited desatu- desaturase system, because at these concentra- 
ration of each substrate by the desaturase tions of sterculic acid the desaturase system of 
system (Table I and Fig. 2). Inhibition of the hen liver would be completely inhibited. The 
desaturation of the C14 fat ty acid by either rate of activation of sterculic acid by the beef 
cyclopropene acid was greater than inhibition heart acyl CoA synthetase was higher than that 
of C17 and C18 desaturation, which again of stearic acid, 1.12 /.tmoles and 0.68 /amoles 
suggests the presence of at least two desaturase hydroxamate  per hour respectively at 0.5 mM 
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subs t ra te  level. The  high ac t iva t ion  rate  for 
s tercul ic  acid suggests tha t  s terculyl -CoA,  r a the r  
than  the  free acid,  may in fact  be the  ac tual  
i n h i b i t o r  of the  desa turase  sys tem isolated f rom 
hen  liver. 

The  convers ion  o f  s tearic  acid to  oleic acid 
was 56.9% in the  absence  of  cyc l op r opene  
inh ib i to r s  and  2.9%, 3.5% and 5.2% in the  
presence of 0 .005  mM stercul ic  acid, malvalic 
acid and  s te rculy l  a lcohol  respect ively ,  in the  
hen  liver desa turase  sys tem.  In Chlorella 
vulgaris, James  et  al. (7) ,  have shown tha t  
2 -hydroxy  s terculyl  a lcohol  inh ib i t s  the  desatu-  
r a t ion  of  s tearic  acid. N o r d b y  et al. (15)  had 
shown  earlier t ha t  s terculyl  a lcohol ,  s te rculene  
and  the  m e t h y l  e the r  of  s terculyl  a lcohol ,  w h e n  
fed to hens,  i nduced  p ink  whi te  d i sco lora t ion  
of  the i r  eggs. This  disorder ,  fo l lowing the  
feeding of  cyc lop ropenes ,  is invar iably  asso- 
c ia ted wi th  h igh levels of  s tear ic  acid in the  
yolks  and  it has  been  suggested t ha t  the  p ink  
whi te  d i sco lo ra t ion  may  resul t  f rom inh ib i t i on  
of  desa tu ra t ion  o f  s tearic  acid in the  hen  (2).  
The  cyc lop ropene  ring is thus  the  essential  
r e q u i r e m e n t  for  i n h i b i t i o n  of  desa tu ra t ion ,  and 
the  d i f ferences  observed  in the  present  s tudy  
b e t w e e n  the  act iv i t ies  of  the  th ree  cyc lopro-  
penes  mus t  be re la ted  to the  abi l i ty  of  the  
i nh ib i t o r  molecule  to  locate  the  cyc l op r opene  
r ing at the  active site of  the  enzyme.  

In rats  (5) ,  chicks  (4)  and  p lan t  p repa ra t ions  
(7) ,  t he  syn thes i s  of  oleic acid f rom ace ta te  is 
no t  i nh ib i t ed  by  s tercul ic  acid to  the  same 
e x t e n t  as is the  de sa t u r a t i on  of  s tearic  acid. 
Reiser  and Raju  (5 ,6)  and  Dona ldson  (3 ,4)  
believe t ha t  s tercul ic  acid acts  at  t he  site of  
de sa tu ra t i on  and  have pos tu l a t ed  t h a t  the re  
mus t  be an a l t e rna t ive  pa t hw ay  of  syn thes i s  of  
oleic acid f rom ace ta t e  which  does  no t  involve 
the  de sa tu r a t i on  of  s tear ic  acid. Evidence  for  an 
a l te rna t ive  p a t h w a y  of  o lea te  syn thes i s  had 
been  ob t a ined  earl ier  by  o t h e r  workers  (16 ,17) .  
In p lan t  t issues J a m e s  et al. (7)  suggest t h a t  the  
locus of  ac t ion  of  s tercul ic  acid is pr ior  to  the  
desa turase  s tep,  poss ibly  at  an acyl t r ans fe r  
s tep,  which  is no t  on  the  d i rec t  p a t h w a y  of  
ace ta te  to  oleate .  

A proposa l  for  the  m e c h a n i s m  of  i nh ib i t i on  
of  the  desa turase  sys tem by  stercul ic  acid can 
be  made  o n  t he  basis of  the  fo l lowing 
observa t ions :  t he  i n h i b i t i o n  is i r reversible (2) ,  
t he  desaturase  sys tem p robab ly  con ta ins  a th io l  
e n z y m e  which  is essential  for  ac t iv i ty  (6 ,18) ,  
cyc lop ropene  f a t t y  acids reac t  readi ly  wi th  
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th io l  groups  ( i  0), s tercul ic  acid wi th  the  doub le  
b o n d  of  the  c y c l o p r o p e n e  ring at  the  9 ,10 
pos i t ion  is a more  effect ive i n h i b i t o r  t han  
malvalic acid wi th  the  doub le  b o n d  at the  8,9 
pos i t ion ,  and  s tercul ic  acid is a more  effect ive  
i n h i b i t o r  of  9 ,10 desa tu ra t ion  t han  of  10,11 or  
11 ,I 2 desa tu ra t ion .  It  is suggested t ha t  s tercul ic  
acid or its CoA derivat ive i r reversibly and  
c o m p l e t e l y  occupies  the  site normal ly  occup ied  
by  a subs t ra t e  as a resul t  of  the  f o r m a t i o n  of  a 
ca rbon- su l fu r  b o n d  b e t w e e n  the  C 9 or  C 1o of  
s tercul ic  acid and  a th iol  g roup  in the  
desa tu ra t ing  site of  the  enzyme.  
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ABSTRACT 

An enzyme which catalyzes the trans- 
fer of galactose from UDP-galactose to 
galNAc-gal-glc-ceramide is described. The 
enzyme is found mainly in the nervous 
tissue of tadpole (Taylor and Kollros 
stage 17), adult frog, adult and 8 day old 
rat. The enzymic activity is localized in 
the 11,500 x g, 20,000 x g and 100,000 x 
g particles. The UDP-galactose: galNAc- 
gal-glc-ceramide galactosyl transferase can 
be solubilized from the particles by treat- 
ment with sodium desoxylcholate and 
Triton X-100. The pH optimum for the 
solubilized enzyme is between 6.8 and 
7.0 in cacodylate buffer, and the Km is 
4.25 x 10 .5 M. The enzymic reaction is 
proportional to time for 4 hr and to the 
amount of protein added. The product of 
the transferase reaction, using galNAc- 
gal-glc-ceramide as lipid acceptor, is gal- 
galNAc-gal-glc-ceramide. A pathway for 
the biosynthesis of brain gangliosides 
requiring UDP-galactose: galNAc-gal-glc- 
ceramide galactosyl transferase is pro- 
posed. 

INTRODUCTION 

Gangliosides are a family of carbohydrate- 
containing sphingolipids which are found pri- 
marily in vertebrate brain (1). The major com- 
ponents of this group of sphingolipids have 
recently been reviewed by Svennerholm (2). 
The structural studies of Kuhn and Wiegandt 
(3) have shown one of the four major ganglio- 
sides, mononeuraminyl ganglioside, to be: 
galactosyl (l---l~-3)-(N-acetyl) galactosaminyl-(i--1~4)- 
I (N-acetyl) neuraminyl-(2~3) I -galactosyl ( l ~ 4 ) -  
glucosyl ceramide 

Basu et al. (4,5) and Kaufman et al. (6) have 
described four glycolipid transferases from a 
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particulate fraction of embryonic chick brain 
which can carry on the stepwise synthesis from 
gal-glc-cer to neuNAc-gal-galNAc-(neuNAc) gal- 
glc-cer, as follows: 

CMP - neuNAc 
gal-glc-cer I~ 

N-acetylneuraminyl transferase 

neuNAeg',d-glc-cer 

UDP - galNAc 
neuNAcgal-glc-cer , I~ 

N-acetylgalactosaminyl 
transferase 

gaiN Ac-(neuN Ac)gal-glc-cer 

UDP - gal 
galNAc-(neuNAc)gal-glc-eer 1. 

Galactosyl transferase 

gal-galNAc-(neuN Ac)gal-glc-cer 

CMP - neuNAc 
gal-galN Ac-(neuN Ac)gal-glc-cer I~ 

N-acetylneuraminyl 
transferase 

neuN Acgal-galNAc-(neuN Ac)gal-glc-cer 

However, Kaufman et al. (6) and Arce et al. 
(7) have demonstrated an active CMP-neuNAc: 
g a l - g a l N A c - g a  l -g l c - ce r  N-acetylneuraminyl- 
transferase in embryonic chicken brain and 
young rat brain, respectively. The product of 
the above transferase reaction in embryonic 
chicken brain is mononeuraminyl ganglioside 
and dincuraminyl ganglioside. Because the bio- 
synthesis of asialogangliosidc is not known, its 
importance as a possible precursor for ganglio- 
side formation has not been postulated. 

This paper reports the enzymic synthesis of 
gal-galNAc-gal-glc-cer from galNAc-gal-glc-cer 
and U DP-galactose. 

EXPERIMENTAL PROCEDURE 

Preparation of Glycolipids 

The method of Ledeen and Salsman (8) was 
used for the preparation of galNAcgal-glc-cer, 
g a l - g l c - c e r  and g l c - ce r  f r o m  g a l N A c  
( n e u N A c ) g a l - g l c - c e r  Fifty milligrams of 
galNAc-(neuNAc)gal-glc-cer, isolated from brain 
tissue of an individual with Tay-Sachs disease 
by the method of Folch et al. (9,10), were 
hydrolyzed in 16 ml of 0.1 N HCI at 100 C for 
15 min. Five volumes of chloroform-methanol 
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TABLE I TABLE II 

Incorporation of Radioactivity from 
14C-UDP-galactose Into Organic Soluble Product 

in the Presence of N-acetylgalactosaminyl- 
galactosyl-glucosyl-ceramide in Various Tissues 

14C-Galactose incorporated 
(cpm/mg protein) 

Tissues (-) Acceptor (+) Acceptor 

Tadpole brain 206 9160 
Adult frog 

brain 320 5550 
kidney 174 580 
liver 94 226 

Adult rat 
brain 923 1915 
kidney 190 430 
liver 344 990 

Eight day old rat 
brain 507 1860 
kidney 620 890 
liver 560 1240 
small intestine 58 252 

(2:1 v/v) were added, and the solution was sep- 
arated into two phases. Two additional washes 
with theoretical upper phase containing water 
(11) were performed, and the lower organic 
phase was evaporated to dryness. The material 
was dissolved in chloroform-methanol (2:1 v/v) 
and chromatographed on thin layer Silica Gel G 
plates for a 1 hr ascending run at 22 C with 
chloroform-methanol-water  (61:32:7 v/v/v) 
(12,13) as the developing solvent. The migra- 
tion of the compounds was detected with io- 
dine vapors. Under the above conditions, the Rf 
values for glc-cer, gal-glc-cer, galNAc gal-glc-cer 
and unhydrolyzed galNAc (neuNAc)gal-glc-cer 
were 0.8, 0.61, 0.41 and 0.2, respectively. The 
individual components were scraped off the 
plates and eluted from the Silica Gel G with 
chloroform-methanol-water (61 : 32:7 v/v/v). 

The gal-galNAc-gal-glc-cer was prepared by 
acid hydrolysis (0.1 N HC1) of bovine brain gan- 
gliosides for 1 hr at 100 C. The material was 
dialyzed and the dialysand lyophilized. The 
gal-galNAc-gal-glc-cer was prepared by pre- 
p a r a t i v e  t h i n  l aye r  chromatography  as 
described. The developing solvent was chloro- 
form-methanol-water (70:30:4 v/v/v). Under 
these conditions, the unhydrolyzed ganglioside 
remained at the origin and the gal-galNAc-gal- 
glc-cer migrated 1.1 cm from the origin. The 
calculated Rf value for gal-galNAc-gal-glc-cer 
was 0.09. 

The homogeneity of the purified galNAc- 
gal-glc-cer and gal-galNAc gal-glc-cer was ascer- 
tained by thin layer chromatography in six sol- 
vent systems: (1) chloroform-methanol-water 
(70:30:4 v/v/v) (2) chloroform-methanol~water 

Subcellular Distribution of the UDP-galactose: 
N-aeetylgalactosaminyl-galaetosyl-glucosyl-ceramide 

Galactosyl Transferase in Adult Frog Brain 

14C-Galactose 
Fraction incorporated cpm/mg 

(cpm) Protein 

Whole homogenate 1483 872 
Whole homogenate, 

boiled control 50 29 
900 x g 

resuspended particle 90 225 
11,500 xg 

resuspended particle 376 671 
20,000 x g 

resuspended particle 570 3563 
1 0 0 , 0 0 0  x g 

resuspended particle 776 5173 
100,000 x g 

supernatant solution 89 296 

(61:32:7 v/v/v), (3) chloroform-methanol-conc. 
ammonia  (70:30:5 v/v/v), (4) cbloroform- 
methanol-water- conc. ammonia (60:35:6:2 
v/v/v/v) (5) n-propanol-conc, ammonia-water 
(70:15:15 v/v/v). Each glycolipid, when visual- 
ized by the orcinol reagent (14), migrated as a 
single spot in the above six solvent systems. The 
mixture of glycolipids used as carrier for 
routine enzymic assay was prepared by acid 
hydrolysis of ganglioside as described. The 
dialysand was lyophilized and used. 

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

Purified galNAc-(neuNAc)gal-glc-cer, gal-glc- 
cer and gal-galNAc-gal-glc-cer, gifts of J. Kanfer, 
National Institutes of Health, Bethesda; glc-cer, 
gift of A. Rosenberg, Columbia University, New 
York; radioactive CMP-neuNAc, gift of J. 
H i c k m a n ,  N a t i o n a l  Institutes of Health, 
B e t h e s d a .  U n i f o r m l y  l abe led  14C-UDP- 
galactose, New England Nuclear Corporation 
and International Chemical and Nuclear Cor- 
p o r a t i o n ;  u n l a b e l e d  U D P - g a l a c t o s e ,  
Calbiochem; Tween 80, Sigma Chemical Co.; 
Triton X-100 and Triton CF 54, Rohm and 
Haas; Sodium desoxycholate, Mann Research 
L a b o r a t o r i e s ;  S o d i u m  c h o l a t e ,  General 
Biochem. Inc.; PPO and POPOP, New England 
Nuclear Corporation and Nuclear Chicago Cor- 
poration; thin layer plates of Silica Gel G (250 
/.t), A n a l t e c h  Incorporated; mature Rana 
pipiens, J. M. Hazen and Co.; rats, Charles River 
Co. 

The methods described by DeRobertis et al. 
(15-17) were used with slight modifications, 
Adult frog brains were homogenized in 0.25 M 
s u c r o s e  s o l u t i o n  c o n t a i n i n g  0 .11% 
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TABLE III 

Solubilization of  UDP-Galactose: N-ace ty lga lae tosaminy l -ga lac tosy l -g lucosy l -ceramide  
Galaetosyl Transferase in Adul t  Frog Brain Under  Different  Experimental  Condit ions 

c p m / m g  
Experimental  condit ion Protein 

Total 
radioactivity 
incorporated 

(cpm) 

Control  fract ion 4500 
11,500 - 100,000 x g resuspended particle in sucrose medium 280 
11,500 - 100,000 x g resuspended particle in sucrose medium,  

frozen and thawed (twice). 1113 
11,500 - 100,000 x g resuspended particle in 0.5% sodium cholate 4182 
11,500 - 100,000 x g resuspended particle in 0.5% sod ium desoxyeholate  17,700 
11 ,500-  100,000 x g resuspended particle in 0.5% in Tri ton X-100 18,046 
Sonieation o f  the  11,500 - 100,000 x g resuspended 
particle in sucrose medium for 10 min.  207 

121,500 
588 

5,800 
16,600 

310,000 
228,000 

1,370 

2-mercaptoethanol in a ratio of 2 brains per 
milliliter. A glass homogenizer with a loose Tef- 
lon pestle was used. The homogenization was 
divided into two 1 min periods with an interval 
for cooling. The total homogenate, diluted with 
an equal volume of the solution, was submitted 
to a series of centrifugations. All steps men- 
tioned a b o v e  we re  p e r f o r m e d  a t  0 C.  

T h e  m o r p h o l o g i c a l  e x a m i n a t i o n  o f  v a r i o u s  
p a r t i c u l a t e  f r a c t i o n s  w a s  ca r r i ed  o u t  w i t h  a 
R C A  E M U - 3 G  e l e c t r o n  m i c r o s c o p e ,  a f t e r  f i xa -  
t i o n  o f  t h e  pe l l e t s  in  o s m i u m  t e t r o x i d e ,  
e m b e d d i n g  in  E p o n  8 1 2  a n d  t h i n  s e c t i o n i n g .  

Preparation of Reaction Mixture 

Chloroform-methanol solutions of substrates 
and detergents were mixed and taken to dry- 
ness. Cacodylate buffer (0.04 ml), Mn ++ (0.02 
m l ) ,  Mg ++ ( 0 . 0 2  ml ) ,  U D P - g a l a c t o s e - 1 4 C  ( 0 . 0 2  

3000 - 
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P_ 
Z 

O 
o IO00 

5 0 0  I I I I I 
5.0 5.5 6.0 6.5 7.0 Z5  

p H  

FIG. 1. Effect  of  pH on the UDP-galactose: 
galNAc-gal-glc-cer galactosyl transferase activity. The  
incubat ion t ime was 4 hr at 37 C. Protein (0.126 mg) 
was de termined by Lowry 's  me t hod  (18). 

ml), enzyme and water were added to a final 
volume of 0.2 ml. The above mixtures were agi- 
tated with a Vortex mixer and the tubes placed 
in a water bath at 37 C. 

Enzyme Assay 

The enzymic product was determined by 
measuring the amount of organic-soluble radio- 
activity produced. After incubation of the reac- 
tion mixture, the enzymic reaction was stopped 
by the addition of 20 vol of chloroform- 
methanol (2:1 v/v). A mixture of glycolipids 
(200 #g) was added as carrier, and the solution 
was partitioned with 0.2 vol of 0.1 N KC1. The 
upper phase was removed and the lower phase 
washed 4 times with equal volumes of theoreti- 
cal upper phase containing 0.1 N KC1 (11). The 
lower phase was transferred to a counting vial 
and dried under vacuum. To the dried vial, 1 ml 
of hot toluene was added followed by 10 ml of 
scintillation fluid (4 g of PPO and 50 mg of 
POPOP in 1 liter of toluene) and counted by a 

4 0 0 0  

5000 
z 

Q= 
~ooo 

z 

o Iooo 

o I I I I t I 
0 I 2 3 4 5 6 

T I M E  (hours) 
i 

F I G .  2. Time course o f  the  UDP-galactose: 
galNAc-gal-glc-cer galactosyl transferase reaction. The 
incubat ion t ime was varied at 37 C. Protein (0.126 
rag) was de termined by  Lowry ' s  me thod  (18). 

LIPIDS, VOL. 4, NO. 4 



ENZYMIC SYNTHESIS OF GANGLIOSIDE 273 
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FIG. 3. Proportionality between the amount of 
protein added and product formed. The incubation 
time was 4 hi at 37 C. Protein was determined by 
Lowry's method (18). 

liquid scintillation spectrometer. The protein 
content was determined according to Lowry et 
al. (18) or the biuret method (19). 

R ESU LTS 

Distribution of the UDP-galactose: 
N-acetylgalactosaminyl-galactosyl-glucosyl-ceramide 
Galactosyl Transferase Activity in Various Tissues 

The distribution of the transferase activity in 
various tissues of mature frog, adult rat, 8 day- 
old rat and in tadpole brain (Taylor and Kollros 
(20) stage 17) is shown in Table I. The tissues 
were homogenized in a solution containing 0.25 
M sucrose and 0.11% 2-mercaptoethanol. The 
suspensions were centrifuged at 11,500 x g for 
20 rain and 50 pliters aliquots of the super- 
natant were assayed for the transferase activity. 
In addition to the tissue extracts, the incu- 
bation mixtures contained 4 pmoles of Mn ++, 4 
pmoles of Mg ++, 20 pmoles of cacodylate 
b u f f e r  (pH 7.0), 83.6 mpmole N-acetyl- 
g a 1 a c t o s a m i n y  1-g a lact osyl-glucosyl-ceramide, 
140 mpmole 14C UDP-galactose (3.7 x 105 
cpm/pmole),  0.4 mg of Triton CF-54, 0.2 mg 
Tween 80 and water in a volume of 0.2 ml. The 
incubation time was 4 hr at 37 C. Under the 

12-- 

l0 

%8 
x �9 

-7> 
4 

2 -  

0 I t I I I 
0 6 12 15 24 

~ -  (TRIHEXOSYLCE RAMIDE, mu x I0 z) ITlOle 

FIG. 4. Lineweaver-Burk plot of the reciprocal of 
the velocity of UDP-galactose: galNAc-gal-glc-cer 
galactosyl transferase vs. the reciprocal of the galNAc- 
gal-glc-cer concentration. The incubation time was 4 
hr at 37 C. Protein (0.156 mg) was determined by 
Lowry's method (18). 

above conditions, the reaction was proportional 
to the amount of protein added and the time of 
the reaction. Protein was determined by biuret 
method. Tadpole (Taylor and Kollros stage 17) 
was used. 

The highest activities were observed in the 
homogenates of the tadpole brain and adult 
frog brain. Partial purification of the enzyme 
was undertaken in the adult frog brain. 

Partial Purification of the UDP-galactose: 
N -acetyl-galactosa miny|-galactosyl-glucosyl-cera mide 
G alactosyI-Transferase 

Assay of fractions obtained by differential 
c e n t r i f u g a t i o n  revealed that most of the 
enzyme activity was contained in the micro- 
s o m a l  fraction which sedimented between 

TABLE IV 

Requirements for the UDP-Galactose: 
N-acetylgalact osaminyl-galactosyl-glucosyl-ceramide 

Galactosyl Transferase 

14C_Galactos e 
System incorporated 

(cpm) 

Complete system 3160 
Minus galNAc-gal-glu-cer 570 
Minus MN++ 510 
Minus Mg++ 3190 
Minus MN++ and MG++ 489 
Minus detergent mixture (Triton 

CF-54 and Tween 80) 2995 
Flus 0.28 ]Jxnole galactose 3029 
Plus 0.28/2mole UDP-Galactose 856 
Plus 6 ]Janoles of EDTA 103 
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TABLE V 

The Rf Values of the Radioactive Product and the Standard Glycolipid 
in Various Solvent Systems 

Rf 

Radioactive Standard 
Solvent system product gal-galN Ac-gal-glu-cer 

Chloro form-methanol-water a 0.09 
(70:30:4 v/v/v) 

Chloroform-methanol-water a 
(61:32:7 v/v]v) 0.34 

Chloroform-methanol-cone. ammonia a 
70:30:5 V]V/V) 0 

Chloroform-methanol-water-conc. ammonia a 
60:35:6:2 v]v/v]v) 0.20 

n-Propanol-conc, ammonia-water b 
(70:15:15 v]v]v) 0.23 

n-Propanol-conc, ammonia-water b 
(60:20:10 v/v]v) 0.34 

0.09 

0 . 3 3  

0 

0 . 2 0  

0 . 2 5  

0 . 3 2  

aAscending thin layer chromatography for 1 hr at 22 C. 
bAscending thin layer chromatography for 2 hr at 22 C. 

11,500 and 100,000 x g (Table II). For ty -one  
adult frog brains were homogenized  in sucrose 
solut ion as described in the Exper imenta l  Pro- 
cedure section. The homogenate  was centri- 
fuged for 10 min at 900 x g at 0 C. The precipi- 
tate was washed twice in sucrose medium and 
centr i fuged to obta in  the 900 x g particle. The 
supernatant  fluid was pooled and centr i fuged at 
11,500 x g for 20 min at 0 C. The precipi tate  
was washed once in the same medium and 
centr i fuged again to obtain  the 11,500 x g 
particle. The supernatant  f ract ion was com- 
bined and centr i fuged at 20,000 x g for 30 min 
at 0 C. The precipi tate  was designated as the 
20,000 x g particle and the supernatant  fluid 
was centr i fuged at 100,000 x g for 1 hr at 0 C. 
The precipi ta te  was denoted  as the 100,000 x g 
particle. To obta in  the 100,000 x g supernatant  
solution,  a small por t ion  of  the original homo-  
genate was centr i fuged at 100,000 x g for 1 hr  
and the supernatant  was used. Each part iculate  
fract ion was resuspended in an amount  of  0.25 
M sucrose containing 0.11% 2-mercaptoe thanol  
equivalent  to the vo lume of the original h6mo-  
genate. Al iquots  of  50 /aliter of  each fract ion 
was assayed according to the condi t ions  in 
Table I. Protein was determined by biuret  
method.  

Morphological  examina t ion  of  the 20,000 x 
g and 100,000 x g fractions by electron micro-  
scopy showed that  these fract ions are similar to 
the light and heavy microsomal  fract ions of  rat 
brain (21). The 11,500 x g fract ions,  which 
have demonst rable  transferase activity,  con- 
tained free mi tochondr ia  and synaptosomes.  
The synaptosomes  showing synaptic vesicles, 

mi tochondr ia  and larger vesicles are similar to 
fract ion B l f rom Bullfrog brain (22) and the 
mi tochondr ia l  f ract ion f rom rat brain (23). 

T h e  U DP- g a l a c t  o se : g a l N  Ac-ga l -g l c - ce r  
galactosyl transferase could be released f rom 
the particles which sedimented be tween 11,500 
and 100,000 x g by t rea tment  with Tr i ton  
X 100 or with sodium desoxychola te  (Table 
III). The fract ions were prepared according to 
the condi t ions  in Table II, except  that the 
11,500 x g supernatant  fluid was immedia te ly  
centr i fuged at 100,000 x g for 1 hr at 0 C. The 
p r e c i p i t a t e  was  resuspended in different 
mediums equal  to the volume of  the original 
11,500 x g supernatant ,  and recentr ifuged at 
100,000 x g  for 1 b r a t  0 C .  The 100,000 x g  
supernatant  was used as the source of  enzyme,  
and assayed according to the condit ions in 
Table I. The cont ro l  fract ion contained just  the 
11,500 - 100,000 x g resuspended particles in 
sucrose medium as the source of  enzyme.  All 
detergents  were made in sucrose medium (w/v) 
0 25 M containing 0.11% 2 mercaptoe thanoL 
Sonicat ion was per formed at 10 kc in a 
Ray theon  sonic oscillator and recentr ifuged at 
100,000 x g for 1 hr at 0 C. The supernatant  
was used for enzyme  assay as described. Protein 
was determined by Lowry ' s  method.  

Al though Tr i ton  X-100 and sodium desoxy- 
cholate solubilized only 47% and 65% of the 
protein respectively,  the total  r ad ioac t iv i ty  
incorpora ted  in the soluble fract ions (228;000 
cpm and 310,000 cpm) was 2 to 3 t imes that  of  
t h e  control  (121,500 cpm). These results 
sugges t  that  bo th  Tr i ton X-100 and s o d i u m  
d e s o x y c h o l a t e  st imulate the solubilized 
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CH el 5:C H 50H : H 20 (70:30:4) 

275 

n PrOH:NH4OH:H 20 (70:15: 15) 

FIG. 5. Reproduction of the radioactive scans of thin layer chromatograms of the enzymic 
product; gal-galNAc-gal-glc-cer on Silica Gel G plates. A, radioactivity at the origin before thin layer 
chromatography; B, radioactivity after thin layer chromatography; F, solvent front. 

enzyme activity. Conditions such as freezing 
and thawing, sonication and sodium cholate 
treatment had little effect on releasing or stimu- 
lating the enzyme from the particles. 

The enzyme preparation solubilized with 
sodium desoxycholate, which was used for the 
subsequent experiments, represents a 20-fold 
increase in specific activity over the whole 
homogenate. 

Properties of the UDP-galactose: 
N -acetylgalactosa mi nyl-galactosyl-glucosyl- 
ceramide GalactosyI-Transferase 

The solubilized enzyme (Table IV) requires 
Mn ++ for activity which cannot be replaced by 

Mg ++. The enzyme preparation was solubilize 
with sodium desoxycholate according to the 
conditions in Table III. Fifty-microliter aliquots 
of the soluble fraction were assayed for the 
enzymic activity (Complete system in Table I). 

The demonstration that there is no signifi- 
cant decrease of radioactivity incorporated in 
the presence of a twofold excess of nonradio- 
active galactose indicates that UDP-galactose is 
involved in the reaction. Thus, the incorpora- 
tion of radioactivity is inhibited by the addition 
of unlabeled UDP-galactose. Sodium desoxy- 
cholate, which was used in solubilizing the 
enzyme, can replace the detergent mixture of 
Triton CF-54 and Tween 80. 

LIPIDS, VOL. 4, NO. 4 
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The optimal pH is between 6.8 - 7.0 (Fig. 1) 
in cacodylate buffer. The transferase reaction is 
directly proport ional  to the reaction time for 4 
hr (Fig. 2) and to the amount of protein added 
(Fig. 3). The half-maximal velocity is obtained 
at 4.25 x 10 -5 M (Fig. 4). 

Identification of the Organic Reagent-Soluble 
Product of the Enzymic Reaction 

The standard incubation mixture indicated 
in Table I was used, except that the enzyme 
(0.31 to 0.39 mg) was the solubilized prepara- 
t ion and the incubation time was 8 hr. The 
reaction was stopped by the addition of 4 ml 
chloroform-methanol (2:1 v/v) and 40 /.tg of 
standard gal-galNAc gal-glc-cer, instead of 200 
gg of a mixture of glycolipids, were added as 
carrier. The reaction mixture was then proc- 
essed as described in the Experimental  Pro- 
cedure Section. The organic reagent-soluble 
product  was applied to thin layer Silica Gel G 
plates. The position of the radioactive peak and 
the amount of radioactivity were recorded with 
a Nuclear-Chicago radiochromatogram scanner, 
Actigraph III, Model 1006 and a digital inte- 
grator, Model 8735 before and after thin layer 
c h r o m a t o g r a p h y  in six different solvent 
systems. All the radioactivity at the origin 
migrated as a single peak in each solvent 
s y s t e m  The  control  experiment without 
galNAc gal-glc-cer was performed similarly and 
no radioactive peak was detected. Figure 5 
shows the results obtained in two of the sol- 
vents used. The Rf value of the radioactive 
product for each solvent system was calculated 
as follows: Rf = the distance between peak A 
and B/ the distance of the solvent front from 
peak A. The Rf values obtained for the enzymic 
product corresponded to those of authentic 
gal-galNAc gal-glc-cer (Table V). Furthermore,  
the radioactivity could not be separated from 
gal-galNAc gal-glc-cer on rechromatogravhy_ 

To demonstrate that the radioactivity incor- 
porated into gal-galNAc-gal-glc-cer was due to 
14C-galactose from 14C-UDP-galactose, the 
radioactive product  was recovered from the 
Silica Gel G plates and hydrolyzed in 2 N HC1 
for 6 hr at 100 C. The hydrolysate was filtered 
through glass wool. The filtrate was taken to 
dryness and dissolved in a small volume of 
water. A port ion of the radioactive material 
(4010 cpm) was applied to a descending paper 
chromatogram on Whatman No. 1 filter paper 
with n-butanol-pyridine-water (6:4:3 v/v/v) as 
the developing solvent for 39 hr at 22 C. Stand- 
ard hexoses were detected by a modification of 
the alkaline silver nitrate dipping technique 
(24). Under the above conditions, the relative 
m i g r a t i o n  v a l u e s  (Rg)  of galactose, ga- 

lactosamine and glucosamine were 0.9, 0.5 and 
0 6 ,  respectively. The highest radioactivity 
(3644 cpm) was confined to the galactose 
region. 

To the remainder of the radioactive material, 
100 mg of nonradioactive galactose were added. 
The mixture was oxidized with 25% nitric acid 
to yield mucic acid (25) Constant specific 
activity was obtained after repeated recrystalli- 
zations (149 cpm/mg; 140 cpm/mg)which  cor- 
related with the theoretical value of 142 
cpm/mg. The melting point of the product was 
2 1 7 C ,  previously reported 211-212C and 
225 C (24)  

DISCUSSION 
Our experiments show the presence of an 

enzyme in brain tissue which catalyzes the 
s y n t h e s i s  o f  ga l  galNAc-gal-glc-cer  from 
g a l N A c  gal-glc-cer and UDP-galactose. The 
e n z y m e  UDP galactose: galNAc gal-glc-cer 
galactosyl transferase, appears to be initially 
bound to particles and can be released in a 
soluble form in the presence of sodium desoxy- 
cholate and Triton X-100. The enzyme seems 
to be specific for N-acetyl galactosamine at the 
terminal of the trihexosylceramide, since the 
co r r e spond ing  tr ihexosyl ceramide (gal-gal- 
glucer) isolated from kidney tissue did not serve 
as lipid acceptor (26). The cellular distribution 
of the enzyme correlates with that of the gan- 
gliosides in frog and rat brain tissue (26,27), 
suggesting a possible role of the transferase in 
the biosynthesis of gangliosides. 

Many investigators are concerned with the 
elucidation of the pathway of ganglioside bio- 
synthesis. Hauser (28) has recently demon- 
strated an enzymic synthesis of gal-glc-cer from 
glc-cer and UDP-galactose in rat spleen. In 
addition, rat brain, kidney and liver have 
detectable enzymic activity. Handa and Burton 
(29) have reported an enzymic synthesis of 
galNAc-gal-glc-cer from gal-glc-cer and UDP-N- 
acetyl galactosamine in young rat brain. The 
presence of the above two enzymes and the 
U D P - g a l a c t o s e  :galNAc-gal-glc-cer galactosyl 
transferase together with the CMP-neuNAc:gal- 
galNAc-gal-glc-cer N-acetyl neuraminyl transfer- 
ase (6,7) enables us to postulate the following 
stepwise synthesis of ganglioside: 

glc-cer + UDP-gal ~ gal-glc-cer 

gal-glc-cer + UDP-galNAc ~__ 
galNAc- gal-gle-cer 

galNAc-gal-glc-cer + UDP-gal 
gal-galNAc-gal-glc-cer 

gal-galNAc-gal-gic-cer + CMP-neuNAc----..]mD~ 
Mononeuraminyl ganglioside, 
Dineuraminyl ganglioside and 
Polyneuraminyl ganglioside 

LIPIDS, VOL. 4, NO. 4 



ENZYMIC SYNTHESIS OF GANGLIOSIDE 277 

T h e  o b s e r v a t i o n  t h a t  UDP-ga l :  g a l N A c -  
( n e u N A c ) g a l - g l c - c e r  g a l a c t o s y l  t r a n s f e r a s e  
a c t i v i t y ,  an  e n z y m e  o n  t h e  o t h e r  p r o p o s e d  
s c h e m e  (6 -8 )  f o r  g a n g l i o s i d e  b i o s y n t h e s i s ,  w a s  
p r e s e n t  in  t h e  a d u l t  f r o g  b r a i n  b u t  c o u l d  n o t  be  
d e t e c t e d  in  t h e  a d u l t  r a t  b r a i n  ( 3 0 )  e m p h a s i z e s  
t h e  i m p o r t a n c e  o f  ga l -ga lNAc-ga l -g l c -ce r  a n d  
ga lNAc-ga l -g l c - ce r  as  p r e c u r s o r s  f o r  t h e  b i o s y n -  
t h e s i s  o f  g a n g l i o s i d e s  in  a d u l t  m a m m a l i a n  b r a i n .  
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Quantitative Analysis of Free and Bound Fatty Aldehydes: 
Optimum Conditions for p-Nitrophenylhydrazone Formation 
WILLIAM J. FERRELL, JAMES F. RADLOFF and ANDREW B. JACKIW, 
Department of Chemistry, Biochemistry Division, University of Detroit, Detroit, Michigan 48221 

ABSTRACT 

A method is described for the analysis 
of free and bound fatty aldehydes in lipid 
extracts. By radiolabeling techniques it 
was shown that the method for measuring 
free fatty aldehydes when used in the 
presence of bound fatty aldehydes meas- 
ures less than 1% of the bound aldehydes. 
Parameters of time, temperature and opti- 
mum acid concentration are reported. A 
comparison has been made between the 
present  method and other published 
m e t h o d s  of measuring p-nitrophenyl- 
hydrazones with emphasis on recoveries 
and reactivities. The present method is 
suitable for measuring as little as 0.02 
/~moles of fatty aldehyde. The method 
has been applied to the analysis of free 
and bound aldehydes present in various 
mouse tissues. 

INTRODUCTION 

The use of p-nitrophenylhydrazone for the 
quantitative determination of plasmalogens is 
well established (1-3). In the method of Pries 
and B6ttcher (I)  modification was made to 
allow for the measurement of free fatty alde- 
hydes in the presence of plasmalogens. With the 
recent establishment of free fatty aldehydes as 
n a t u r a l l y  occur r ing  components of lipid 
extracts (4-6) it seemed that this method would 
have much practical application. However, the 
evaluation of this method by the authors of the 
work reported here indicated that the con- 
ditions specified do not give reproducible 
results. It was found that in the neutral medium 
the conversion of standard stearaldehyde to the 
p-nitrophenylhydrazone derivative was less than 
50% complete when compared to the conver- 
sion of the same amount of aldehyde under 
acidic conditions. During the evaluation of the 
aforementioned method it was noticed that the 
wash procedure using 50% ethanol caused losses 
of up to 15% of the hydrazones formed. The 
above points were established by both spectro- 
scopic and thin layer chromatographic tech- 
niques (TLC). 

A f t e r  v a r i o u s  modifications,  including 
changes in temperature, acid concentration and 
the concentration of ethanol in the wash step, 
the procedure reported here was developed. 

This method can be used to measure as little as 
0.02 pmole of fatty aldehyde. 

MATERIALS AND METHODS 
Reagents 

Pure  commercial  p-nitrophenylhydrazine 
was recrystallized twice from methanol. Fresh 
solutions were prepared daily or high blanks 
would result. 

Pure fatty aldehydes were obtained by con- 
verting the alcohol (Eastman Organic Chemi- 
cals) to the corresponding aldehyde by oxida- 
tion of the tosylate with dimethyl sulfoxide 
(7,8). The aldehydes were separated from 
unreacted tosylate by chromatography on silcic 
acid. Gas liquid chromatography (GLC) (5) 
showed them to be better than 99% pure. 

All solvents were reagent grade and with the 
exception of methanol and ethanol were redis- 
tilled before use. 

General Procedure 

An aliquot of a total lipid extract is mixed 
with p-nitrophenylhydrazine and sulfuric acid 
in methanol. The mixture is heated at 60 C for 
25 rain and then cooled in an ice bath. Water 
and hexane are added, the mixture shaken and 
the layers separated. The hexane phase is 
washed with 35% ethanol to remove excess-p- 
nitrophenylhydrazine. An aliquot of the hexane 
is evaporated almost to dryness, dissolved in 
95% ethanol and the absorbance determined at 
395 m/a against a reagent blank. 

R ESU LTS 

Effect of Time 

The time course of the reaction of 0.2 jumole 
of stearaldehyde with p-nitrophenylhydrazine 
at 60 C in different acid media is shown in Fig- 
ure 1. The time course for the reaction using 
the conditions described by Pries and B6ttcher 
is also presented for comparison. 

The data shows that under the present con- 
ditions reaction is complete within 25 min and 
that the absorbance values are higher than those 
obtained by the method of Pries and B6ttcher. 
Part of the explanation for this is the fact that, 
using their wash of 50% ethanol, up to 15% of 
the hydrazone is lost. This figure also shows 
that their method for free and total hydrazones 
does not give identical values for equal amounts 
of standard aldehyde. 

278 



ANALYSIS OF FREE AND BOUND ALDEHYDES 279 

TABLE I 

Extent of Hydrolysis of P!asmalogens by 
Various Concentrations of Sulfuric Acid 

Per cent 
Sample dpm hydrolysis 

i 
P l a s m a l o g e n  b o u n d  

a l d e h y  des  1 6 2 , 1 4 9  -- 
H y d r a z o n e s  ( f ree )  a 1 ; 4 9 3  0 .92  
H y d r a z o n e s  ( b o u n d )  b 1 6 2 , 0 5 3  99 .9  
H y d r a z o n e s  ( b o u n d )  c 1611879  9 9 . 8  

a Hydrazones formed from radiolabeled plasma- 
logen~ in the 0.O01N sulfuric acid medium. 

b Hydrazones formed from $adiolabeled plasma- 
logens in the 0.008N sulfuric acid medium. 

C Hydrazones formed from radiolabeled plasma- 
logens in the 0.06N sulfuric acid medium. 

Effect of Acid Concentration 

The effect of acid concentration on the reac- 
tion of 0.2 ~mole stearaldehyde with p-nitro- 
phenylhydrazine is shown in Figure 2. 

The sulfuric acid concentration for optimum 
color formation was determined to be 0.008N. 
However, it was found that this acid concentra- 
tion gives complete hydrolysis of plasmalogens 
and thus is not suitable for analysis of free fatty 
aldehydes in total lipid extracts. For such an 
analysis, it seemed that regardless of the reac- 
tion conditions, the analysis of standard alde- 
hyde in a medium designed to measure free or 
total aldehydes should giv e the same value. 
Inspection of Figure 2 shows that such a situa- 
tion exists at acid concentrations of 0.001N 
and 0.06N. Using these two acid concentra- 
t i o n s ,  i d e n t i c a l ,  super-imposable standard 
curves were obtained over the range of 0.02 to 
0.4 /amole of aldehyde. It remained to be 
shown that sulfuric acid at a concentration of 
0 .00IN did not hydrolyze plasmalogens and 
was thus suitable for measuring free aldehydes 
in total lipid extracts. This was accomplished 
using radiolabeled plasmalogens prepared bio- 
s y n t h e t i c a l l y .  An adult male mouse was 
injected with 1 /ac of acetate -1-14C on each of 
7 days. On the last day the mouse was killed 4 
hr after injection and the internal organs, con- 
sisting of heart, brain, kidneys and liver, were 
removed and the lipid extracted (9). The phos- 
pholipids were separated from other lipid 
classes by TLC using a solvent system consisting 
o f  h e x a n e - c h l o r o f o r m - m e t h a n o l  (73:25:2 
v/v/v). In this system the phospholipids remain 
at the origin while the other lipid classes 
migrate up the plate (5). The phospholipids 
were eluted with chloroform-methanol-benzene 
(1 : 1 : 1 v/v/v) and rechromatographed in a 
s y s t e m  of  h e x a n e - i s o b u t a n o l - m e t h a n o l  
(100:3:3 v/v/v) to ensure removal of any 

TABLE II 

Recoveries of p-Nitrophenylhydrazones o f  
Various Chain Lengths 

Per cent recovery 
by method a 

Hydrazone shorthand 
designation A B C D 

2 : 0  0 0 0 0 
4 : 0  0 0 0 0 
8 : 0  56  53 39  4 7  

10 :0  7 4  72  57  65 
1 2 : 0  88  88  7 3  8 0  
1 4 : 0  92  91 80  87  
1 6 : 0  1 0 0  99  83  95  
1 8 : 0  101 100  87  9 9  

aA, Present work, 0.008N acid medium. B, Present 
wprk, 0.001N or 0.06N acid medium. C, Pries and 
Bottcher, (1) total medium. D, Wittenberg, et al. (2) 
! I 

labeled free fatty aldehydes. The radioactivity 
of the bound aldehydes was assessed by acid 
hydrolyzing (10) and recovering the fatty alde- 
hydes by TLC. The acid released aldehydes 
were quantified as p-nitrophenylhydrazones (2) 
and an aliquot was counted in a Packard Tri- 
carb Liquid Scintillation Spectrometer, 314E. 
A 0.25 pmole aliquot of the radiolabeled 
plasmalogens, in which the aldehydogenic side 
chain had a total activity of 162, 149 dpm was 
carried through the free aldehyde analysis, 
along with 0.2 /amole of standard stearalde- 

h y d e .  The hydrazones formed were separated 
by TLC (hexane-chloroform-methanol, 73:25:2 
v/v/v) and eluted with 95% ethanol. An aliquot 
was quantified at 395 mju and the remaining 

: . .  

10 30 50 70 90  
TIME (MIN) 

FIG. 1. Time course of p-nitrophenylhydrazone 
formation from 0.2 ~trnole stearaldehyde. A and B, 
present work, 0.008N acid medium and 0.001N o r  
0.06N acid medium respectively; C and D, Pries and 
B6ttcher (1), total and free aldehyde procedures 
respectively. 
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FIG. 2. The effect of sulfuric acid concentration on the reaction between 0.2//.mole stearaldehyde 
and p-nitrophenylhydrazine. The acid normalities reported are those of the reaction media. Reaction 
was for 25 rain at 60 C. 

sample counted in a Packard Tricarb Liquid 
Scintillation Spectrometer, 314E. The recovery, 
based on the amount of stearaldehyde added, 
was 94%. The number of detectable counts in 
the hydrazoncs indicated that, at most, there 
was about 0.9% hydrolysis of the plasmalogens. 
This data is shown in Table 1. The data also 
shows that complete hydrolysis of the labeled 
plasmalogens occurs in either the 0.008N or 
0.06N acid medium. The importance of this 
point is twofold: first, the method as described 
here for free and total hydrazones will measure 
all of the bound aldehydes present in a lipid 
extract, and second, in instances where the 
amount of total aldehydes is low the sensitivity 
of the method can be increased approximately 
twofold by running the assay at the optimum 
acid concentration, since the amount of color 
formed increases but not the amount of bound 
aldehydes, when measured relative to a stand- 
ard curve. 

The reason for the formation of color to 
show acid concentration dependency is not 
completely understood but a possible explana- 
tion is the formation of one or more tautomeric 
forms of the p-nitrophenylhydrazone which 
have an increased absorbance at 395 m/a. In any 
event, the effect of the acid is not on the 
extraction of the hydrazone into the hexane 
phase. We have studied the extraction into 
hexane, of stearaldehyde p-nitrophenylhydra- 
zone from concentrations of sulfuric acid in the 
range of zero to 2.0N in 72% aq. methanol (v/v) 
and have observed negligible variations. 

Inspection of Figure 2 at acid concentrations 
of zero and 0.1N once again indicates that the 
method of Pries and Bottcher for free and total 

hydrazones does not give equal absorbance 
readings for a given amount of standard alde- 
hyde. 

Effect of Ethanol Concentration 
in the Wash Step 

The effect of ethanol concentration, in the 
aqueous phase, on the relative solubility of the 
p-nitrophenylhydrazones in the hexane phase is 
shown in Figure 3. This curve was determined 
by measuring the amount of a known aliquot 
(0.1 /amole) of stearaldehyde p-nitrophenyl- 
hydrazone retained by the hexane phase when 
s h a k e n  wi th  a q u e o u s  phase  containing 
increasing proportions of ethanol. The results 
indicate that at 50% ethanol as much as 15% of 
the hydrazone is removed. This is in agreement 
with what has been found previously for 
2,4-dinitrophenylhydrazones (11). TLC of the 
50% ethanol washings using a developing sol- 
vent consisting of hexane-chloroform-methanol 
(73:25:2 v/v/v) gave 2 spots when stained with 
iodine vapor, one of which had the mobility of 
p-ni t rophenylhydrazine  and the other the 
mobility of the stearaldehyde p-nitrophenyl- 
hydrazone. When the infrared (IR) spectrum of 
the 50% ethanol washings was determined, the 
presence of p-nitrophenylhydrazone was indi- 
cated. If the amount of ethanol was reduced to 
35% only the hydrazine spot was observed after 
TLC and the IR spectrum did not show any 
hydrazone to be present. 

Effects of Aldehyde Chain Lengths 

Table II gives a comparison of the recoveries 
of various chain length p-nitrophenylhydra- 
zones using the present method and two other 
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TABLE III 

Free and Bound Aldehyde Content  
of Mouse Tissues 

Mouse Bound aldehydes Free aldehydes 
t i s s u e  a /2rnoles/100 mg lipid / /moles /100 mgl ip id  

H e a r t  1.27 .049 
Liver 7.23 .098 
Kidney 3.48 .052 
Brain 8.75 5.38 
Skeletal 

muscle 1.38 0.039 

apooled tissues from 5 male mice with average body 
weight of 30 g. 

published methods (12) .  The recoveries were 
determined by dissolving known aliquots of 
p-nitrophenylhydrazone in the appropriate sol- 
vent and carrying this aliquot through pro- 
cedure in question. All values are reported as 
percentages of the expected absorbance, f o u n d  
by dissolving the same aliquots in 3 ml of 95% 
ethanol and reading the absorbance at 395 m/a. 
Identical recoveries were obtained for 0.02, 0.1 
and 0.2 pmole aliquots. 

Proposed Procedures 

Determination of Total Aldehydes (Free and 
Bound). An aliquot of the lipid sample to be 
analyzed is placed in a 40 ml conical centrifuge 
tube and evaporated to dryness. The sample is 
redissolved in 0.2 ml chloroform. To each 
sample is added 8 ml 90% aq. methanol (v/v), 1 
ml of 0.6N sulfuric acid and 1 ml 0.02 M 
p-nitrophenylhydrazine in 80% aq. methanol 
(v/v). The samples are mixed and heated for 25 
min at 60 C after which they are cooled in an 
ice-bath. To each sample is added 10 ml hexane 
and 5 ml water; the tubes are shaken for 30 sec 
and the phases separated by centrifugation. A 
convenient method of discarding the lower 
phase is to draw it out using a Pasteur pipette 
attached by rubber tubing to an aspirator. 
When all but a drop in the point of the conical 
tube has been removed the rubber tube is 
pinched off and the pipette withdrawn. Cleaner 
separations can be achieved by drawing off the 
lower phase until  the upper hexane phase just 
starts to fill the tip. Since an aliquot of this 
phase is used the small losses incurred this way 
are of no consequence. The hexane phase is 
then washed at least twice with 10 ml 35% aq. 
ethanol (v/v) by shaking,, centrifuging and 
removing the lower phase as just described. An 
8 ml aliquot of the hexane phase is removed 
and evaporated under nitrogen almost to dry- 
ness, the' residue dissolved in 3 ml 95% aq. 
ethanol (v/v) and the absorbance at 395 m/a 
determined against a reagent blank. It is impor- 

100 

~ t~ 75 

5o 

~ 25  

~  ' 2 b  ' ' ' 8 0  100 
% WATER 

FIG. 3. The effect of composition of the aqueous 
phase on extraction of 0.1 //.mole stearaldehyde 
p-nitrophenylhydrazone by hexane. 

tant that the samples are not allowed to go 
completely dry as it is extremely difficult to 
redissolve the hydrazones once they become 
hard on the sides of the tubes. The amount of 
total aldehydes present is determined by com- 
parison to an aldehyde standard curve run at 
the same time, in the manner just described. 

In cases where the amount of total alde- 
hydes is low, increased sensitivity m a y b e  
obtained by the use of 0.08 N sulfuric acid 
instead of the concentrations previously men- 
tioned. This is shown in Figure 2, where the 
final acid concentration for maximum absorb- 
ance is seen to be 0.008 N. However, this is not 
the method of choice since the optimum acid 
concentration presents a rather sharp peak and 
therefore slight variations in acid concentration 
could cause erroneous results. 

Determination of Free Aldehydes. For the 
determination of free aldehydes the general 
procedure is the same as just outlined with the 
exception of 1 ml of 0.01 N sulfuric acid is 
used instead of 0.6 N sulfuric. The standard 
curve determined under these conditions has a 
slope equal to that determined using 0.6 N sul- 
furic, but approximately half that of the stand- 
ard curve from 0.08N sulfuric. That this 
method will measure all of the free fatty alde- 
hydes present in a lipid extract was shown in 
the following way: aliquots of a total lipid 
extract of mouse hearts containing 139 mg lipid 
per ml were analyzed for free aldehydes and a 
value of 0.49 -+ 0.02 /amole/100 mg lipid, SD 
(n=10) was obtained. When the free fatty alde- 
hydes from aliquots of this extract were 
isolated, as described elsewhere (5), and then 
analyzed, a value of 0.47 + 0.03/amole/100 mg 
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lipid, SD (n=8)  was ob ta ined .  The  recovery  of  
s t anda rd  a ldehyde  using th is  p rocedu re  was 
96.7 + 2.6% SD (n=10) .  

Quantitation of Free and Total Aldehydes 
From Total Lipid Extracts 

Table  1II gives the  resul ts  of  ana lyz ing  to t a l  
l ipid ex t rac t s  f r o m  various mouse  t issues for  
free and  to t a l  a ldehydes .  T he  l ipid ex t rac t s  
were made  accord ing  to  the  m e t h o d  of Fo lch ,  
e t  al. (9) .  All samples  were s tored  u n d e r  n i t ro -  
gen at -20 C un t i l  used. 

DISCUSSION 

Q u a n t i t a t i o n  of  a ldehydogen ic  lipids by  
p - n i t r o p h e n y l h y d r a z o n e  f o r m a t i o n  involves a 
n u m b e r  of re la t ionships .  The  first  and  mos t  
i m p o r t a n t  is the  effect  of  acid c o n c e n t r a t i o n .  A 
deta i led  s tudy  of  the  k ine t ics  and  mechan i sms  
of  h y d r a z o n e  f o r m a t i o n ,  as well  as o t h e r  similar 
reac t ions  involving a ldehydes ,  has  been  made  
(12 ,13) .  The  resul ts  of  these  s tudies  indica te  
t h a t  h y d r a z o n e  f o r m a t i o n  is a general  acid cata- 
lyzed reac t ion .  I t  has  been  previous ly  po i n t ed  
ou t  t h a t  the re  should  be an o p t i m u m  acid con-  
c e n t r a t i o n  (14) .  O the r  workers  (1)  have sug- 
gested t h a t  ident ica l  resul ts  can be ob t a ined  in 
e i the r  a neu t r a l  or acid media ,  while  Wi t t enberg  
et  al. (2)  have s ta ted  t h a t  w i t h o u t  acid no  
h y d r a z o n e  was ob ta ined .  We have f o u n d  t h a t  
while some h y d r a z o n e  is f o r m e d  f r o m  stearalde-  
hyde  in the  neu t r a l  sys tem,  near ly  twice  as 
m u c h  h y d r a z o n e  is fo rmed  f rom the  same 
a m o u n t  of  s t ea ra ldehyde  in the  acid m ed i um .  

While the  m e t h o d  descr ibed in th is  paper  has 
cer ta in  similari t ies  to  the  pub l i shed  m e t h o d s  
(1 ,2 )  the  p resen t  m e t h o d  has  cer ta in  advan-  
tages. Decreasing the  c o n c e n t r a t i o n  of  e t h a n o l  
in the  wash step e l iminates  any  loss of  hydra -  
zone.  By careful  a d j u s t m e n t  of  the  acid concen-  
t ra t ion ,  increased sensi t ivi ty  can be o b t a i n e d  to 
measure  t o t a l  h y d r a z o n e s  and,  if  the  free f a t t y  
a ldehydes  are f irst  i sola ted f r o m  lipid ex t rac t s  

(5) ,  th i s  m e t h o d  m a y  be appl ied to the i r  assess- 
m e n t  also. The  descr ibed p rocedure ,  for  the  
analysis  of  b o t h  free and  b o u n d  a ldehydes ,  has  
b e t t e r  r ep roduc ib i l i t y  since on ly  one  s t andard  
curve is used. 

The  resul ts  of  t he  rad io labe led  e x p e r i m e n t s  
ind ica te  t h a t  ou r  m e t h o d  will measure  e i ther  
free or b o u n d  f a t t y  a ldehydes  and,  in the  case 
of  the  la t ter ,  essent ial ly  100% of t he  b o u n d  
a ldehydes  p resen t  are de tec ted .  
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Cis-Trans Isomerization of Unsaturated Fatty Acid 
Methyl Esters Without Double Bond Migration 
D. S. SGOUTAS and F. A. KUMMEROW, The Burnsides Research Laboratory, 
University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

Trans isomerization of monoenoic and 
dienoic fatty acid methyl esters has been 
carried out with thiols and diphenyl- 
phosphine in the presence of azobisiso- 
bu ty ln i t r i l e .  The equilibrium mixture 
contained 75-80% trans double bonds and 
there was no migration of the double 
bonds. 

INTRODUCTION 

Unsaturated fat ty  acids can be isomerized 
from the cis to the trans configuration by 
various catalysts, including univalent atoms, 
molecules with odd electrons, free radicals and 
paramagnetic substances in general (1,2). Both 
free radical and ionic mechanisms have been 
suggested and the formation of addition prod- 
ucts and transitional forms as intermediates has 
been postulated. These intermediates are free to 
rotate about the axis of the former double 
bond. After such rotat ion,  dissociation from 
the catalyst permits reestablishment of the 
double bond with consequent formation of the 
geometrical isomer. Side reactions concurrent 
with the eis-trans isomerization include addi- 
tion (1,3), polymerization (4), hydrogen trans- 
fer and shifting of the double bond (5-7). 
Several studies have demonstrated that  reagents 
i s o m e r i z i n g  unsaturated fatty acids differ 
greatly in their selectivity towards the forma- 
tion of by-products.  Recently, Gunstone and 
Ismail (7) used thiyl radicals produced by 
photolysis of diphenyl sulfide and prepared 
trans octadecenoic acids free from positional 
isomers. In the present paper, monoenoic and 
dienoic fat ty acid methyl  esters have been iso- 
merized cis-trans with thiyl or phosphinyl radi- 
cals produced by radical initiators. The method 
has been shown to give efficiently and cleanly a 
definitive eis-trans equilibrium and to be totally 
free of double bond migration. Other advan- 
tages that may be cited are: mild reaction con- 
ditions with a high yield of product ,  ready 
applicabili ty of the reaction to small scale prep- 
aration of labeled compounds and simplicity of 
procedure. 

MATERIALS AND METHODS 

Methyl palmitate,  oleate, petroselenate, 
linoleate, eis vaccenate, elaidate and 11-eis, 
14-eis eicosadienoate were purchased from the 

Hormel Institute,  Austin, Minnesota. Gas liquid 
chromatography (GLC) indicated that they 
contained less than 1% impurities. Thin layer 
chromatography (TLC) on Silica Gel G 
impregnated with silver nitrate (8), also showed 
that these esters were pure. Thiophenol,  
diphenyl sulfide and dodecanethiol  were 
supplied by Aldrich Chemical Co., Milwaukee, 
Wis., and diphenylphosphine by Orgmet, Inc., 
Hampstead,  N.H. These reagents were 
fractionally distilled and a center cut used in 
this study. Solvents were A. R. grade and 
distilled before use. Azobisisobutylnitri le 
(AIBN) was used as received (Eastman 
Chemical Products, Inc. Rochester, N.Y.) 
1-14C-oleic and 1-14C-linoleic acids (specific 
activity 9.0 mc/mmole and 16.1 mc]mmole,  
respectively) were purchased from Traeerlab, 
Waltham, Mass. They were purified by chroma- 
tography on acid-treated Florisil (9). 

The reactions were carried out  in glass vials 
having constricted necks for sealing. In a typical  
experiment (Exp. 2, Table I), 3 mg of AIBN, 
0.2 ml of benzene, 110 mg (1 mmole) of thio- 
phenol, 296 mg (1 mmole) of methyl oleate 
and 50 mg methyl palmitate,  serving as a non- 
reactive internal standard, were placed in a vial. 
The reaction mixture was then deaerated by 
freezing, evacuating and thawing, sealed under 
vacuum, placed in a constant temperature sand 
bath preheated to 65 C and maintained at this 
temperature.  Similar conditions were used for 
other experiments (Table I). At a given time 
interval, each sample was removed from the 
bath, cooled, an equivalent amount of silver ni- 
trate in aqueous solution was added to precipi- 
tate the thiophenol or diphenylphosphine and 
the methyl  esters were extracted with petro- 
leum ether. They were passed through a silicic 
acid column and subjected to further analysis. 
In certain cases the methyl esters were purified 
by preparative GLC (10% Apiezon L on Celite 
545) prior to their analysis. 

GLC employ ing  packed columns (15% 
A p i e z o n  L in chromosorb W 100-200 mesh 
t rea ted  with hexamethyl  disilazane at 210 C, or 
10% diethylene glycol succinate on chromosorb 
W 60-80 mesh at 165 C) indicated depletion of 
catalyst and absence of side reaction products.  

The relative amounts of cis and trans isomers 
were conveniently measured by capillary GLC 
using either 200 ft Apiezon L, or diethylene 
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FIG. 1. Trans isomerization of methyl oleate with 
thiophenol  (e--e),diphenylphosphine (o-o) and 
dodecanethiol (x--x). Experiments 2, 5 and 7 (Table 
I), respectively. 

glycol succinate capillary columns (10,11). 
In addition, GLC provided a quantitative 

estimate of the isomerized fatty acid methyl 
esters. Methyl palmitate was used as an internal 
standard and calibration curves of methyl pal- 
mitate and oleate were constructed based on 
their corresponding peak areas in chromato- 
grams obtained by GLC. From the slope of the 
calibration curve and the known weight of 
added methyl palmitate, the amount of cis or 
trans, or both, in any given sample could be 
determined in the reaction products. Alter- 
nately, the amount of isolated trans bonds was 
determined in KBr pellets from the absorbance 
measurements of 675 cm -l (cis) and 962 cm -1 
(trans) on an IR spectrometer using a calibra- 
tion curve. 

In order to determine the position of the 
double bond(s), methyl esters were cleaved to 
aldehydes and aldehydo-esters by reductive 
ozonolysis (12). Cleavage products were iden- 
tified by TLC and quantified by temperature 
programmed OLC (12). When required, config- 
urational isomers were separated by argentation 
chromatography either on columns (13) or 
plates (8). 

Radioactive samples were isomerized in the 
same way and the reaction products analyzed 
by argentation chromatography (8,13). In a 
typical experiment conducted in a capillary 
tube, 1 pmole of methyl 1-14C-linoleate (16.1 
pC/pmole) reacted with 2 pmoles thiophenol in 
10 /.tl benzene in the presence of a small 
crystal of AIBN. The tube was sealed and 
heated in a sand bath at 65 C for 8 hr. The 

4 8 12 16 

Time, Hours 

FIG. 2. Isomer composition of randomly cis-trans 
isomerized methyl linoleate using thiophenol catalyst. 
Experiment 12 in Table I. 

/ 

sample was taken up in hexane and a small ali- 
quot was mixed with 50 mg of methyl linoleate 
isomerized under similar conditions (Exp. 12, 
Table I) and the mixture was subjected to col- 
umn argentation (13) and thin layer argentation 
(8) chromatography. Radioactivity was moni- 
tored in the column effluent and in the Silica 
Gel scrapings. Counts were made in a scintil- 
lation counter. 

RESULTS AND DISCUSSION 

The results of the rate studies with equiva- 
lent amounts of methyl oleate and thiophenol, 
dodecanethiol or diphenylphosphine are shown 
in Figure 1. The per cent of isolated trans 
bonds were determined from IR and capillary 
GLC data. Thiophenol gave a much faster reac- 
tion over dodecanethiol, probably due to the 
composite radical formed from addition of the 
thiol to the double bond (15,16) which was 
resonance stabilized in the case of thiophenol. 
By analogy diphenylphosphine gave similar 
rates to thiophenol. After 5 hr an oleic:elaidic 
acid equilibrium was obtained and the final 
product contained 80-82% trans bonds. This 
value closely agreed with the equilibrium ratio 
of elaidic:oleic when either selenium or nitrous 
acid was used as catalyst (17). Using the calibra- 
tion curve of the internal standard, recoveries 
of better than 97% of monoenoic acids were 
obtained pointing to the absence of side reac- 
tions. Capillary GLC and double bond.cleavage 
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FIG. 3. Liquid-solid chromatography of isomerized methyl 1-14C-linoleate. Eluted in sequence 
9-trans, 12-trans; mixture of 9-cis, 12-trans and 9-trans, 12-cis; and 9-cis, 12-cis methyl octa- 
decadienoate. Prior to chromatography, the radioactive sample was diluted with carrier methyl 
linoleate isomerizcd under similar conditions. 

a n a l y s e s  ind ica ted  absence of detectable 
amounts of positional isomers. 

Data on methyl linoteate isomerized with 
thiophenol showed (Fig. 2) that about 75% 
trans bonds were present at equilibrium. Trans 
bonds were determined from IR data after the 
correction suggested by Scholfield et al. (18) 
was applied. Capillary GLC indicated that the 
actual isomer content found at equilibrium was 
approximately 10% 9-cis, 12-cis; 17% 9-trans, 
12-cis; 18% 9-cis, 12-trans and 53% 9-trans, 

12-trans methyl octadecadienoate. Ultraviolet, 
GLC and double bond cleavage analyses indi- 
cated absence of conjugated as well as posi- 
tional isomers. Yields based on the internal 
standard approximated 94% to 95% for the 
recovered stereoisomers. However, on longer 
reaction times or in excess of catalyst, or both, 
the overall yield decreased and the formation of 
by-products was noticed (Sgoutas, manuscript 
in preparation). 

Data from various unsaturated methyl esters 
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i somer i zed  in the  presence  of  t h i o p h e n o l ,  
d i p h e n y l p h o s p h i n e  and  d o d e c a n e t h i o l  are 
p resen ted  in Table  I. The  r eac t ion  was s t opped  
at  t ime  intervals  w h e n  equ i l ib r ium was a t t a ined  
as ind ica ted  by  the  ra te  s tudies  (Fig. 1 and  2). 
Fo r  the  m e t h y l  esters  t e s ted ,  the  cis:trans ra t io  
varied l i t t le  w i th  t he  pos i t i on  of  the  doub le  
b o n d  and  the re  was n o  p r o n o u n c e d  solvent  
effect .  D ipheny l  sulfide was inert .  

Walling and  He lmre ich  (15)  and  Pel ion (19)  
s tudied  in detai l  the  radical  add i t ions  of  th io ls  
and  p h o s p h i n e s  to  olef ins  and  t h e y  have pro-  
posed a mul t i s t ep  chain  m e c h a n i s m .  Conceiv-  
ably the  same scheme can descr ibe the  add i t i on  
of  th iy l  and  p h o s p h i n y l  radicals  to  the  doub le  
b o n d  of  u n s a t u r a t e d  f a t t y  acids. I t  is a s sumed  
t h a t  an i n t e r m e d i a t e  radical  can regenera te  
e i the r  t he  trans- or cis-unsaturated f a t t y  acid 
depend ing  u p o n  i ts  c o n f o r m a t i o n  at the  t ime  of  
t h e  t h i y l  e l imina t ion .  F o r  m e t h y l  1-14C- 
l inolea te ,  i somer ized  as descr ibed,  the  scheme 
of sepa ra t ion  of  the  i somer ic  species is given in 
Figure 3. The  rad ioac t iv i ty  d i s t r i bu t i on  was 
a p p r o x i m a t e l y  52.0% in the  9-trans, 12-trans; 
41.5% in the  9-cis, 12-trans and  9-trans, 12-cis; 
and  6.5% in the  9-cis, 12-cis m e t h y l  octa-  
decad ienoa te .  The  rad ioac t iv i ty  d i s t r i bu t ion  
pract ical ly  m a t c h e d  the  mass d i s t r i bu t i on  (Exp.  
12, Table  I). Data  f rom TLC radioassay sub- 
s t an t i a t ed  the  above  f indings.  However ,  t he  
r ad iochemica l  y ie ld  was on ly  88% at  specif ic  
activi t ies of  16.1 /~c//~mole of  m e t h y l  1-14C- 
l inoleate ,  When  m e t h y l  1-14C-l inoleate  of  lower  
specific ac t iv i ty  (16.1 / ac /mmole )  was iso- 
mer ized  in the  same way the  r ad iochemica l  
yield was 92.5%; pract ica l ly  the  same as w i th  
the  chemica l  yield.  The  reason  for  th is  was no t  
invest igated.  

Theore t i ca l ly  t h e  m e t h o d  shou ld  be  appli-  
cable to  f a t t y  acids w i th  any  t y p e  or  combina -  
t ion  of  t ypes  of  p o l y u n s a t u r a t i o n ,  w h e t h e r  iso- 
la ted,  m e t h y l e n e  i n t e r r u p t e d  or conjuga ted .  
The  on ly  f ac to r  t h a t  wou ld  make  its unqua l i -  

Tied use unwise  is the  poss ib i l i ty  t h a t  the  po l  
u n s a t u r a t e d  f a t t y  acids are suscept ib le  to  rac 
cal po lymer i za t i on .  
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Triglyceride Sub-Classes of Dog Plasma And Organs 
MARTIN  GOLD,  Gerontological Research I nstitute 
Philadelphia Geriatric Center, Philadelphia, Pennsylvania 19141 

ABSTRACT 

Lipids were extracted from liver, kid- 
ney, myocardium, skeletal muscle, arte- 
rial and femoral venous plasma. Triglycer- 
ides were purified by thin layer chro- 
matography and the double bond sub- 
classes separated by silver nitrate silica gel 
H thin layer plates. Gas chromatography 
was used to delineate the fat ty acid com- 
position of each sub-class as well as the 
carbon number of the purified triglycer- 
ide from each site. The major double 
bond  sub-class was O l l  (O,saturated 
fat ty acid; 1,one double bond; 2,two 
double bonds). The plasma values were 
highest in 001 and 002. All sites had 
quite uniform 112 while plasma had the 
lowest 012. The percentage of all satu- 
rated fat ty acids in a band was summed 
and equated to 100% and the fat ty acid 
percentage recalculated on this basis. The 
saturated fat ty  acid distribution in myo- 
cardium and skeletal muscle was highest 
in myristate in the third 001 sub-class and 
liver and plasma had the highest stearate 
in the second 001 band. The palmitate 
was similar in most bands. Every sample, 
except the subcutaneous adipose tissue, 
had a maximum triglyceride content of 
carbon number 52 (the carbon number 
represented the sum of all carbon atoms 
in the fat ty acids present in a molecule). 
The liver and subcutaneous adipose tissue 
triglyceride carbon number 52 and 54 
we re  approximately equal. The liver 
exhibited the largest 56. 

INTRODUCTION 

A report  of dog adipose tissue triglyceride 
double bond sub-classes from various sites was 
recently presented (1). This paper is a continu- 
ation of the study to define, in a dog fed a 
general meat diet ad lib., the triglyceride double 
bond sub-classes in the various organs. The first 
report  concerned the perirenal, pericardial, 
mesenteric and subcutaneous adipose tissue, 
while this report  details the results for liver, 
kidney, myocardium, skeletal muscle, arterial 
and femoral venous plasma samples. 

METHODS 

A male mongrel dog weighing 20 kg was fed 
ad lib. on Thrivo or Ken-L-Ration for at least 

one month  in the animal colony at Hahnemann 
Medical College. The dog was anesthetized with 
Nembutal  and exsanguinated. Blood samples 
were taken from the carotid artery and femoral 
vein. A sample of liver, leg skeletal muscle, 
whole kidney and myocardium was removed. 
Adipose tissue was t r immed away from the tis- 
sues wherever appropriate.  The tissue samples 
were weighed and immediately honogenized in 
a Waring Blender with 20 vol of chloroform- 
methanol (2:1), filtered into a separatory fun- 
nel and overlayed with 0.2 vol of physiological 
saline and allowed to stand overnight. The 
lower chloroform layer was removed, dried 
with anhydrous magnesium sulfate and evapo- 
rated to a small volume in a Buchler rotary 
evaporator  under vacuum. The liquid was 
placed in a tube and evaporated to dryness 
under nitrogen. The residue was dissolved in 
hexane and the tube sealed with a teflon lined 
cap and stored at -20 C. 

Blood was centrifuged, the plasma removed, 
20 vol of chloroform-methanol (2:1) added, 
and the mixture treated as indicated above. 

An antioxidant,  1,2-dihydro-6-ethoxy-2,2,4- 
tr imethylquinoline,  Santoquin, (K and K Lab- 
oratories, Inc.) was added to the homogenates 
and stored material. 

A detailed statement of the methodology 
was given in a previous report  (1). 

Silica gel G thin layer plates (0.5 mm, 20 x 
20 cm) were utilized to purify triglycerides 
using a solvent system of hexane-ethyl ether- 
acetic acid (78:20:2).  The developed plate was 
sprayed with 0.02% dichlorofluorescein (pH 7) 
for visualization and the bands identified by 
standards (Applied Science, Inc.). Triglycerides 
were eluted with 5% methanol in ether. 

Triglyceride double bond sub-classes were 
separated on 25% silver nitrate-impregnated 
silica gel H (wt/wt)  thin layer plates (0.5 mm) 
using a wedge cut into the gel and a two step 
development.  The first solvent was ethyl ether- 
benzene (10:90) and the second was benzene- 
petroleum ether (bp 36-52 C), (80:20). 

Fa t ty  acid composit ion was analyzed after 
methylat ion with methanol and sulfuric acid 
and quanti tated by using heptadecanoic acid as 
an internal standard on a diethylene glycol 
succinate polymer column in a Beckman GC-4 
gas chromatograph. 

The triglyceride carbon number was deter- 
mined by gas liquid chromatography. A stain- 
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TABLE I 

Triglyceride Fatty Acid Composition in Various Organs 
of the Dog (Mole %) 

289 

Fatty acid carbon length; number of double bonds 

Organ 14:0 16:0 16:1 18:0 18:1 18:2 18:3 20:4 

Myocardium 2.9 22.0 6.4 7.8 43.2 16.9 0.8 Trace 
Muscle 3.0 24.7 7.9 7.0 43.8 13.5 Trace Trace 
Liver 1.8 21.6 3.7 12.4 44.0 13.0 0.8 3.0 
Kidney 2.8 26.5 4.5 7.0 40.1 15.0 0.9 3.4 
Arterial plasma 1.9 22.8 3.1 9.8 43.7 15.7 0.7 2.3 
Venous plasma 1.6 23.5 3.0 10.4 43.3 16.0 Trace 2.1 

less steel c o l u m n  2 f t  x 1/8 in  O.D. was 
si lanized w i th  5% d ich lo rod ime thy l s i l ane  in 
c h l o r o f o r m  and  packed  w i th  3% SE-30 on  Gas 
C h r o m  Q (80 -100  mesh) .  The  c o l u m n  was 
t h o r o u g h l y  c o n d i t i o n e d  by  hea t ing  at 350  C for  
several days,  the  oven  t e m p e r a t u r e  was t h e n  
p r o g r a m m e d  f r o m  250  C to the  t e m p e r a t u r e  
r e q u i r e d  to  e lute  t r i s tear in  at a ra te  of  
2.5 C/rain.  This  was c o n t i n u e d  un t i l  the  s tand-  
a r d s  ( s a t u r a t e d  t r ig lycer ides  f rom ca rbon  
n u m b e r  42  to  54,  Appl ied  Science,  Inc . )  
p roduced  a c o n s t a n t  peak area.  T e m p e r a t u r e  
p rog ramming ,  s ta r t ing  at 250  C and  rising at  
4 C/ra in ,  was used for  all samples ,  con t inu ing  
un t i l  all peaks  were e luted.  Response  fac tors  
were d e t e r m i n e d  and  each  peak  app ropr i a t e ly  
cor rec ted  (2) .  He l ium was the  carr ier  gas. Since 
h igher  f lows did no t  p roduce  increased reso- 
lu t ion ,  40 m l / m i n  of  he l ium was used;  the  in le t  
t e m p e r a t u r e  was 325 C and  the  de t ec to r  t em-  

pe ra tu re  375 C. A B e c k m a n  mode l  GC-4 was 
p re fe r red  as it gave b e t t e r  resul ts  t h a n  several 
o t h e r  available i n s t rumen t s ,  pe rhaps  because  of  
less dead space and  b e t t e r  t e m p e r a t u r e  con t ro l .  
T r imyr i s t in  was added  to  each  sample  as an  
in t e rna l  s tandard .  This  was used in p re fe rence  
to  o t h e r  in t e rna l  s tandards ,  e.g., t r i decano in ,  
since less t ime  per  r un  was involved and  assays 
w i t h o u t  in t e rna l  s t andard  ind ica ted  t h a t  the  
a m o u n t  of  ca rbon  n u m b e r  42 or less was 
smaller  t h a n  0.2% of  the  t o t a l  area. 

Peak areas were d e t e r m i n e d  f r o m  the  he igh t  
and  w i d t h  at  ha l f  he ight  m e a s u r e m e n t s  and  the  
mole  pe r  cent  ca lcula ted  f r o m  expe r imen ta l l y  
der ived response  factors .  

RESULTS 

Table  I con ta ins  the  ma jo r  f a t t y  acid c o m p o -  
s i t ion  of  t r iglycerides  of  m y o c a r d i u m ,  skeletal  

TABLE II 

Per Cent of Total Triglyceride Based on Unsaturation Classes in 
Various Organ Sites in Dog (Mole %) 

Double bond Skeletal Arterial Venous 
sub-classes Myocardium muscle Liver Kidney plasma plasma 

000 1.9 b 2.6 1.9 2.9 4.3 7.0 
+-0.5 +-0.3 :b0.5 -+0.5 +1.1 

001 17.0 17.8 13.9 17.6 20.9 19.3 
-+1.5 +-O.6 -+0.4 ~0.6 -+2.0 

011 22.7 27.7 22.1 27.5 20.2 15.5 
+1.3 4"1.5 -+2.2 4"1.3 :b0.5 

002 5.5 5.9 5.0 4.1 5.7 8.6 
:!:0.4 +-0.1 -+o.7 -+o.8 +-o.9 

111 10.8 12.1 11.8 9.9 8.7 7.1 
~ . 3  +-0.1 +-0.7 ~ . 8  -+3.1 

012 19.7 17.0 17.2 17.7 14.8 15.4 
:b0.8 -+1.4 +1.5 -+1.0 -+0.7 

112 9.3 9.5 9.4 10.5 11.7 10.3 
-+1.8 -+1.0 -+0.S +-O.2 -+0.0 

022 2.7 2.0 2.8 3.5 3.7 3.2 
-+o.2 ~o.5 +-o.2 +-0.2 ~ . 8  

Others 10.3 5.3 16.0 6.4 10.2 13.8 
-+1.6 +-0.1 fl:D.3 +-0.8 -+0.5 
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TABLE III 

Saturated Fatty Acid Composition of Double Bond Sub-Classes in 
Various Dog Plasma and Tissue Sites Based on 100% (Mole %)a 

000 001 001 001 011 002 012 022 Average 

Myoc~dium 
14:0 11 15 5 13 5 10 4 3 8 
16:0 62 60 64 63 65 67 64 60 63 
18:0 26 26 32 19 29 23 33 36 28 

SkeletM muscle 
14:0 11 13 4 14 7 11 5 3 9 
16:0 68 62 69 74 72 71 74 71 70 
18:0 20 22 27 12 20 18 22 27 21 

Liver 
14:0 9 8 4 10 6 3 2 4 6 6 b 
16:0 57 57 51 62 62 63 65 62 60 61 
18:0 35 36 45 28 33 33 34 32 34 33 

Kidney 
14:0 10 8 5 10 5 8 4 Trace 6 
16:0 68 71 65 74 71 71 67 69 69 
18:0 23 22 31 17 25 22 28 31 25 

Arterial plasma 
14:0 7 11 4 9 5 7 4 3 6 6 b 
16:0 64 70 54 67 66 65 65 66 65 66 
18:0 29 19 43 25 30 29 31 31 30 28 

Venous plasma (~moral) 
14:0 9 12 6 10 9 Trace 7 Trace 6 7 b 
16:0 63 57 52 65 66 88 65 69 66 68 
18:0 29 32 42 25 26 12 28 31 28 26 

aMyocardium, kidney and liver represent the average of quadruplicates; skeletal muscle 
triplicates, arterial plasma duplicates and venous plasma represent a single sample. 

bThe average calculated without the second 001 baud. 

muscle,  liver, k idney ,  and arterial and venous 
plasma. The values are fairly un i fo rm,  a l though 
k idney  and muscle had somewha t  higher pal- 
mitic acid while myoca rd ium and muscle had 
more  palmitoleic.  Liver, arterial and venous 
plasma showed more  stearic acid and liver and 
muscle conta ined  less linoleic acid. Kidney 
exhib i ted  the lowest  oleic acid. 

The double  bond  separat ion by silver ni trate 
th in  layer ch roma tography  of  the tr iglycerides 
isolated f rom various tissues is shown in Table 
II The three 001 sub-classes were summed  and 
expressed as a single ent i ty .  The pos i t ion  of  the 
fa t ty  acid on the glycerol  moie ty  was not  deter-  
mined.  The arterial and femoral  venous  plasma 
differed in the 011 sub-class but  were similar in 
all o the r  respects.  When the plasma values were 
compared  to the o thers ,  it could be no ted  that  
they  were highest  in 001 and 002. All organs 
had qui te  un i form 112 while plasma had the 
lowest  012. The 011 sub-class was present  in 
the largest quant i ty .  

The samples were analyzed at least as dupli- 
cates. However ,  no t  enough tr iglyceride was 
available for  more  than  one run of  the  venous  
sample.  

Table III shows the data for sa tura ted  fa t ty  

acid d is t r ibut ion in the double  bond  sub-classes. 
The percentages  of  saturated fa t ty  acids were 
summed,  equa ted  to  100% and the individual 
p e r c e n t a g e s  recalculated.  Myocard ium and 
skeletal muscle had the  highest  myr is ta te  in the 
third  001 sub-class while liver and plasma had 
the  highest  s tearate in the second 001. The pal- 
mi ta te  was similar in most  bands.  Skeletal 
muscle demons t r a t ed  the highest  palmita te  and 
the lowest  stearate average. Liver exhib i ted  the 
highest  stearate and along wi th  plasma the 
lowest  palmita te  overall. Kidney  palmi ta te  was 
as high as that  o f  the  skeletal muscle.  In gen- 
eral, the second 001 sub-class had the  largest 
a m o u n t  of  stearate.  This result  was especially 
p r o n o u n c e d  in the liver and the plasma samples. 

The tr iglyceride carbon n u m b e r  d is t r ibut ion 
in di f ferent  tissues and plasma was de te rmined  
and the results are p resen ted  in Table IV. The 
carbon n u mb er  is the sum of  the carbon a toms 
in the  fa t ty  acids in the  molecule ,  e.g., tr istearin 
has a carbon n u m b e r  of  54. The most  striking 
observat ion was the regularity of  the pa t te rn  of 
increase and then  decrease in the  carbon 
number .  Every sample,  excep t  the subcutane-  
ous adipose tissue, had a m a x i m u m  con ten t  o f  
carbon n u mb er  52 which  averaged 42.8%. 
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Three carbon number classes (50, 52 and 54) 
had over 90% of the fatty acids, as would be 
expected from the fatty acid carbon chain con- 
tent of the samples. The liver and subcutaneous 
adipose triglyceride carbon number 52 and 54 
were roughly equivalent, while in the other 
samples the 52 was larger. The liver exhibited 
the largest, 56. 

DISCUSSION 

The fatty acid composition of triglycerides 
in the various organs of the dog was not strik- 
ingly dissimilar. However, it can be noted that 
the plasma and liver stearate are higher than the 
other samples. The double bond sub-class 011 
was lowest in liver and plasma, which illustrates 
a congruence between these two sites. The satu- 
rated fatty acid distribution in liver and plasma 
exhibited a further correspondence in that their 
second 001 sub-class had similar stearate per- 
centages, which were also the highest observed 
in any site. 

The liver is known to be the site of produc- 
tion of lipoprotein triglyceride which is then 
liberated into plasma (3). From this informa- 
tion it would be expected that plasma and liver 
trigtyceride composition would be the same. It 
has been experimentally shown, using tracer 
techniques, that the liver has many pools of 
triglyceride (4,5) while the plasma also consists 
of several lipoprotein classes (6). Thus, it may 
be understandable that exact correspondence 
was not found in the total liver and plasma tri- 
glyceride extract. 

In terms of tissue type it might be predicted 
that skeletal muscle and myocardium should be 
similar. However, there was a difference in fatty 
ac id  c o m p o s i t i o n ,  myocardial triglyceride 
having more linoleic acid than skeletal muscle. 
The latter tissue also had more 011 and 111. 
There was actually much closer correspond- 
ence, with respect to double bond sub-classes, 
to the kidney. The saturated fatty acid percent- 
age distribution in muscle and kidney also was 
more similar than muscle and myocardium, as 
was the case for the carbon number distribu- 
tion. A point to consider is that skeletal muscle 
had adipose tissue interlarded between the 
fibers and so the muscle sample can not be con- 
sidered as pure as the myocardial one. This 
might account for the fact that a divergence of 
values existed between these tissues. 

The kidney triglyceride fatty acid exhibited 
the lowest oleic and highest palmitic and 
arachidonic acid content. On the other hand, 
the double bond sub-classes demonstrated no 
outlying values and the carbon number distribu- 
tion was similar to skeletal muscle and plasma 
as well as the myocardium. The latter had the 
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somewhat higher carbon number 54. The satu- 
rated fatty acid profile average showed that the 
kidney most resembled skeletal muscle. It is 
interesting to note that the perirenal adipose 
tissue carbon number distribution was quite 
similar to the whole kidney triglyceride profile. 

When all sites are examined it can be ob- 
served that the double bond sub-classes 112 and 
022 are remarkably constant, 112 averaging 
10.5% and 022 averaging 3.3%. For four adi- 
pose tissues the 002 and 000 averaged 2.7% and 
2.1% respectively, versus 5.2% and 2.7% for the 
other areas (excluding venous plasma). The 
latter was appreciably higher in both sub-classes 
and was thus not included in the calculated 
average. A similar comparison for 111 was 
10.1% for depot fat and 13.6% for the rest, 
while 001 was 15.3% and 17.8%. 

In the adipose tissue (1) the 022 sub-class 
contained the most stearate in the saturated 
fatty acid profile while in the tissues liver and 
plasma exhibited the greatest stearate in the 
second 001 band. Kaunitz et al. (7) reported 
data on human autopsy material. Their values 
indicated the 000 saturated fatty acids for 
heart, liver and perirenal adipose tissue to be 
quite similar when averaged, being 14:0, 12%; 
16:0, 65%; 18:0, 21%. 

The profile for 000 closely resembled the 
overall average for every site except subcutane- 
ous and perirenal adipose tissue in the data on 
the dog. Therefore, if one wanted to use an 
average value the 000 distribution would be 
applicable as a good representative figure. 

The literature has a dearth of data on trigly- 
ceride sub-class distribution in various organs. 
Kaunitz et al. (7) have results on human myo- 
cardium, liver and perirenal adipose tissue. 
These tissues have profiles which, on the aver- 
age, are fairly similar. However, the liver 
showed more 011 and less 111 than the other 
two organs. The myocardial average was 000, 
2.9%; 001, 16.9%; 011, 34.5%; 002, 4.4%; 111, 
18.1%; 012, 14.9%; 112, 6.9%; 022, 1.4% and 
the liver was 000, 2.9%; 001, 19.1%; 011, 
37.8%; 002, 3.7%; 111, 12.0%; 012, 17.3%; 
112, 4.4%; 022, 1.6%. Slakey and Lands (8) 
have reported some data on rat liver after 
feeding rats Rockland Rat Diet for one week. 
They found 011, 13.8%; 012, 25.5%; 022, 
11.3%. Their value for 011 was strikingly lower 
than any value in the dog or human, in which 
011 was always the major sub-class. Their liver 
triglyceride fatty acid content was 18:1, 30% 
and 18:2, 25.1% and the lower oleate and 
higher linoleate undoubtedly contributed a 
shif t  in double bond sub-classes. Another point 
is that they found over 90% palmitate in their 
saturated fatty acid profile and practically no 

myristate. 
That nutri t ion plays an important role can 

be seen in the report from Privett et al. (9) 
Rats on a fat free diet possessed similar trigly- 
ceride fatty acid content, e.g. liver 18:1 53.5%; 
kidney 18: 1, 48.5%; plasma 18:1,49.9%. When 
switched to a diet high in menhaden oil the 
values became liver 18:1, 25.3% and kidney 
18:1,34.5% while a diet with corn oil produced 
liver 18:1,48.5% and kidney 18:1,31.3%. Men- 
haden oil is relatively low in oleate and the liver 
oleate dropped lower than the kidney. On the 
converse, corn oil has a somewhat higher oleate 
and much higher linoleate and the liver 18:2 
became 11.8% and the kidney rose to 34.5%. 
Thus, the dynamics of fatty acid incorporation 
i n t o  liver and kidney triglyceride showed 
marked differences which were apparently 
organ specific. It is interesting to note some of 
their double bond sub-class data, e.g., fat free 
diet: liver 001, 19.2%; 011,59.8%; kidney 001, 
29.0%; 011, 47.3%; menhaden oil: liver 001, 
8.9%; 011, 15.7%; kidney 001, 28.7%; 011, 
33.1%; corn oil: liver 001, 7.2%; 011, 36.4%; 
kidney 001, 10.1%; 011, 12.4%. Menhaden oil 
18:1 was 20.6% and corn oil was 28.7%, values 
which were not very dissimilar. However, one 
can observe that the various diets produced 
quite different results in the sub-class examples 
selected. 

It is clear from the results discussed that it 
will be necessary to not only determine the 
structure of the triglycerides in any particular 
site, but also to define the enzymes involved in 
their biosynthesis and how these activities are 
affected by nutritional events. 
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The Relation of Carnitine to the Formation of 
Phosphatidyl-/3-Methylchol ine by 
Tenebrio mofitor L. Larvae 1 

L. L. BIEBER and R. E. MONROE, Biochemistry and Entomology Departments, 
Michigan State University, East Lansing, Michigan 48823 

ABSTRACT 

Results demonstrate that Tenebrio 
molitor larvae can incorporate ~-methyl- 
choline into their phospholipids and that 
13 methylcholine spares larval choline. 
Phosphatidyl-/3-methylcholine is detected 
when larvae are reared on a diet in which 
choline is replaced by /3-methylcholine. 
Results indicate that, in contrast to 
housefly and blowfly larvae, Tenebrio 
larvae do not metabolize carnitine to 
/3-methylcholine. The same phospholipids 
were found with all rearing conditions. 
They were lecithin, sphingomyelin, phos- 
phatidylethanolamine, phosphatidylserine 
and two others tentatively identified as 
cardiolipin and phosphatidylinositol. The 
ratio of lecithin to sphingomyelin and to 
the combined other phospholipids did 
not vary significantly, regardless of the 
rearing conditions. Larvae reared on diets 
lacking either choline or carnitine con- 
tained more lipid phosphorus per gram of 
tissue than those reared on a complete 
diet. The fatty acid composition of the 
neutral lipids was similar regardless of the 
rearing conditions. Oleic acid represented 
greater than 55% of the total fatty acids, 
and unsaturated fatty acids comprised 
75-80% of the total. Palmitic acid was the 
predominant saturated fatty acid. 

INTRODUCTION 

Investigations by Fraenkel ( l )  demonstrated 
that carnitine and choline are required by 
Tenebrio molitor L. for growth. In contrast, 
certain dipteran larvae such as those of the 
blowfly Phormia regina L. (2.3), and housefly 
Musca domestica L. (4), and Drosophila 
melanogaster L. (5) can be reared on a diet in 
which choline is replaced by carnitine. When 
dietary choline is replaced by carnitine, little 
lipid bound choline is present in the phospho- 
lipids; rather, lipid bound ~-methylcholine is 
found in the lecithin fraction of blowfly (6) 
and h o u s e f l y  (4) larvae. In addition to 

1Journal Paper No. 4533, Michigan Agricultural 
Experiment Station, East Lansing, Michigan. 

/3-methylcholine, dimethylaminoethanol (4.7), 
dimethylaminoisopropanol (7) and trimethyl- 
aminoethylphosphonic acid (8) are incorpo- 
rated into phospholipids in lieu of choline by 
housefly or blowfly larvae. Kamienski et al. (9) 
reported that the lecithin fraction, isolated 
from Tenebrio larvae reared on a normal diet, 
does  n o t  contain detectable amounts of 
phosphatidyl-/J-methylcholine. Our studies con- 
firm this observation; however, the results pre- 
sented herein demonstrate that/3 methylcholine 
is incorporated into phospholipids by Tenebrio 
molitor larvae. 

MATERIALS AND METHODS 

Preparation of Synthetic Diets 

The synthetic diet used in these studies was 
similar to the one reported by Fraenkel et al. 
(10) with slight modification. The bulk nutri- 
ents of the diet were as follows: casein (Difco 
vitamin-free), 20%; glucose 30%; Wesson's salts 
2%; and cholesterol (final concentration) 0.1%. 
These components, with the exception of the 
cholesterol, were ballmilled for 3 hr. The cho- 
lesterol was then added to the ground diet in 
dichloromethane and mixed until the solvent 
had evaporated. The standard vitamin mixture 
for 100 g diet was similar to that reported by 
Fraenkel (11): thiamine hydrochloride, 2.5 mg; 
riboflavin, 1.3 rag; niacin, 5.0 rag; pyridoxine- 
hydrochloride, 1.3 mg; calcium pantothenate, 
2.5 mg; folic acid, 0.25 mg; biotin, 0.025 mg; 
and water 5.0 ml. The vitamins were dissolved 
in water by the addition of a few drops of 
a m m o n i u m  h y d r o x i d e  and then ground 
thoroughly into the prepared diet with a mortar 
and pestle. In the various experiments, 0.5 mg 
dl-carnitine, 0.5 mg 7-butyrobetaine, 50 mg 
choline or 50 mg dl-/~-methylcholine, or both, 
as the chlorides were added to 100 g of diet, 
The diets were kept at -30 C until used. 

Experimental Insects 

The Tenebrio molitor larvae were obtained 
in the following manner. Tenebrio pupae were 
collected from a stock culture and placed into 
crystallizing dishes containing the synthetic diet 
but lacking choline and carnitine. These were 
placed into an incubator maintained at 30 C 
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TABLE I 

Phospholipid Content and Growth of T e n e b r i o  m o l i t o r  Larvae Reared on 
Diets Containing Carnitine or Choline Substitutes 

Expt. 

Micromoles of 
phospholipid Total fatty acid 

Additions to per gram Per cent Larval weight in neutral lipids 
the diet larvae mortality mgflarvae mg/g larvae 

1 Choline + carni- 13.6 4 98 
tine (control) 

2 None 16.6 79 55 
3 fl-Methylcholine + 14.5 15 75 

carnitine 
4 Choline + ~/-butyro- 16.9 68 64 

betaine 
5 Carnitine .-. ~ 95 ~ 5 

229 

173 
183 

167 

and  75% -+ 5% RH. The  adul t s  were a l lowed to 
emerge,  ma te  and  lay eggs o n  the  diet ;  a f te r  
ha t ch ing  25 larvae were p laced  i n t o  s t andard  
glass l iquid sc in t i l la t ion  vials c o n t a i n i n g  10 g of  
e x p e r i m e n t a l  diet .  One  h u n d r e d  and  f i f ty  larvae 
were used for  each  tes t  and  rear ing  cond i t i ons  
were e m p l o y e d  as r e p o r t e d  above.  When  the  lar- 
vae were near  p u p a t i o n  ( a b o u t  40  days af te r  
ha tch ing) ,  t hey  were harves ted ,  weighed live, 
f rozen  and  s tored  at -30 C un t i l  ana lyzed .  

Fatty Acid Analysis 

The  neu t r a l  l ipids o b t a i n e d  f r o m  the  co lumn  
c h r o m a t o g r a p h i c  f r a c t i o n a t i o n  descr ibed  be low 
w e r e  sapon i f i ed  for  1.5 hr  in po tass ium 
h y d r o x i d e - e t h a n o l  ( 1 0 : 9 0  v/v)  u n d e r  n i t rogen .  
The  mix tu r e  was d i lu ted  wi th  wa te r  and  ex- 
t r ac t ed  wi th  e thy l  e ther .  The  aqueous  so lu t ion  
was t h e n  acidif ied wi th  c o n c e n t r a t e d  hydro -  
chlor ic  acid and  quan t i t a t i ve ly  ex t r ac t ed  w i th  

e ther .  Af te r  dry ing  over  a n h y d r o u s  sod ium sul- 
fa te ,  t he  e the r  was evapora t ed  in vacuo and  the  
free f a t t y  acids weighed.  

The  f a t t y  acids were m e t h y l a t e d  as r epo r t ed  
by  Metcal f  and  Schmi tz  (12) ,  and  t he  m e t h y l  
esters  sub jec ted  to  gas l iquid c h r o m a t o g r a p h y .  
Detai led c o l u m n  c o n d i t i o n s  are r e p o r t e d  u n d e r  
Resul ts ;  all r e t e n t i o n  t imes  were c o m p a r e d  to  
s t andard  f a t t y  acid mix tu re s  C, D, E and  F, as 
o b t a i n e d  f rom W. H. Go ldwa te r  (Na t iona l  
In s t i t u t e s  of  Hea l th ,  Be thesda ,  Md). Relat ive 
per  cents  of  f a t t y  acids p resen t  were calculated 
by  disc in tegra t ion .  

Isolation, Separation and 
Identification of Phospholipids 

The l ipids were ex t r ac t ed  f rom larvae by  
h o m o g e n i z i n g  twice  for  2 min  at r o o m  tempera -  
tu re  in c h l o r o f o r m - m e t h a n o l  ( I  : 1) con ta in ing  
0 .02% b u t y l h y d r o x y t o l u e n e .  The  ra t io  solvent-  

TABLE II 

Composition and Amount of Phospholipids Derived From T e n e b r i o  m o l i t o r  
Larvae Reared on Various Diets 

Per cent of the total 
Compounds lipid phosphorus Lipids detected 

added to diet in the fraction in the fraction a 

Choline + carnitine 56 PE, PS, PI, Cardiolipin? 
(control) 36 PC 

6 SP 
None 57 PE, PS, PI, Cardiolipin? 

32 PC 
11 SP 

Carnitine + r-methyl- 60 PE, PS, PI, and Cardiblipin? 
chol ine  32 PC, PMC 

8 SP 
Choline + ')'-butyro- 59 PE, PS, PI, and Cardiolipin? 

hetaine 36 PC 
5 SP 

apE, phosphatidylethanolamine; PS, phosphatidylserine; PI, phosphatidylinositol; SP, 
sphingomyelin; PC, phosphatidylcholine; PMC, phosphatidyl-~-methylcholine. 
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FIG. 1. Separation of Tenebrio molitor phospho- 
lipids by chromatography on silieic acid. Phospho- 
rus analyses were done on 0.1 ml aliquots of the even- 
numbered fractions. Fractions 1-31, 32-56, and 57-80 
were combined and analyzed as described in the 
Methods. C, chloroform; M, methanol. 

tissue (v/w) was 15 for each extraction. The 
combined organic extracts were washed as 
described previously (13). The lipids in chloro- 
form were applied to a stepdown column con- 
taining 75 ml of BioSil A as described elsewhere 
(8). The columns were eluted successively with 
100 ml of chloroform, 150 ml of acetone, 250 
ml of chloroform-methanol (4: t ) ,  500 ml of 
chloroform-methanol (1:1) and 150 ml of 
methanol. The combined chloroform and ace- 
tone eluate represented the neutral lipid frac- 
tion. The solvents contained 0.02% butyl- 
hydroxyto luene  (w/v), and phosphate was 
determined by the method of Bartlett (14). The 
presence of phospholipid bound /3-methyl- 
choline, choline, ethanolamine and serine was 
investigated by chromatographing the acid 
hydrolysates on paper as described previously 
(6,15) 

Thin layer chromatography was carried out 
on Brinkman Silica Gel F 254 precoated plates 
using the following solvent systems: chloro- 
fo rm-methano l -H20  (65:35:4) and chloro- 
f o r m-methanol-diisobutylketone-glacial acetic 
acid-water (45: 15 : 30: 20: 4). Reference lecithin, 
s p h i n g o m y e l i n ,  p h o sphatidylethanolamine, 
phosphat idyl inosi tol  and phosphatidylserine 
were prepared from a lipid extract of beef liver 
by column chromatography on silicic acid, 
followed by chromatography on DEAE cellu- 
lose. Lysolecithin was prepared from lecithin 
by t rea tment  with phospholipase A. The 
chloroform soluble extract of the phospho- 
lipase A reaction mix was resolved by chroma- 
tography on silicic acid. Cardiolipin was put- 

u 4 3 

o 
=E 
§ r 

~ j  2 I c~ =E 

S O L V E N T  
F R O N T  

FIG. 2. Representation of a paper chromatogram 
of the acid hydrolysates of the lecithin fractions ob- 
tained from larvae reared in the presence of various 
dietary choline or carnitine substitutes. Acid 
hydrolysates of the materials equivalent to those 
found in fractions 32-56 of Figure 1 were chromato- 
graphed on paper in 95% ethanol-conc, ammonium 
hydroxide. Choline and fl-methylcholine were detected 
by spraying the chromatograms with Dragendorf's 
reagent. Numbers I, 2, 3 and 4 are from the lecithin 
fractions (phosphatidylcholine and phosphatidyl- 
fl-methylcholine) described for Experiments 1, 2, 3 
and 4 of Table I. C, choline chloride; MC, ~-methyl- 
choline chloride. 

chased from Pierce Biochemicals. Lipids on the 
thin layer chromatograms were detected using 
iodine vapors. Free as well as bound choline 
and/~ methylcholine were detected using iodine 
vapors and Dragendorf's reagent. 

R ESU LTS 

Phospholipid Content and Growth Response 
of Larvae Reared on Diets Containing Choline 
and Camitine Substitutes 

The data in Table I demonstrate that the 
mortaUty of Tenebrio molitor larvae is slightly 
greater when larvae are reared on a diet in 
which choline is replaced by /3-methylcholine. 
In agreement with the results of Fraenkel (1), 
the mortality of larvae is high when dietary 
carnitine is replaced by ~-butyrobetaine or 
when choline and carnitine are omitted. When 
larvae are reared on a carnitine-supplemented 
diet containing very little choline (Fison rather 
than Difco casein was used), growth is greatly 

LIPIDS, VOL. 4, NO. 4 



296 L.L. BIEBER AND R. E. MONROE 

TABLE III 

Gas Liquid Chromatographic Analysis of the Fatty Acid Methyl Esters 
of Neutral Lipids Isolated From Tenebr io  m o l i t o r  Larvae Reared on 

Diets Containing Carnitine or Choline Substitutes 

Test diet 
Relative per cent fatty acids a 

C-12 C - 1 4  C - 1 6  C-16:1 C-18 C-18:1 C-18:2 

With choline and dl- Trace 9.2 16.9 5.0 Trace 58.7 10.1 
carnitine (control) 
No choline or Trace 5.0 18.4 3.5 Trace 63.7 9.5 
d 1-carnitine 
With/~-methyl- Trace 2.8 15.1 4.7 Trace 75.8 1.7 
choline and dl- 
carnitine 
With choline and Trace 4.1 19.7 4.4 Trace 62.4 9.4 
]'-butyrobetaine 

aColumn: 15% diethylene glycol suceinate on 100-120 Gas-Chrom Q, nitrogen 53.1 
x ml/min, column 200 C (stainless steel 6 f t x  4 mm I.D.), vaporizer 240 C, hydrogen 
flame detector 235 C. 

retarded and the mortality is very high as 
shown in Experiment 5 of Table I. Larvae that 
were reared using conditions of high mortality 
weighed less than the controls and had less 
neutral lipids, but contained 2 to 2.5 /.tmoles 
more phospholipid per gram of tissue. 

Phospholipid Composition of Larvae Reared on Diets 
Containing Choline and Carnitine Substitutes 

L i p i d s  were  isolated from the larvae 
described in Experiments 1-4 of Table I and the 
phospholipids resolved by column chroma- 
t og raphy  on silicic acid. A typical lipid- 
phosphorus elution profile is shown in Figure 1. 
These results were obtained from larvae reared 
on the carnitine and/3-methylcholine diet. The 
phosphorus profiles of lipids isolated from lar- 
vae reared on the other diets were similar 
except that the lecithin fractions, tubes 36-60, 
were not as broad. When the phospholipids 
from Experiments 1, 2 and 4 of Table I were 
separated, the lecithin fractions were eluted in 
16-18 fractions rather than the 25 fractions 
shown in Figure 1. The broad lecithin peak 
shown in Figure 1 is most likely caused by the 
p r e s e n c e  o f  phosphatidyl-/~-methylcholine. 
Phosphatidyl-/3-methylcholine is eluted from 
silicic acid slightly ahead of, but overlapping, 
phosphatidylcholine (6). 

Thin layer chromatography of the material 
in fractions 1-31 of Figure 1 indicated the 
presence of phosphatidylethanolamine, phos- 
phatidylserine, and 2 ninhydrin-negative mate- 
rials with Rf's of phosphatidylinositol and 
cardiolipin. Paper chromatography of the acid 
hydrolysates of these lipids demonstrated the 
presence of two ninhydrin-positive materials 
which had Rf's identical to ethanolamine and 
serine. As summarized in Table II, identical 

results were obtained with the phospholipids 
from larvae described in Experiments 1,2 and 4 
of Table I. 

Thin layer chromatography of the materials 
present in the peaks equivalent to fractions 
32-56 of Figure 1 indicated the presence of 
phosphatidylcholine. One of the lecithin frac- 
tions, the one isolated from larvae reared on a 
d i e t  c o n t a i n i n g  a d d e d  c a r n i t i n e  and 
/ 3 - m e t h y l c h o l i n e ,  contained a Dragendorf 
reagent-positive phospholipid that had an Rf 
s l i g h t l y  grea ter  than phosphatidylcholine. 
Sellers (16) has shown that the phosphatidyl-/3- 
methylcholine, isolated from housefly larvae, 
has an Rf slightly greater than phosphatidyl- 
choline when chromatographed on Brinkman 
precoated Silica plates using the solvent system, 
ch lo ro fo rm-methano l -wa te r  (65:35:4). The 
presence of 13-methylcholine was confirmed by 
chromatographing the acid hydrolysates on 
paper in ethanol ammonium hydroxide (95:5). 
As illustrated in Figure 2, phosphatidy143- 
methylcholine is present in the lecithin fraction 
isolated from larvae that were reared on a diet 
free of added choline but containing carnitine 
and 13-methylcholine. Besides having an Rf of 
1 3 - m e t h y l c h o l i n e ,  the color produced by 

Dragendorf  s reagent was orange, a color identi- 
cal to that of the /3-methylchbline standard, 
rather than the reddish purple color given by 
choline. 13-Methylcholine was not detected in 
the lecithin fractions derived from larvae reared 
in the absence of added /3-methylcholine even 
though hydrolyzed phospholipid equivalent to 
as much as 20/amoles of phosphate was applied 
as a single spot on the paper chromatogram. If 
the other lecithin fractions contained as little as 
2-3% phosphatidyl-/3-methylcholine, it would 
have been detected. This argument is not valid 
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for the larvae described in Experiment 5, Table 
I, since less lipid was available. In Experiment 
5, Tenebrio larvae were reared identical to 
those in Experiments 1-4 except that casein 
obtained from Fison's Pharmaceutical Ltd., 
Loughborough, Leichestershire, Great Britain, 
was used instead of Difco casein. Fison casein 
was only used in Experiment 5. The choline 
content of Fison casein is approximately 1/5 
that of Difco casein as determined by micro- 
biological assay. Most of the larvae from 
Experiment 5 died; however, after 8 weeks, 90 
mg of live larvae were collected. They were 
homogenized in 20 ml of chloroform-methanol 
(1 : 1), followed by homogenization in 20 ml of 
chloroform-methanol-water (5:5:1). The com- 
bined organic extracts were taken to dryness 
without washing. This extract should contain 
free as wel l  as l ip id  b o u n d  cho l ine ,  
/~-methylcholine and carnitine. Paper chroma- 
tography of the hydrolysate demonstrated the 
presence of choline but not /~-methylcholine, 
indicating that carnitine was not converted to 
/3-methylcholine. 

Thin layer chromatography of the material 
eluted by methanol from silicic acid, fractions 
equivalent to tubes 57-80 of Figure 1, demon- 
strated the presence of a material that had an 
Rf identical to beef liver sphingomyelin. Paper 
ch romatography  of the hydrochloric acid 
hydrolysate of the sphingomyelin-containing 
fractions demonstrated the presence of choline 
and the absence of ethanolamine and serine. A 
small amount of a material having the Rf and 
D r a g e n d o r f  color of /3-methylcholine was 
detected in the acid hydrolysate of the sphingo- 
myelin fraction isolated from larvae reared in 
the presence of carnitine and/3-methylcholine. 
The identity of this material as a /3-methyl- 
choline-containing sphingolipid must remain 
tentative until  further characterization is com- 
p l e t e d .  L y so - p h o sphatidyl-/3-methylcholine, 
although not detected in the sample by thin 
layer chromatography, if present, would occur 
in this fraction. 

Fatty Acid Composition of the Neutral Lipids 

The fatty acid composition of the neutral 
lipids isolated from larvae reared on the various 
diets is shown in Table III. Unsaturated fatty 
acids comprise 75-80% of the total. The princi- 
pal fatty acid in the neutral lipids is oleic acid 
which represents greater than 55% of the total 
fatty acids. Palmitic acid is the principal satu- 
rated fatty acid. 

DISCUSSION 

The resul t s  demonstrate that Tenebrio 
molitor larvae can synthesize phosphatidyl- 

fl-methylcholine. The choline-sparing action of 
/~-methylcholine, but not carnitine, indicates 
that larvae do not decarboxylate carnitine. The 
requirement of both carnitine and choline for 
optimal larval growth in Tenebrio, reported by 
Fraenkel (1) and confirmed by us, is in accord 
with this conclusion. Blowfly (6,15) and house- 
fly (4,16) larvae are different in that they can 
convert carnitine to/3-methylcholine; however, 
adult houseflies are like Tenebrio in that they 
decarboxylate little, if any, carnitine (4). One 
apparent difference between the composition 
of the Tenebrio lecithin fraction and the house- 
fly or blowfly lecithin fractions is that much 
more fl-methylcholine is found in the lecithin 
fraction of the dipterans. Greater than 90% of 
the lecithin fraction can be phosphatidyl- 
/3-methylcholine in housefly (16) and blowfly 
larvae (6,15). Although quantitative studies on 
phosphatidyl-/~-methylcholine were not done, 
the small size of the /3-methylcholine spot on 
paper chromatograms compared to the area of 
the choline spot demonstrated more choline 
was present than/~-methylcholine. 

The results demonstrate that the ratio of 
lecithin to the other phospholipids in Tenebrio 
is constant over a wide range of growth condi- 
tions. The lecithin content varied from 32-36% 
of the total lipid phosphorus. In the experiment 
in which the choline content of the lecithin 
fraction was diminished, another quaternary 
a m m o n i u m  c o n t a i n i n g  alcohol, /~-methyl- 
choline, was found and the amount of lecithin 
remained constant. There was a small variation 
in the micro moles of phospholipid phosphorus 
per gram of larvae. This value was least (13.6 
/amoles) for the heavier and healthier larvae and 
greatest (16.9 ktmoles) for larvae reared under 
conditions of high mortality. Such results indi- 
cate that there is a minimum amount of phos- 
pholipid required by the larvae; such a mini- 
mum requirement is consistent with phospho- 
lipid involvement in membranes. A plausible 
interpretation of our results is that when larvae 
are reared on diets containing traces of choline 
(mic rob io log ica l  assay demonstrated small 
amounts of choline in the casein), few larvae 
grew because of insufficient choline for one or 
more vital functions such as membrane forma- 
tion; however, when a choline substitute was 
present, better larval growth occurred because 
the substitute could replace choline in mem- 
brane formation. This interpretation is not 
inconsistent with the results reported by Geer 
(17) for Drosophila larvae and adults. He found 
that /$-methylcholine is an adequate substitute 
for dietary choline during larval development, 
but the resulting adult males are sterile because 
of immobile sperm. 
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The  p h o s p h o l i p i d  c o m p o s i t i o n  descr ibed  in 
these  e x p e r i m e n t s  was similar to  t ha t  r e p o r t e d  
by  Kamiensk i  et  al. (9).  They  r e p o r t e d  the  
presence  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 ,  phos-  
p h a t i d y l c h o l i n e ,  s p h i n g o m y e l i n ,  phospha -  
t i d y l i n 0 s i t o l  and tw o  or th ree  u n k n o w n s .  
Kamiensk i  et  al. (9)  did no t  de tec t  phos-  
pha t idy l se r ine  in the i r  p repa ra t ions ;  however ,  
the  c o m b i n a t i o n  of compara t ive  t h in  layer  
c h r o m a t o g r a p h y  and  i den t i f i c a t i on  of  the  acid 
hydro lys i s  p r o d u c t s  d e m o n s t r a t e d  the  presence  
of  small  a m o u n t s  of  phospha t i dy l s e r i ne  in 
Tenebr io  rnoli tor lipids. 

The  f a t t y  acid c o m p o s i t i o n  of  the  neu t r a l  
l ipids was no t  a f fec ted  by  replacing d ie ta ry  cho-  
l i n e  w i th  /3-methylchol ine or by  replacing 
ca rn i t ine  wi th  7 - b u t y r o b e t a i n e .  Such resul ts  
ind ica te  t h a t  ca rn i t ine  exer t s  l i t t le ,  if any,  con-  
t ro l  o n  the  f a t t y  acid c o m p o s i t i o n ;  however ,  as 
s h o w n  in Table  I, larvae reared in t he  absence  
of  added  chol ine  or added  carn i t ine  c o n t a i n e d  
cons ide rab ly  less neu t ra l  l ipid f a t t y  acids per  
gram of  larvae. Such resul ts  ind ica te  t h a t  
ca rn i t ine  plus chol ine  exer t s  a posi t ive ef fec t  on  
the  syn thes i s  or s torage of  larval f a t t y  acids. 
Carn i t ine  par t ic ipa tes  in the  t r a n s p o r t  of  f a t t y  
acids across cer ta in  m e m b r a n e s  (18) ;  th is  t rans-  
por t  role of  carn i t ine  cou ld  be involved  in 
f o r m a t i o n  of depo t  lipids, t r iglycer ides ,  as well  
as in  t he  ox ida t i on  of f a t t y  acids. The very h igh  
c o n c e n t r a t i o n  of  neu t r a l  l ipids in the  larvae 
mos t  l ikely is an energy reserve t ha t  can  be used 
dur ing  me tamorphos i s .  
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SHORT COMMUNICATIONS 

The Lipids of Lepisma saccharina L. 
The lipids of insects generally show a 

marked similarity in composit ion to those ob- 
tained from higher animals, and existing know- 
ledge reveals that their metabolism is also quite 
similar (6,8). However, there are some excep- 
tions, and Fast (3) has suggested that those 
organisms which show marked differences in 
lipid composit ion may be productively utilized 
in  correlating functional mechanisms with 
molecular structure and composit ion,  particu- 
larly with regard to membrane functions. The 
present communication describes the compo- 
sition of the major lipid components  of the 
silverfish, Lepisma saccharina L. This wingless 
species, a member of the order Thysanura, rep- 
resents one of the most primitive forms of 
insect life. Its diet consists of carbohydrate 
materials mainly paper and book binding glue. 
In view of its phylogenetic primitiveness and 
limited diet, it was of interest to determine the 
composit ion of its body lipids and compare 
them with those isolated from representatives 
of higher species. 

The experimental  specimens (average body 
length 12 ram) were collected over a period and 
preserved in chloroform at -20 C. The lipids of 
pooled samples were extracted and washed 
according to the method of Folch et al. (5): 
The extracted lipids were dried under nitrogen 
and following determination of their weight 
they were redissolved in redistilled diethyl ether 
for further analysis. 

The various lipid classes were separated by 
thin layer chromatography using a system (9) 
whereby the phospholipids remained at the 
origin. The various neutral lipid classes were 
identified by comparing their Rf values with 
authentic standards (Applied Science Labs, 
State College, Pa.) chromatographed on the 
same plates. The Rf values of the neutral lipid 
classes were: monoglycerides 0.1, diglycerides 
0.25, cholesterol 0.31, free fat ty  acids 0.54, tri- 
glycerides 0.75 and cholesterol esters 0.91, 

TABLE I 

Composition of the Lipids of Lepisma saccharins L. 

Percentage distribution 
Lipid class Range 

Phospholipids 3.2 - 5.5 
Monoglycerides Trace - 1.0 
Diglycerides 1.6- 2.0 
Cholesterol 3.7 - 4.6 
Free Fatty Acids 1.5 - 2.6 
Triglyeerides 56.0 - 68.0 
Cholesterol ester 20.0 - 25.0 

respectively. The percentage distribution of 
these lipid classes was determined by den- 
si tometry according to the procedure of Privett 
et al. (13). 

The phospholipids were separated by the 
m o d i f i e d  (12) two dimensional chromato- 
graphic system developed by Rouser et al. (14). 
The separated lipids were identified by co- 
chromatography with standard mixtures of 
purified phospholipids (Applied Science) and 
using specific spray reagents (16). Lipid phos- 
phorus was quantified by the procedure of 
Rouser et al. (15). 

Fa t ty  acid methyl esters were prepared 
according to the method of Metcalfe and 
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the specimens, is shown in Table I. The trigly- 
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TABLE II 

Composition of the Phospholipids of 
Lepisma saccharina L. 

Percentage 
Phospholipid class distribution 

Lysophosphatides 4.0 
Sphingomyelin 10.4 
Phosphatidylcholine 36.3 
Phosphatidylinositol 2.6 
Phosphatidyl serine 1.1 
Phosphatidylethanolamine 37.7 
Cerebrosides 7.8 
Cardiolipid O. 1 
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TABLE III 

Fatty Acid Composition of the Total Lipids of 
Lepisma saceharina L. 

Fatty acid 
Carbon Per cent by Fatty acid Per cent by 

no. weight carbon no. weight 

6:0 Trace 16:0 20.50 
8:0 0.31 16:1 5.10 

10:0 0.39 16:2 0.16 
12:0 0.51 17:0 1.68 
12:1 0.02 17:1 0.03 
13:0 0.08 18:0 9.14 
13:1 Trace 18:1 47.00 
14:Br. Trace 18:2 10.40 
14:0 2.70 18:3 0.12 
14:1 0.18 20:0 0.13 
14:2 0.12 20:2 Trace 
15:0 0.83 20:4 Trace 
15:1 0.08 22:0 Trace 
16:Br. 0.08 24:0 Trace 

esters may be componen t s  of  the silver scales 
wi th  which the body  of  this insect is covered.  
The phosphol ipids  show the same quali tat ive 
compos i t ion  as repor ted  for o ther  insect species 
(1-3). Quant i ta t ively  they  display differences 
which may be significant. With the excep t ion  of  
the dipterous  insects and some species of  the 
family  Aphidae (3),  phosphat idyl  choline is the 
d o m i n a n t  phosphol ip id  class occurr ing in 
insects. In Lepisma bo th  the e thanolamine  and 
choline phosphoglycer ides  occur  in roughly 
equa l  amounts .  The  reason once again is 
obscure and warrants  investigation. Similar pro-  
por t ions  have been found in the diperous 
family  Cecidomyi idae  (3). 

Also n o t e w o r t h y  is a large quan t i ty  of  cere- 
brosides occurr ing in this species. This class has 
not  been repor ted  in o ther  insect species and it 
may reflect  a species difference.  

F o r t h  discrete peaks appeared on the chro- 
matogram fol lowing analysis by gas chromato-  
graphy and those which were ident i f ied are pre- 
sented in Table III. Quali tat ively this species 
contains  a wide array of  fa t ty  acids, however  

q u a n t i t a t i v e l y ,  myrist ic  (C14:0)  palmitic 
(C 16: 0), palmitoleic  (C 16: 1), stearic (C 18: 0), 
oleic (C18:1)  and l inoleic (C18:2)  comprise 
95% of the to ta l  f a t ty  acids, which is not  
abnormal  for insect lipids. The very high quan- 
t i t i e s  o f  o l e i c  and linoleic is c o m m o n l y  
observed in widely unrela ted insects (4). 

It  thus  seems that ,  despite wide t axonomica l  
phylogenet ic  differences,  insect species (and 
also vertebrates)  possess a rather constant  lipid 
compos i t ion ,  suggesting a rather similar biosyn- 
the t ic  capacity.  

J O H N  E. K I N S E L L A  
Depar tment  of  F o o d  Science 
Cornel l  Universi ty 
I thaca,  New York  14850 
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A Simplified Method for Extracting Lipids 
From Large Quantities 

of Tissue Abundant in Water 

The me thod  described by Bligh and Dyer  (1) 
for extract ing lipids f rom vertebrate  tissues is 
c o m m o n l y  used in our  labora tory  for  inverte- 
brate tissues. Usually small correct ions are 
necessary,  depending on the water  content .  
Since the amoun t  of  ch loroform and methanol  

is calculated in relat ion to the fresh (wet)  
weight  of  the animals, the required quant i t ies  
of  these solvents are qui te  considerable if this 
ex t rac t ion  procedure  is applied to  a large quan- 
t i ty  of  tissue wi th  high water  contents .  

A modif ica t ion  of  this procedure  permits  an 
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easier as well as a more economical extraction 
of lipids. After crushing or grinding the tissue 
and allowing the slurry to settle, the tissue 
water is decanted into a separate beaker and its 
volume measured. The residual tissue slurry is 
weighed and mixed thoroughly in a separatory 
funnel first with methanol then with chloro- 
f o r m  in  the  p r o p o r t i o n ,  tissue residue- 
methanol-chloroform (0.8:2.0:1.0 w:v:v). After 
adding once more the same quantity of chloro- 
form to the mixture, the tissue water is added, 
and after mixing this water fraction with the 
homogena te  a biphasic system should be 
formed. If necessary small portions of distilled 
water can be added until  two phases are 
obtained. 

From this point on the procedure is identical 

to that of Bligh and Dyer. This modification is 
advantageous only for those tissues which are 
abundant in water content. 

D. J. VAN DER HORST 
A. H. VAN GENNIP 
P. A. VOOGT 
Laboratory of Chemical Animal 

Physiology, 
University of Utrecht, 
40, Jan van Galenstraat, 
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Pyrolysis-Gas Chromatography of Phosphoglycerides: 
a Mass Spectral Study of the Products 

During attempts to volatilize phosphoglycer- 
ides for analysis by gas liquid chromatography 
(GLC), it was observed that when short, non- 
polar columns were employed at high tempera- 
tures, components were eluted within a few 
minutes. Preliminary investigations showed that 
the eluates were not phosphoglycerides. Since 
these components were formed only at high 
temperatures of both the injection port (over 
300 C) and column (over 200 C) it was con- 
cluded that they were probably the products of 
pyrolysis of the phosphoglycerides. The peaks 
obtained were found to have retention times 
coincident with those from the appropriate 1,2 
and 1,3 diglycerides injected under the same 
condi t ions .  Thus, dipalmitoyl phosphatidyl 
choline gave rise to a single peak with a reten- 
tion time the same as that obtained from dipal- 
mitin. This observation was confirmed for 
d i l a u r o y l  d i m y r i s t o y l ,  dipalmitoyl and 
distearoyl phosphatidyl cholines and for dipal- 
m i t o y l  phosphatidyl ethanolamine (Sigma) 
Chemical Corporation and Mann Research Lab- 
oratories). Phosphatidyl serine (ex. bovine 
brain, Applied Science Labs, Inc.) and egg 
lecithin (laboratory preparation) gave rise to 
several overlapping peaks, the major one having 
a retention time close to that of distearin or 
1,1-stearylolein, or both. At the time this study 
was being carried out, Kuksis et al. (1) reported 
that, when total serum lipids were gas chro- 
matographed using a specially modified injector 
port at temperatures over ~300 C, the serum 
lecithins gave rise to a series of overlapping 

peaks. They tentatively identified these peaks 
as the fatty acid diesters of propenediol, 
pyrolysis products of the lecithins. We now 
report the results of our study of phosphogly- 
ceride pyrolysis using gas chromatography-mass 
spectrometry (GLC-MS). 

Mass spectra were determined with a Perkin 
Elmer Hitachi RMU 6E single focusing mass 
spectrometer equipped with a gas chromato- 
graphic inlet system. The helium separator was 
maintained at 290 C as was the ion source. The 
heated transfer line from the GLC was kept at 
325 C. The ionization potential was 22 ev and 
i on i z ing  current was 55 a. Spectra were 
recorded in 4-10 sec to m/e 600 at the apex of 
the GLC peak (1-50/a g of material), as deter- 
mined by the continuous record produced by 
the total ionization monitor. The gas chromato- 
graph employed a stainless steel column 2 ft x 
1/8 in. packed with 5% SE30 coated on 60-80 
mesh Chromosorb W(aw), with a flow rate of 
25 ml/min. Approximately 85% of the effluent 
was diverted to the mass spectrometer. Elution 
of individual compounds was achieved either by 
operating isothermal ly  a t  280 C or by pro- 
gramming the column temperature from 200 C 
to 360 C at 12 C/rain. The injector temperature 
was 350-400 C and the detector was:at 360 C. 
The GLC column, the helium separator and the 
heated inlet line were silanized with Silyl 8 
column conditioning agent. No major modifica- 
t ions were made to the gas chromatograph, but 
in order to obtain consistent results on-column 
injection was found to be essential. This was 
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FIG. 1. Mass spectrum of the pyrolysis product of dipalmitoyl phosphatidyl choline and 1,3 
dipalmitin. Introduced via the gas chromatograph. 

a c h i e v e d  by projecting the column back 
through the injection por t  and filling the first 
two inches with glass wool. Injection was then 
made onto the glass wool packing. It was also 
necessary to precondit ion the column each day 
by several injections of a sample until  a con- 
stant response was obtained.  

The mass spectrum of the single peak ob- 
t a i n e d  f rom the injection of dipalmitoyl  
phosphat idyl  choline onto a short GLC column 
is shown in Figure 1. This peak is identical both 
in retention time and mass spectrum to that  
obtained from the injection of 1,2- or 1,3- 
dipalmitin (Fig. 1). In t roduct ion of the digly- 
cerides via GLC and by the direct inlet probe 
gave identical mass spectra. However, mass 
spectra were obtained for phosphoglycerides 
only under the GLC conditions described and 
not by the direct inlet probe,  even when a tem- 
perature of 450 C was attained. 

The mass spectra obtained exhibited a com- 
plete series of ions resulting from the cleavage 
of  the fat ty  acid moiety  and numerous hydro-  
carbon fragments similar to those described by 
Barber et al. (2). Other ions corresponding to 
RCO, RCO2H and M-RCO2H were also ob- 
served. Mass spectra obtained for phosphogly- 

cerides, diglycerides and 1,2- propylene glycol 
dipalmitin and distearin all showed the forma- 
tion of the base peak at m/e = 98. High resolu- 
t ion mass measurements indicated that this ion 
had a molecular formula corresponding to 
C6H 1 o O+ (calculated mass, 98.073164; found 
98.073131). 

This fragment probably has the structure of 
a cyclic ion, and may be formed from the 6,7 
cleavage of the acyl moiety as suggested by 
Ryhage and Stenhagen (3). Support  for the 
origin of this ion is also provided by the appear- 
ance of a metastable peak corresponding to the 
transit ion of m/e = 239 (the acyl moiety of 
C16H31 O) to m/e = 98. Another  structure for 
an m/e 98 ion, derived from the glycerol back- 
bone and alpha cleavage of the acyl moiety of 
monoglycerides, with the formula CsH602 + 
( c a l c u l a t e d  98,03678), was postulated by 
J o h n s o n  and Holman (4) to explain the 
presence of this ion in the mass spectra 
reported by them. 

In the present study,  the m/e = 98 peak was 
the base peak in spectra of diglycerides ob- 
tained via the GLC at an ionizing potential  of 
22 ev. This peak was reduced in size but  was 
still a major ion when the sample was intro- 
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duced by direct inlet. At a higher voltage (70 
ev), when there was a greater degree of frag- 
mentation, the intensity of this ion was reduced 
(25-35%). The base peak observed at 70 ev was 
m/e = 57 (C4H9+). The pyrolysis GLC-MS of  
dipalmitoyl phosphatidyl ethanolamine gave 
rise to the same mass spectrum observed from 
dipalmitin and dipalmitoyl lecithin. The same 
generalized fragmentations were observed from 
the GLC-MS of 1,3-dilaurin, 1,3-dimyristin, 
1,3-distearin and 1-palmitoyl-3-stearin. In no 
case was a molecular ion observed; only the ion 
corresponding to M-18 was found. 

One would expect that lysophosphatidyl 
compounds would also pyrolyze to the corres- 
ponding monoglyceride moiety. Accordingly, 
1 monopalmitoyl  phosphatidyl choline, when 
subjected to the pyrolysis conditions previously 
outlined, yielded a product with the same mass 
s p e c t r u m  as t h a t  o b t a i n e d  f r o m  
1-monopalmitin. These spectra exhibited the 
same base peak at m/e 98. The same character- 
istic spectra were also obtained from a homolo- 
gous series of  1-monoglycerides (C12 - C l g )  
including l-monoolein.  Under identical GLC 
conditions no pyrolysis of sphingomyelin was 
observed. 

Since the C-O bond in the phosphate ester is 
somewhat weaker (85 Kcal/mole) than the O-P 
bond (95 Kcal/mole), its preferential destruc- 

tion on pyrolysis of phosphoglycerides is to be 
expected. These pyrolysis products would give 
rise to the same compounds as the corres- 
ponding dehydrated diglycerides, namely the 
diacyl esters of propenediol. 
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The Polyunsaturated Alcohols in Wax Esters of Fish Roe 

Past investigations of wax esters from marine 
sources indicated that unsaturation of their 
constituent alcohols and acids is almost wholly 
conf ined  to components having only one 
double bond. However, fatty acids of  wax esters 
from mullet (Mugil cephalus) roe were found 
to be equally or even more highly unsatu- 
rated than those of the glycerides in roe and 
body oil (1). Other reports based on tentative 
identifications by GLC showed the presence of 
polyunsaturated alcohols in wax esters of 
marine animals (2,3). Unequivocal identifi- 
cation of minor components is desirable in view 
of the well known complexity of fish lipids in 
regard to polyunsaturation, positions of double 
bonds, branched or odd-numbered compounds. 
We report here results of analyses in which the 
polyunsaturated alcohols were isolated as ace- 
tates and their structures were determined by 
chemical degradation. 

Wax esters from the roe of gouramis 

(Trichogaster cosby), a tropical fresh water fish, 
and of mullets (Mugil cephalus) from the 
coastal waters of the Gulf of Mexico were inves- 
tigated. The lipids of their eggs contain > 70% 
wax esters. To obtain a concentrate of unsatu- 
rated wax esters, the lipid material was crystal- 
lized from hexane. The more unsaturated por- 
tion of the wax esters from the mother liquor 
was isolated from other lipids by column chro- 
matography on SiO 2 and transesterified by 
sodium methylate in methanol. Alcohols were 
then separated from methyl esters by chroma- 
tography on SiO 2 and unsaturated alcohols 
were enriched in the mother liquor by crystalli- 
zation from hexane and were acetylated. The 
alcohol acetates were then fractionated by GLC 
on cyclohexaamylose valerate. Fractions of uni- 
form chain length were collected and subfrac- 
tionated by GLC on ethylene glycol succinate 
(4). 

These analytical procedures permitted tenta- 
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TABLE I 

Constituents of Wax Esters From Gourami Egg Oil 

Structure Alcohols Acids a 

% ECLalc-acb % ECLMe ester b 

14:0 2.7 (14) 0.9 (14) 
16:0 45.0 (16) 1.9 (16) 
16:1 8.8 16.5 10.8 16.7 
18:0 6.8 (18) O.5 (18) 
18:1 30.1 18.5 51.0 18.6 

9,12-18:2 1.3 19.3 13.5 19.6 
9,12,15-18:3 0.8 20.6 4.6 20.7 

20:0 0.1 (20) <0.1 (20) 
20:1 2.0 20.7 <~0.1 20.6 

11,14-20:2 1.1 21.6 "~0.1 21.5 
8,11,14-20:3 ~ 0 . 1  22.2 0.3 22.1 

11,14,17-20:3 0.5 22.6 ~0 .1  22.5 
5, 8,11,14-20:4 ( 0 . 1  22.9 1.5 22.8 

8,11,14,17-20:4 0.2 23.3 1.0 23.3 
5, 8,11,14,17-20:5 0.1 23.9 1.4 23.9 
7,10,13,16,19-22:5 0.3 25.7 3.7 25.9 

4,7,10,13,16,19-22:6 0.1 26.4 6.8 26.9 

alncomplete listing. 
bEquivalent chain length, i.e., retention time in reference to saturated compounds of the 

same type and chain length, on ethylene glycol succinate at 180 C. 

t ive ident i f ica t ions .  They  were r epea t ed  o n  a 
larger scale to  a f fo rd  samples  suf f ic ien t  for  
d e t e r m i n a t i o n  of s t ruc tures .  O z o n i z a t i o n  and  
s u b s e q u e n t  h y d r o g e n a t i o n  of  ozon ides  was 
carr ied ou t  wi th  the  indiv idual  c o m p o u n d s  or 
m i x t u r e s  of  i somers  (4).  T he  f r a g m e n t s  ob-  
t a ined  f r o m  the  a lcohol  ace ta tes  were ident i f ied  
b y  GLC using a u t h e n t i c  a ldehyde-ace ta t e s  as 
r e fe rence  c o m p o u n d s .  The  s t ruc tu re s  deter-  
m i n e d  by  ozonolys i s  c o n f i r m e d  the  t en ta t ive  
i den t i f i ca t ions  of  a lcohol  ace ta tes  by  GLC. 
Quan t i f i c a t i ons  were checked  by  h y d r o g e n a t i o n  
a n d  s u b s e q u e n t  GLC. All p o l y u n s a t u r a t e d  
s t ruc tu re s  of  a lcohols  were also f o u n d  a m o n g  
t h e  acids (Table  I). The  same i d e n t i t y  of s truc-  
tu res  was e n c o u n t e r e d  w i th  the  p o l y u n s a t u -  
r a t ed  a lcohols  and  acids of wax esters  f rom 
mul le t  roe.  

The  s t ruc tu ra l  r e la t ionsh ips  suggest  t ha t  the  
a lcohols  arise by  biological  r e d u c t i o n  f rom the  
acids. This  a s s u m p t i o n  was ver i f ied w h e n  14C 
labe led  16;0 ,  18:1 ,  18:2  and  18:3  acids were 

admin i s t e r ed  as m e t h y l  es ters  to  gouramis  and  
high percen tages  of  convers ion  in to  the  corre-  
spond ing  a lcohols  were observed .  
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The Relative Turnover of Individual Molecular Species 
of Phospholipids 

The  e x p e r i m e n t s  r e p o r t e d  here  show differ-  
e n c e s  of  up  to  one  h u n d r e d - f o l d  in t he  specif ic  
rad ioac t iv i t ies  of  ind iv idua l  mo lecu l a r  species of  
p h o s p h a t i d y l  chol ine  and  p h o s p h a t i d y l  e thano l -  

amine  of  ra t  liver. Ind iv idua l  molecu la r  species 
o f  p h o s p h o l i p i d s ,  for  example  1-palmitoyl  
2-oleoyl  p h o s p h a t i d y l  chol ine ,  i nco rpo ra t e  32p 
at ra tes  which  are d e p e n d e n t  u p o n  t he  f a t t y  
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TABLE I 

Amounts and Relative Specific Radioactivities of Molecules Present in Liver Phosphatidyl Ethanolamines 
and Phosphatidyl Cholines Following Administration of Radiophosphorus to Rats a 

Fatty acid 
at position Phosphatidyl ethanolamine Phosphatidyi choline 

Mole Relative Mole Relative 
1 2 % specific % specific 

radioactivity a radioactivity a 

16:0 16:1 0.7 "1-0.04) 4.6 "1-0.6 6.0 "1"2.0 
16:0 18:1 3.0 + 0.15~" 15.5 + 0.3~ 
18:0 16:1 0.3 --- 0.02 ~ 54.6 1.6 --- 0.3~ 5.0 -1"0.2 
18:0 18:1 1.8 - 0 . 0 9 ]  5.5 -1"0.3 0.9 +0.4 b 
16:0 18:2 5.7 - 0 . 3 Y  6.5 + 1.3 12.5 + 1.5 
18:0 18:2 3.7 -1"0.3 ~ 42.3 11.0 --+ 1.0 1.1 -1"0.2 
18:1 18:2 2.5 -1"0.2 6.0 + 1.8 - 

1 6 : 1  20:4 7.3 +2.5 - 
18:0 20:4 32.3 +0.6 4.2 +0.45 28.3 +0.3 0.08 +0.02 
16:0 22:5 3.8 "1-0.9 
18:1 20:4 12 '3+0 :  ~ 5'8+2"2C 4"3+0"4~ 
16:0 20:4 19.6 + 9.2 + 1.7 16.7 +0.4~ 0.96 +0.03 
18:0 22:5 2.8 +0.8 ) 
16:0 22:6 1.9 + 0 . 1 5 [  
18:0 22:6 1.4 --- 0.13~ 32.5 
18:1 22:6 0.9 - 0.16~ / 

a The relative specific radioactivity is the specific radioactivity expressed as a percentage of the specific 
radioactivity of the serum inorganic phosphate (96,060 counts]min/~rnole). Unless stated otherwise, only those 
results which differed from zero, as judged by Student's test for P = 0.01, have been reported. Certain com- 
ponents had to be combined in order to obtain statistically significant results. 

b Significant at P = 0.05 level. 
c Significant at P = 0.02 level. 

acids they  con t a in  (1-4). A l t h o u g h  a n u m b e r  of  
workers  have calcula ted t u rnove r  t imes  for  
whole  phospho l i p id  classes (5-7) ,  no  a t t e m p t  
has  been  made  to derive t u rnove r  t imes  for  
individual  molecu la r  species of  phosphol ip ids .  
In order  to  clarify the  m e t a b o l i c  f u n c t i o n s  of  
t h e  p h o s p h a t i d y l  c h o l i n e s ,  p h o s p h a t i d y l  
e thano l amines ,  etc. ,  it is i m p o r t a n t  to k n o w  the  
a m o u n t  of  each  molecula r  species p resen t  and  
to have some measure  of  its t u rnove r  t ime.  The  
d e t e r m i n a t i o n  of  the  t u rnove r  t imes  of  a g roup  
of  h o m o l o g o u s  c o m p o u n d s  is dif f icul t  (8) ;  
never the less  valuable  i n f o r m a t i o n  regarding the  
relat ive t u rnove r  t imes  of  these  c o m p o u n d s  can 
be o b t a i n e d  f r o m  the  m e a s u r e m e n t  of  the i r  
specific radioact ivi t ies .  Ke i th  (9)  has  s h o w n  
t h a t  the  specif ic  rad ioac t iv i ty  of  inorganic  phos-  
p h a t e  of  rat  liver reaches  a m a x i m u m  approxi -  
mate ly  70 min  af ter  i n t r ape r i t onea l  in j ec t ion  of  
3 2 p - o r t h o p h o s p h a t e .  In the  present  work  ani- 
mals  were kil led 60 min  af te r  32p  in jec t ion  to 
ensure  t h a t  the  specific rad ioac t iv i t ies  of  the  
phospho l i p id  species would  be increasing and  
t hus  would  be measures  of  the i r  relat ive tu rn -  
over  t imes.  

Male ra ts  were fed a diet  (10)  con ta in ing  2% 
of  saff lower  seed oil as the  on ly  source of  fat .  
The  phospho l ip id s  were isola ted f rom the  liver 
and  the  p h o s p h a t i d y l  chol ines  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  (MDNP-)  phos-  
pha t idy 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 (4).  B o t h  mate -  
rials were pur i f ied  by  t h in  layer ch roma-  
t og raphy  (TLC)  (9 ,11)  and  t h e n  subdiv ided  by  
si lver-ni trate TLC (12)  to  give several f r ac t ions  
di f fer ing in the i r  degree of  u n s a t u r a t i o n .  Each 
of  these  f r ac t ions  was e x a m i n e d  fu r t he r  by  
c o u n t e r c u r r e n t  d i s t r ibu t ion  (4)  using 400  
t ransfers ;  t he  a m o u n t  of  p h o s p h o l i p i d  (as phos-  
phorus  (13)  or  as DNP- groups  (14) )  and  the  
a m o u n t  of  each  f a t t y  acid p resen t  in every f i f th  
tube  was measured .  In the  case of  p h o s p h a t i d y l  
chol ine  the  f a t t y  acids at the  1 and  2 pos i t ions  
were d i s t inguished  by  the  use of  phospho l ipase  
A (4 ,15) ;  th i s  was no t  possible for  the  MDNP- 
p h o s p h a t i d y l  e t h a n o l a m i n e s  as the  e n z y m e  was 
w i t h o u t  ac t ion  on  these  c o m p o u n d s  and  it was 
necessary to assume tha t  the  po lyene  f a t t y  
acids were exclusively at the  2 pos i t ion .  F a t t y  
acids which  were p resen t  to  the  e x t e n t  of  less 
t han  0.6% were ignored.  The  a m o u n t s  of  molec-  
ular  species p resen t  in each of the  f rac t ions  sub- 
j ec ted  to  c o u n t e r c u r r e n t  d i s t r ibu t ion  were cal- 
c u l a t e d  using t he  p rocedure  descr ibed by  
Collins (16) .  The  a m o u n t s  (X 1 m ,X2 m .... Xn m ) 
of  each of  the  n species p resen t  in tube  m of  
one  of  the  c o u n t e r c u r r e n t  d i s t r ibu t ions  could  
t h e n  be ca lcula ted  and  the specific radio-  

LIPIDS, VOL. 4, NO. 4 



306 SHORT COMMUNICATIONS 

0.6  

g 
o 0 .4  

z 
o 

~ 0 . 2  

0.r 

/k 

140 160 180 2 0 0  
TUBE NUMBER 

FIG. 1. The countercurrent distribution for 400 
transfers of the tetraene fraction of the MDNP- 
phosphatidyl ethanolamines. The solvent system was 
heptane-methanol. The fatty acids were determined in 
every fifth tube: - arachidonlc acid, --- palmitic acid, --- 
stearic acid, ---- oleic acid, - docosapentenoic acid. 
Whilst the countercurrent distribution of the 
MDNP-phosphatidyl ethanolamines always gave two 
peaks, the phosphatidyl cholines gave only one. 

activities (A 1 ,A 2 ,...An) of the molecular species 
were derived from a least-squares fit of a set of 
simultaneous equations of the type Ym = 
Al XI m + ...AnXnm, where the dependent vari- 
able Ym was the amount of radioactivity in the 
tube m- It is not possible to exclude the possi- 
bility that a minor component with a high spe- 
cific radioactivity may be responsible for the 
radioactivity of some fractions but the isolation 
techniques insure that if this is the case the 
minor component must be chemically and 
physically very similar. 

The phosphatidyl cholines, which yielded a 
monoene, diene and tetraene fraction were 
quantitatively isolated (4), separated on the 
basis of unsaturation by silver nitrate TLC (12), 
and each fraction was further examined by 
Countercurrent distribution (4). (Table I). 
Since these specific radioactivities are measures 
of the relative turnover times of these mole- 
cules it can be seen that molecules with pal- 
mitic acid in the 1 position always have shorter 
turnover times than analogous molecules with 
stearic acid in the 1 position. As predicted by 
Collins (3), molecules with arachidonic acid 
have the longest turnover times. 

The  MDNP-phosphatidyl  ethanolamines, 
which yielded monoene, dlene, tetraene and 
hexaene fractions were examined by the same 
procedure and the results are shown in Table I. 
The MDNP-phosphatidyl ethanolamine frac- 
tions gave better separations on countercurrent 
distribution (Fig. 1) than did the phosphatidyl 
c h o l i n e  f r a c t i o n s ;  molecules of MDNP- 
phosphatidyl ethanolamine differing only by 
two carbon atoms had partition coefficients 

whose ratio was 1.23 whereas the corre- 
sponding figure for the phosphatidyl cholines 
was 1.07. The amount of MDNP-derivatives 
obtained (Table I) represented 45% to 50% of 
the total  amino nitrogen in the phospholipids 
(18). Attempts were made to calculate the spe- 
cific radioactivities of all molecules present but 
due to the small amounts of material present in 
the monoene, diene and hexaene fractions the 
errors were increased and statistically signifi- 
cant results could only be obtained by com- 
bining these fractions as indicated in Table I. 
The overall incorporation of 32p into the 
MDNP-phosphatidyl ethanolamines was more 
than five times that into the phosphatidyl cho- 
lines. Again the arachidonoyl species had the 
longest turnover times. Probably the most 
striking feature of these results was the high 
specific radioactivity of the monoene fraction 
which was greater than 50% of the specific 
radioactivity of the serum inorganic phosphate. 
Molecules within this fraction must have very 
short turnover times. 

It is clear that the specific radioactivities and 
hence turnover times of different phospholipid 
molecules can vary widely; the ratio of the spe- 
cific radioactivities of 1-palmitoyl 2-1inoleoyl 
and  1-stearoyl 2-arachidonoyl phosphatidyl 
choline, for example, was found to be greater 
than 150:1. De Pury and Collins (17) have pos- 
tulated that the arachidonoyl phosphatidyl cho- 
lines produce more stable membranes because 
they bind to extracted mitochondria more 
slowly than do the more saturated phosphatidyl 
cholines. The finding that the arachidonoyl 
phosphatidyl cholines have the longest turnover 
times supports this hypothesis and may indicate 
that protein-phospholipid binding is an impor- 
t a n t  f a c t o r  in  governing turnover time. 
Arvidson (19) has separated phosphatidyl cho- 
lines and ethanolamines on the basis of unsatu- 
ration only and his results for the incorporation 
of 32p agree with the present results. In 
addition Arvidson has shown that the incorpo- 
ration of 1,2 14 C ethanolamine shows a similar 
heterogeneity in the labelling pattern. 
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LETTER TO THE EDITOR 

Chromatography of Lipids 

Sir: Berry and Kaye (Lipids 3, 386 1968) 
reported that they were unable to obtain com- 
plete separation of polar from non-polar lipids 
by exclusion chromatography on columns of 
d i v i n y l  cross-linked polystyrene beads by 
e l u t i o n  with benzene (Tipton,  Paulis and 
Pierson, J. Chromatog. 14, 486 1964). They 
concluded that,  "at  present, polystyrene gel 
columns are of little or no value for the prelimi- 
nary separation of polar and non-polar lipids in 
quantitative analysis". I would like to report  
that with slight modifications of the method of  
Tipton et al., although incomplete separation 
was obtained,  92% of the phospholipid was 
completely separated from the less polar lipids 
and the phospholipids appear to be in the na- 
tive state. 

Egg yolk lipid containing 100 mg of phos- 
phorus was freed from water soluble impurities 
by the method of Wells and Dittmer (Biochem- 
istry 2, 1259, 1963). It was then applied to a 
column of polystyrene beads (150 g, Dow 
Chemical Co., styrene-divinyl benzene copoly- 
mer, 2%, 50-100 mesh, lot no. 03055). The 
polystyrene beads were packed in benzene con- 
taining 1% methanol in a column of decreasing 
diameters (25 x 4, 19 x 3, 19 x 2, 19 x 1.5 cm, 
made as a single tube) and eluted with the same 
solvent. The methanol was included in the sol- 
vent as an antioxidant.  Ten-milliliter fractions 
were collected and the phospholipid emerged as 
a symmetrical peak in fractions 17-26. The frac- 
tions were examined by infrared spectroscopy 
and the ratio of the intensities of the bands at 
1160 cm-I (C-O stretching of fat ty  acid esters) 
and at 1230 cm -1 (P=O s t re tching)used  to 
detect the presence of triglyceride in the phos- 
pholipid fractions. Fractions 17-24 were free of 
triglyceride but there was some overlap in frac- 

on Polystyrene Gel Column 

tions 25-27. Fractions 17-24 were combined 
and the combined fraction contained 92% of 
the phospholipid (3.9% phosphorus; Ester/P, 
2.0; NH2/P, 0.25). Similar results have been 
obtained with chromatograms in which the sep- 
aration was checked by thin layer chroma- 
tography or the determination of ester: phos- 
phorus ratios on each fraction. The use of 
benzene, rather than 1% methanol in benzene, 
as an eluent gave similar results. In contrast to 
Berry and Kaye's results, the percentage of 
phosphorus in the above sample indicates that 
there was no contaminating material arising 
from the polystyrene and eluted from the 
column with the phospholipid. This difference 
suggests that there may be some variation in 
polystyrene samples. The slight overlap of 
neutral lipid and phospholipid suggests that dis- 
p l a c e m e n t  chromatography (Partridge and 
Brimley, Biochem. J. 51, 628 1952) is oper- 
ating and highlights the obvious advantage of 
working with successive columns of decreasing 
diameter. 

The results of Collins (Nature, 188, 297, 
1960) and my own observations to be pub- 
lished shortly indicate that considerable chemi- 
cal change occurs in phospholipid from natural 
sources during silicic acid chromatography. In 
contrast polystyrene chromatography repre- 
sents an extremely mild method for separating 
neutral lipid from phospholipid and ~ffords 
92% recovery of the latter in a native form. 

J. B. DAVENPORT 
Division of Food  Preservation 
CSIRO 
Ryde, N.S.W. 2112 
Australia 
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The Separation, Structure and Metabolism of Monogalactosyl 
Diglyceride Species in Chlorella vulgaris 

B. W. NICHOLS and R. MOORHOUSE, Biochemistry Division, 
Unilever Research Laboratory, Colworth House, Sharnbrook, Bedford, England 

ABSTRACT 

The monogalactosyl diglyceride frac- 
tion from heterotrophically cultured ceils 
of Chlorella vulgaris has been fractionated 
into species of different fatty acid com- 
position by argentation thin layer chro- 
matography of the unmodified glycotipid. 
Five major subfractions were isolated, 
corresponding to groups of molecular 
species containing 1, 2, 3, 4 and 5 double 
bonds per molecule, respectively. Incu- 
b a t i o n  o f  Chlorella vulgaris with 
2 -14C-sodium acetate, followed by radio- 
chemical analysis of the fatty acids of the 
i n d i v i d u a l  monogalactosyl diglyceride 
species, demonstrated that at any time 
the specific activity of a single fatty acid 
can vary considerably among the various 
species in which it occurs. These results 
are consistent with previously reported 
evidence that significant changes in the 
fatty acid composition of the mono- 
g a l a c t o s y l  d i g l y c e r i d e  f r ac t ion  of 
Chlorella vulgaris occur following its de 
novo synthesis. 

INTRODUCTION 

Although comparisons of the structure and 
metabolism of individual molecular phospho- 
lipid species of different fatty acid content have 
now been studied in several natural systems, 
there is tittle comparable information regarding 
the galactosyl diglycerides, which quantitatively 
constitute the major acyl lipids of many plant 
tissues. 

Indeed, little is known even in regard to the 
general distribution of component fatty acids 
between the glycerol-1 and -2 positions of the 
galactosyl diglycerides, apart from the data pro- 
vided in one recent paper by workers studying 
these lipids in Artemisia princeps leaves (1). 
However, since some 90% or more of the com- 
ponent fatty acids of the galactosyl diglycerides 
from these leaves are comprised of a single fatty 
acid, tinolenic acid, the results reported give 
tittle indication of what fatty acid distribution 
might be expected in naturally occurring galac- 
tosyl glyceride fractions in which several classes 
of fatty acid occur in similar proportions.  

In previous communications we demon- 
strated that the fat ty acids of the monogalac- 
t o s y l  d i g l y c e r i d e  fraction from Chlorella 
vulgaris show a rapid metabolic turnover during 
photosynthesis,  and a direct involvement of this 
lipid in fatty acid metabolism and synthesis was 
suggested (2,3). Other metabolic and structural 
roles have also been proposed for this lipid 
(4-6), and it is possible that specific species of 
different fatty acid content may have different 
functions. 

In order to test this possibility, a method for 
the partial separation of the individual molecu- 
lar species of the monogalactosyl diglyceride 
fraction from Chlorella vulgaris was developed. 
This technique was then applied to extracts 
from cells of C. vulgaris which had been incu- 
bated with 2-14C-sodium acetate, and the fatty 
acids of the individual molecular monogalac- 
tosyl diglyceride species were then determined 
quantitatively and radiochemically. 

EXPERIMENTAL PROCEDURES 

Algae 

Chlorella vulgaris, strain no. 211/1 lh  from 
t h e  C a m b r i d g e  Collection of Algae and 
Protozoa, was grown heterotrophically in the 
tight on the rich medium described by Harris et 
al. (7). 

Chlorella cells separated from the culture 
medium by centrifugation (15 min at 600 g) 
were twice washed with 0.2 M phosphate 
buffer, pH 7.4, and were then shaken with a 
fresh portion of this buffer to give a suspension 
containing about 12 g wet weight of cells in 
250 ml. To this suspension, 60/~C (13.2mg) of 
2 -l 4C sodium acetate was added, and the mix- 
ture incubated by shaking the flask in the tight 
at 30 C. The light source consisted of four 40 W 
strip lamps suspended about 25 cm above the 
i n c u b a t i o n  f l a sk .  Suitable samples were 
removed from the flask at appropriate intervals. 

Extraction and Fractionation of Lipids 

Incubations were stopped by pouring the 
samples into propan-2-ol (20 vol). The resultant 
mixture was then shaken and filtered and the 
residue re-extracted with chloroform-methanol 
(2:1 v/v). The combined filtrates were concen- 
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FIG. 1. Argentation-TLC of a monogalactosyl di- 
g lycer ide  fraction from Chlorella vulgaris. The 
solvent  was chloroform-methanol-water (60:21:4 
v/v). O, origin; SF, solvent front; 1, 2, 3, 4, 5, frac- 
tions containing 1, 2, 3, 4 and 5 double bonds per 
molecule, respectively; 6, fraction probably con- 
raining 6 double bonds per molecule. The fractions 
were located by spraying the chromatogram with 
chlorsulfonic acid, followed by heating to 230 C for 
10 min. 

B. W. NICHOLS AND R. MOORHOUSE 

trated in vacuo and washed with 0.9% NaC1 to 
remove  water-soluble impurit ies.  

The lipid extracts  f rom each incubat ion were 
p a r t i a l l y  f ract ionated by co lumn chroma- 
tography on D E A E  cellulose (acetate form) (8). 
The resultant  monogalac tosyl  diglyceride frac- 
t ions were invariably contamina ted  with pig- 
ment ,  and were purified f rom this material by 
preparative thin layer chromatography (TLC) 
on 0.5 mm layers of  silica gel employing  chloro- 
form-methanol-acet ic  acid-water (200 :20 :5 :2  
v/v) as mobile  phase. 

Separation of Monogalactosyl Diglyceride Species 

Monogalactosyl  diglyceride was fract ionated 
into species of  differing fat ty  acid content  by 
argentat ion-TLC on 0.25 mm layers of  silica gel 
(wi thout  gypsum binder) containing 10% silver 
nitrate. The chromatopla tes  employed  were 
dried for 1 hr at 100 C immedia te ly  after prepa- 
rat ion,  and were then stored in a darkened glass 
tank containing saturated calcium chloride solu- 
tion. Chloroform-methanol -water  (60 :21 :4  v/v) 
gave resolut ions superior to those obtained with 
o ther  solvent systems tried as mobile  phases. 

When used for preparative purposes, the 
m o b i l e  phase contained 0.005% butyla ted 
hydroxy  to luene  (BHT) to prevent  oxidat ion of  
lipids during detec t ion  and removal  from the 
chromatograms.  Detect ion of  individual species 
was achieved by spraying the chromatograms 
with a 0.05% methanol ic  solut ion of  dichloro- 
fluorescein,  fo l lowed by visualization under  uv 
light. The relevant bands were then scraped 
f rom the chromatogram and the lipid fractions 
eluted f rom the adsorbent  with chloroform- 
methanol  (2:1 v/v,  then 1:2 v/v).  Silver nitrate 
was removed by washing the  extracts  with 
water. 

The puri ty of  each fract ion was checked by 
T L C  o n  silica gel and on silver nitrate- 
impregnated silica gel. 

Identity and Radioactivity of Fatty Acids 

L i p i d s  w e r e  r e f l u x e d  with methanol-  
benzene-concent ra ted  H2SO 4 (20:10:1 v/v) for 

TABLE I 

Fatty Acid Composition of Individual Species of Monogalactosyl Dig lycer ide  Iso lated  From 
Heterotrophically Cultured Cells of Chlorella vulgar~s After  I n c u b a t i o n  in the  Light for 24 hr 

Fat ty  Acid 

Fraction 12:0 14:0 14:1 14:2 16:0 16:1 16:2 16:3 18:0 18:1 18:2 18:3 

Tot~ t 1 1 t 3 12 22 2 1 17 29 11 
1 0 9 t 0 28  6 0 0 4 50  3 0 
2 0 t t t 2 39 t 0 0 52 7 0 
3 0 0 t t t 23 18 0 0 26 34 0 
4 0 0 0 0 t 2 41 0 0 3 53 0 
S 0 0 0 0 2 2 3S 3 t 3 14 40 
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90 min and the reaction mixture then diluted 
with water. The methyl  esters of the compo- 
nent fat ty acids were extracted with light petro- 
leum (bp 60-80 C), dried, and analyzed o n . a  
radiochemical gas chromatograph employing 
diethylene glycol adipate as stat ionary phase. 
Comparative specific activities are expressed as 
ratios of radioactivity peak area to mass peak 
area. 

When  radiochemical  analyses were not 
required, methyl  esters were analyzed on a Pye 
104 gas chromatograph connected to a flame 
ionisation detector,  using either polyethylene 
g lyco l  adipate or silicone SE-30 (Applied 
Science Laboratories, State College, P a . ) a s  
stationary phase. 

RESULTS 

Figure 1 illustrates the separations obtained 
by argentation-TLC on the monogalactosyl 
diglyceride fraction from heterotrophically cul- 
tured Chlorella vulgaris, which was resolved 
into five major species. Two minor fractions, 
one running between fractions 3 and 4 and the 
other situated between fraction 5 and the origin 
(Fig. 1), were not  isolated in sufficient quanti- 
ties to permit a complete characterization of 
the identi ty and radioactivity of their compo- 
nent fat ty  acids. 

Dich lorof luoresce in  is a more sensitive 
detection reagent than chlorsulfonic acid in this 
system, and consequently a more clearcut reso- 
lution than that  depicted in Figure 1 is experi- 
mentally possible. 

Analysis of the component  fat ty  acids of the 
m a j o r  monogalactosyl diglyceride fractions 
(Fig. 2, Table I) shows that they correspond to 
molecular species, or groups of molecular 
species, containing 1, 2, 3, 4 and 5 double 
bonds per molecule respectively. 

Little change in fat ty  acid composit ion of 
the total  monogalactosyl diglyceride fraction 
occurred during the incubation period, so that 
figures for the 24 hr incubation only are given. 

The specific activities of the fat ty  acids 
within these species are illustrated and recorded 
in Table II and Figure 3. 

DISCUSSION 

While the separation of neutral lipid classes 
(e.g., diglycerides and triglycerides) into molec- 
ular species of differing fat ty acid content is 
comparatively easily achieved by column or 
t h i n  l a y e r  chromatography on adsorbents 
impregnated with silver nitrate (9), the equiva- 
lent resolution of more polar lipids is generally 
less easy. 

Thus while Arvidson has reported fraction- 
ation of animal lecithins into molecular species 
using argentation-TLC ( 1 0 ) a n d  argentation- 
reverse phase-TLC (11), other authors have pre- 
ferred to modify these lipids by removal or 
modification of the more polar groups before 
at tempting fractionation (12-15). 

The results obtained in the present work 
demonstrate that good separations of mono- 
galactosyl diglyceride species can be obtained 
by argentation-TLC of the unmodified glyco- 
lipid. 

The outstanding feature of the fat ty acid 
composit ion of each monogalactosyl diglycer- 
ide fraction is that in every case the major com- 
ponent  acids do not differ in degree of unsatu- 
ration by more than one double bond (Table I). 
Thus the fraction containing an overall 2 
double bonds per glycolipid molecule is almost 
entirely composed of species containing 2 
monoenoic acids per molecule. Only small pro- 
port ions of species containing saturated and 
dienoic acids are present. Similarly the fractions 
containing 3 and 4 double bonds per molecule 
contain no detectable quantities of molecules 
containing trienoic acids associated with satu- 
rated and monoenoic acids respectively. The 
only fraction which contained trienoic acids 
was that which possessed mainly octadeca- 
trienoic and hexadecatrienoic acids in con- 
junct ion with octadecadienoic and hexadeca- 
dienoic acids. 

The presence of small quant~fies of saturated 
and (labeled) monounsaturat~d"~ fat ty acids in 
the fractions containing predominantly 4 and 5 
double bonds per molecule ~annot be explained 
at present. To account foi? their presence in 
fractions of such polari ty they would have to 
occur in molecules also containing equivalent 
q u a n t i t i e s  t r i e n o i c  and tetraenoic acids, 
respectively, and these were not detected in our 
preparations. 

M o n o g a l a c t o s y l  diglyceride species con- 
taining 6 double bonds per molecule do not  
occur in significant proport ions in hetero- 
t rophicaUy cultured Chlorella vulgaris, but 
when this alga is grown photoautotrophical ly  
the overall level of trienoic acids in the cell is 
considerably enhanced (16) and in these cir-  
cumstances glycolipid species containing 6' 
double bonds per molecule occur in appreciable 
amounts. 

These results indicate that  the distribution 
of  individual fa t ty  acids within the monogalac- 
tosyl  diglyceride fraction of Chlorella vulgaris 
differs from that established for other polar 
lipids, particularly phospholipids. In the case of 
the latter classes of  naturally occurring lipid, 
saturated acids tend to p redomina te  at the 
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FIG. 2. GLC fractionation o f  the  methyl  esters o f  the  componen t  fa t ty  acids o f  monogalactosyl  
diglyceride species. The stat ionary phase was diethylene glycol adipate. M, unfract ionated 
monogalactosyl  diglyceride; 1, 2, 3, 4 and 5, species isolated by  argentat ion-TLC. 

TABLE ]I 

Relative Specific Activities o f  Componen t  Acids o f  Monogalactosyl Diglyceride Species 
After  Incubat ion o f  Chlorella With 2-14C Acetate for 2 hr  and 24 hr Periods 

Fa t ty  Acid 

Fraction 14:0 14:1 14:2 16:0 16:1 16:2 16:3 18:0 18:1 18:2 18:3 

A ~ e r  2 hr  
Total 120 50 40 118 3 0 100 135 4 

1 670 500 80 300 80 320 
2 40 195 184 
3 25 11 30 12 4 0 0 0 0 
5 0 0 0 0 0 

A ~ e r  24 hr 
Total 320 60 50 300 200 30 t 400 200 20 

1 300 368 455 525 322 
2 100 40 237 237 t 
3 14 53 34 74 29 
4 63 14 40 13 
5 0 73 6 t 0 125 9 
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FRACTION 2 2DOUBLE BONDS/MOLECULE 
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16:1 

FRACTION 3 3DOUBLE BONDS/MOLECULE 
FIG. 3. Radio-gas chromato~'am of methyl esters from species 2 and 3 after incubation of 

Chlorella with I4C acetate for 2 hr. Upper chromatogram of each pair is the mass trace; the lower 
trace records 14 C activity. 

glycerol 1 position and the more highly unsatu- 
rated acids at the 2 position (17,18). Conse- 
quently most naturally occurring phospholipid 
fractions contain a large proportion of species 
in which saturated acids occur in the same 
m o l e c u l e  as h i g h l y  u n s a t u r a t e d  acids 
(10,12,13,14,17,19). 

Our present inability to achieve controlled 
partial deacylation of monogalactosyl diglycer- 
ide (to monogalactosyl monoglyceride and free 
fatty acid) has so far prevented a complete 
determination of the structure of the individual 
molecular species of this glycolipid, but the 
results described in this paper clearly indicate 
that such pronounced differences in degree of 
unsaturation between acids attached at the 1 
and 2 positions as occur in natural phospho- 
lipids do not occur in the monogalactosyl 
diglyceride fraction from Chlorella. 

These differences could either reflect differ- 
ences in the specificities of the acyl transferases 
involved in synthesizing the diglyceride pre- 
cursors of these classes of compound, or derive 
from changes in fatty structure which may 
occur in the lipids following their de novo 
synthesis. The latter scheme is consistent with 
previously reported data relating to monogalac- 

t o s y l  diglyceride metabolism in Chlorella 
vulgaris (2,3). 

Study of the data presented in Figure 3 and 
Table II reveals that at any one time the 
specific activity of an individual fatty acid 
varied considerably among the different species. 
For example, after 2 hr incubation the specific 
activities of the monoenoic acids in species con- 
raining two double bonds are more than six 
times greater than those of the same acids in 
species containing three double bonds per 
molecule (Fig. 3, Table II). 

Variations of this nature would be expected 
if certain species were more active meta- 
bolicaUy than others, since the former might be 
expected to be synthesized at the faster rate. 
Other workers have shown such differences in 
the rates of synthesis of individual phospholipid 
species in animal tissues (17,20-22). 

Alternatively, the reported data may also be 
explained by the occurrence of a series of alter- 
ations of fatty acid structure taking place 
within the monogalactosyl diglyceride molecule 
subsequent to de novo synthesis from saturated 
acids. During the course of the incubation these 
acids may then be systematically desaturated 
according to the established pathway (23), and 
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the label would  consequen t ly  pass steadily f rom 
species of  a lower  degree of  unsa tura t ion  to 
those  more  highly unsa tura ted .  Cons idera t ion  
of  the data in Table II shows tha t  they  are 
generally cons is tent  wi th  such a sys tem.  Thus 
af ter  2 hr the only  dienoic acids labeled are 
those  in the species conta ining three  double  
bonds  per  molecule  (Table II). Af te r  24 hr,  
however ,  a large p ropor t ion  of the  labeled 
d ienoates  are found  in the species conta ining 
four  and five double  bonds  per molecule  (Table 
II). 

Clearly the expe r imen t s  so far pe r fo rmed  do 
not  conclusively decide which of  these alter- 
native mechanisms  is operat ive,  a l though the  
second seems more  likely, and it is possible tha t  
b o t h  sys tems make some con t r ibu t ion  to the 
overall metabol ism of  monogalac tosy l  diglycer- 
ide in Chlorella. 
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Dihydrosterculic Acid, a Major Fatty Acid Component of 
Euphoria Iongana Seed Oil 1 

R. KLEIMAN,  F. R. EARLE and I. A.  WOLFF,  
Northern Regional Research Laboratory 2, Peoria, Illinois 61604 

ABSTRACT 

The seed oil of Euphoria longana, 
Sapindaceae, contains 17.4% of 9,10- 
me t  h y l e n e o c t  adecanoic  (dihydroster- 
culic) acid. This identification is based on 
information from thin layer chroma- 
tography, infrared analysis, gas liquid 
chromatography, nuclear magnetic reso- 
nance and mass spectroscopy. Since GLC 
of  the oil showed components that 
emerged between the usual triglycerides, 
the cyclopropanoid acid is apparently a 
triglyceride constituent. The presence of 
smaller amounts, less than 1%, of cyclo- 
propanoid fatty acids of different chain 
lengths is indicated by GLC and TLC 
analyses of the methyl esters. The other 
major fatty acids in this oil are: 16:0 
(19%), 18:0 (7%), 18:1 (36%), 18:2 (6%), 
18:3 (5%) and 20:0 (4%). Euphoria oil 
contains considerably larger amounts of 
cyclopropanoid fatty acids than pre- 
viously reported in other seed oils. 

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

Seed of Euphoria longana Lam., a member 
of the Sapindaceae, was examined during con- 
tinuing investigations of the chemical compo- 
sition of plants. E. longana is a tree, 10-14 m 
high, grown in the warm regions of India for its 
edible fruit (Barclay, private communication). 
This species has little potential as a commercial 
oil source (4% oil in seed), but its oil is of inter- 
est because it contains 17% of a major com- 
ponent now identified as cis-9,10-methylene- 
octadecanoic (dihydrosterculic) acid. This con- 
centration of cyclopropanoid fatty acid is the 
highest so far reported in any seed oil. 

Cyclopropanoid fatty acids have been identi- 
fied in microorganisms ( I )  and in seed oils of 
plants in the order Malvales (2). In seed oils, 
cyclopropanoid fatty acids were previously 
found in small amounts, 1-2%, accompanied by 
larger amounts of cyclopropenoid fatty acids. 
No cyclopropenoid fatty acids were observed in 
E. longana seed oil. 

1presented at the AOCS-AACC Joint Meeting, 
Washington, D.C., April 1968. 

2No. Utiliz. Res. Dee. Div.; ARS, USDA. 

EXPERIMENTAL PROCEDURES 

Seed collection, cleaning, oil extraction and 
oil analysis were conducted as previously de- 
scribed (3). 

M e t h y l  esters were prepared from the 
extracted oil with BF3-methanol reagent by the 
method of Metcalfe et al. (4). 

Esters were analyzed by gas liquid chroma- 
tography (GLC) as before (5) or with an F&M 
model 402 instrument equipped with a 12 ft x 
�88 in. column packed with 5% LAC-2-R 446 and 
a 4 ft x 1A in. column packed with 5% Apiezon 
L, both at 200 C. 

GLC of the whole oil was carried out with 
an F&M model 5750 instrument in accordance 
with the procedure of Litchfield et al. (6). 

Methyl dihydrosterculate was isolated by 
preparative GLC with an Autoprep model 
A-700 instrument equipped with a l0 ft x �88 in. 
aluminum column packed with 20% Apiezon L 
and operated at 230 C. 

Infrared (IR) analyses were performed on 
either a Perkin-Elmer IR-137 or IR-337 spectra- 
photometer. Samples were analyzed either as 
films on NaC1 disks or as 1% solutions in 1 mm 
NaC1 cells with CC14 or CS 2 as the solvent. 

T h i n  layer chromatography (TLC) was 
carried out on 20 x 20 cm plates spread with a 
275 /1 layer of Silica Gel G impregnated with 
20% AgNO 3. Preparative TLC was done with 
l0 x 36 cm plates spread with a l mm layer of 
Silica Gel G, also impregnated with 20% 
AgNO 3. Benzene was the developing solvent for 
both. 

A Varian HA-100 spectrometer was used to 
measure nuclear magnetic resonance (NMR) in 
deuteriochloroform solution with and without 
tetramethylsilanc as the internal standard. 

Double bond location was determined by 
reductive ozonolysis and subsequent GLC of 
the resulting fragments (7,8). 

Methyl dihydrosterculate was reduced with 
hydrogen on Adam's catalysL and the products 
were analyzed by mass spectroscopy with an 
LKB gas chromatograph-mass spectrometer at 
20 eV (9). 

RESULTS A N D  DISCUSSION 

GLC analysis of the methyl esters of E. 
longana seed oil (Table I) revealed a component 
(17%) with equivalent chain lengths (ECLs) of 

317 



318 R. KLEIMAN,  F. R. E A R L E  A N D  I. A. W O L F F  

T A B L E  I 

C o m p o s i t i o n  of  Euphoria longana Seed Oil  

ECL of  c y c l o p r o p a n o i d  esters 

Ester Per cent  Apiezon  L LAC-2-R 446  

14 :0  0.3 
C 15 c y c l o p r o p a n e  0.4 

16 :0  19 
17:0  Trace 

C17 c y c l o p r o p a n e  0.7 
18:0 '7 
18:1 36 
18:2 6 
18:3 5 

CI  9 c y c l o p r o p a n e  1 ? 
2 0 : 0  4 
20:1 0 .9  
22 :0  3 
24 :0  1 

14.8 15.3 

16.8 17.4 

18.8 19.4 

19.4 (from LAC-2-R 446 column) and 18.8 
(from Apiezon L column). From these ECLs it 
was first postulated that this component was a 
C 1 9  monoenoic ester since each ECL is one 
unit longer than that of methyl oleate. GLC of 
the oil itself (Fig. 1 ) seemed to substantiate this 
postulation since glycerides with odd carbon 
numbers were observed. This analysis also indi- 
cated that the unusual acyl group is a triglycer- 
ide constituent. 

Isolation of cis-monoenoic esters by pre- 
parative TLC with Silica Gel G impregnated 

with AgNO 3 yielded only 18:1. GLC of the 
saturated esters from the TLC separation, how- 
ever, showed the presence of 34% of one 
unusual component and smaller amounts of 
esters with ECLs that identified them as homol- 
ogues, with two and four fewer carbon atoms, 
of this component (Table I). 

The GLC and TLC characteristics of the 
unusual ester were not altered during pre- 
parative GLC. 

The acid, recovered from saponification of 
the ester, exhibited the IR 9.8/a band, which is 

50 52 54 56 58 ,60 
Carbons in Acyl Groups 

FIG. 1. GLC of Euphoria longana oil (bottom curve). Top curve represents an oil with acyl groups 
containing only even numbers of carbon atoms and is shown for comparison. 
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FIG. 2. NMR spectrum of methyl dihy'drosterculate from E. Iongana seed oil. 

indicative of a cyclopropane ring (10). The rest 
of the spectrum was the same as that of stearic 
acid. 

NMR analysis of the isolated ester (Fig. 2) 
also indicated the presence of the cyclopro- 
panoid functional group. The bands at 9.4 and 
10.3 ~ (ratio of 3:1) showed the presence of a 
cis-cyclopropane ring (11). The spectrum was 
consistent with that expected from a saturated 
methyl ester, in both band location and quanti- 
ration. 

Cis configuration for the cyclopropanoid 
ester was also suggested by its GLC mobil i ty 
(ECLs) which agreed closely on both polar and 
nonpolar phases with ECLs reported (12) for a 
CI 9 compound with the cis ring function at 
C-9,10. The isomeric trans-cyclopropanoid ester 
had significantly lower ECL values (12). 

Cyclopropanoid fat ty esters undergo hydro-  
genolysis (1); the products from dihydro- 
sterculate are the 9-methyl and 10-methyl C18 
branched-chain esters and the C19 straight- 
c h a i n  e s t e r .  This reaction was used by 

McCloskey and Law (9) to produce from cyclo- 
propanoid fatty esters derivatives that are use- 
ful in locating the ring by mass spectrometric 
analysis. 

The mass spectrum of the methyl-branched 
esters derived from the cyclopropanoid ester 
from E. longana was identical to that of the 
methyl-branched esters from known methyl 
dihydrosterculate.  The structure determining 
peaks (m/e = 157, 158, 159, 171, 172, 173, 
153, 167, ~t5~, 199, 135 and 149) ( 9 ) a r e  
u n i q u e l y  d e r i v e d  f rom methyl  dihydro- 
sterculate among the hydrogenated C 19 cyclo- 
propanoid esters. 

The unusual acid found from E. longana is 
t h u s  e s t a b l i s h e d  as cis-9,10-methyleneoct- 
adecanoic (dihydrosterculic) acid. 

The major monoenoic acid occurring with 
t h e  d i h y d r o s t e r c u l i c  is oleic; reductive 
ozonolysis of the monoenoic ester and sub- 
s e q u e n t  GLC results in only two peaks, 
n o n a n a l  and methyl azela-aldehydate. The 
absence of trans (10.36/a)  absorption in the IR 
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of  the  whole  oil,  t oge the r  wi th  resul ts  f r o m  the  
ozonolys i s ,  con f i rms  t h a t  the  m o n o e n o i c  es ter  
is essent ia l ly  all m e t h y l  oleate .  

The  absence  of  any  s ignif icant  n u m b e r  of  
acyl g roups  wi th  the  c y c l o p r o p e n e  f u n c t i o n  in 
E. longana oil was d e m o n s t r a t e d  by  a negat ive  
Ha lphen  tes t  (13)  and  n o n r e a c t i v i t y  to  HBr  
(13) .  [ In  this  re fe rence ,  E. longana was l is ted 
u n d e r  t he  s y n o n y m  Dimocarpus longan ( I t e m  
8 9 1 )  a n d  e r r o n e o u s l y  placed a m o n g  the  
Eupho rb i aceae ]  

T h e  c o m p l e t e  es ter  c o m p o s i t i o n  of  E. 
longana is given in Table  I. The  unusua l  f ea tu res  
of  the  c o m p o s i t i o n  are the  large a m o u n t  of  
d i h y d r o s t e r c u l a t e  and  the  presence  of  small  
a m o u n t s  of  shor t e r  cha in  esters,  wh ich  are 
p r o b a b l y  cyc lop ropano id .  Long-cha in  esters  
( C 2 0 . 2 2 )  are also present  bu t  in smaller  
a m o u n t s  t han  previ~3usly r epo r t ed  in o t h e r  
m e m b e r s  of  the  Sap indaceae  family  (14) .  

ACKNOWLEDGMENTS 

J. A. McCIoskey, Baylor University College of Medi- 
cine, for mass spectral data; W. A. Boyd for NMR; and 
U.S. Plant Introduction Station, Miami, Florida, for 
seeds. 

REFERENCES 

1. Hofmann, K., and R. A. Lucas, J. Amer. Chem. 
Soc. 72, 4328-4329 (1950). 

2. Wilson, T. L., C. R. Smith, Jr. and K. L. 
Mikolajczak, JAOCS, .38, 696-699 (1961). 

3. Earle, F. R., E. H. Melvin, L. H. Mason, C. H. 
VanEtten, I. A. Wolff and Q. Jones, Ibid. 36, 
304-307 (1959). 

4. Metcaife, L. D., A. A. Schmitz and R. J. Pelka, 
Anal. Chem. 38, 514-515 (1966). 

5. Kleiman, R., F. R. Earle, I. A. Wolff and Q. Jones, 
JAOCS, 41,459-460 (1964). 

6. Litchfieid, C., R. D. Harlow and R. Reiser, Ibid. 
42, 849-857 (1965). 

7. Stein, R. A., and N. Nicolaides, J. Lipid Res. 3, 
476-478 (1962). 

8. Kleiman, R., G. F. Spencer, F. R. Earle and I. A. 
Wolff, Lipids 4, 135-141 (1969). 

9. McCIoskey, J. A., and J. H. Law, Lipids 2, 
225-230 (1967). 

10. Kaneshiro, T., and A. G. Marr, J. Biol. Chem. 236, 
2615-2619(1961). 

11. Minnikin, D. E., Chem. Ind. (London) 1966, 
2167. 

12. Christie, W. W., and R. T. Holman, Lipids 1, 
176-182 (1966). 

13. Earle, F. R., and Q. Jones, Econ. Bot. 16, 
221-250 (1962). 

14. Hopkins, C. Y., and R. Swingle, Lipids 2, 258-260 
(1967). 

[Received D e c e m b e r  6, 1968] 

LIPIDS, VOL. 4, NO. 5 



The Role of Lipids in Heme Synthesis 
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Department of Biochemistry, School of Medicine, University of Kanazawa, Kanazawa, Ishikawa, Japan 

ABSTRACT 

The effect of lipids on protoheme fer- 
rolyase, which combines ferrous iron with 
protoporphyrin,  was investigated. The 
enzyme extracted with 1% Na cholate 
from acetone-dried powder of chicken 
erythrocyte stroma showed high enzymic 
activity, while that extracted with 0.4 M 
KC1 showed little activity. The former 
contained lipids, the main components of 
which were lecithin and phosphatidyl- 
ethanolamine, whereas the latter con- 
tained little lipid. Crude lipids of several 
sources restored the enzyme activity of 
0.4 M KCI extracts. The activating effects 
of purified lipids, especially phospho- 
lipids which showed the strongest acti- 
vation, were further examined. Phospho- 
lipids were divided into three groups: the 
choline-containing group, lecithin and 
sphingomyelin, was inhibitory or slightly 
accelerative on heme synthesis; the acidic 
p h o s p h o l i p i d s ,  namely phosphatidyl- 
ethanolamine, cardiolipin, phosphatidic 
a c i d  and  phosphat idy l inos i to l ,  were 
strong activators and the intensity of acti- 
vation was in the order of the acidity of 
the phospholipids; and the lysophospho- 
lipids, namely lysolecithin, lysophospha- 
t idyle thanolamine and sphingosylphos- 
phorylcholine, activated the heine syn- 
thesis most effectively. In the presence of 
cholate, choline-containing lipids were 
highly effective, while acidic phospho- 
lipids were inhibitory and lysophospho- 
lipids were neutral. Palmitic acid showed 
slight stimulative effect. Tripalmitin was 
neutral or inhibitory. Anionic, cationic 
and neutral synthetic detergents were 
slightly stimulative in low concentration 
and inhibitory in high concentration. An 
activation mechanism of phospholipids 
was proposed in which the hydrophilic 
anionic part of lipid in the l ipoprotein 
enzyme molecule attracts ferrous iron. 
After being stripped of solvation water, 
the ferrous iron is transferred to the 
hydrophobic part of the enzyme mole- 
cule to be inserted into porphyrin. 

INTRODUCTION 

The  c o m b i n a t i o n  of iron and proto- 
porphyrin is an important  enzymic reaction for 

living organisms as the last step of hcme forma- 
tion, and has been investigated particularly as a 
part of hemoglobin synthesis in higher animals. 
T h e  e n z y m e ,  p r o t o h e m e  ferrolyase (EC 
4 . 9 9 , 1 . 1 )  is a part iculate,  mitochondrial 
enzyme. The authors have reported the extrac- 
tion of the enzyme from duck erythrocyte 
stroma (1) or rat liver mitochondria (2) and 
have described some of its properties. The 
enzyme could be solubilized only with the aid 
of detergents such as cholate or Tweens. Every 
effort to purify the enzyme without detergents 
has been unsuccessful. In previous communica- 
tions (3,4), the authors suggested thc participa- 
tion of lipid in duck erythrocyte enzyme. The 
present paper deals with further study on the 
role of lipids in protoheme ferrolyase from 
chicken erytbxocyte stroma with special atten- 
tion to the effects of various purified phospho- 
lipids. 

MATERIALS AND METHODS 

Materials 

Protoporphyrin was prepared from proto- 
heroin by the method of Grinstein (5). Lecithin 
was prepared from egg yolk according to 
Pangborn (6) and purified further by silicic acid 
c h r o m a t o g r a p h y .  Phosphatidylethanolamine 
was obtained from egg yolk according to Lea ct 
al. (7). Phosphatidic acid was obtained from egg 
yolk lecithin by treatment with phospholipase 
D from cabbage and purified according to Kates 
(8). Lysolecithin was obtained from egg yolk 
lecithin after Naja naja venom treatment and 
purified by silicic acid chromatography. Lyso- 
phosphatidylethanolamine was prepared from 
egg yolk lipid according to Matsumoto (9) with 
slight modifications. Phosphatidylmonoinositol  
from soy bean, cardiolipin from ox heart. 
sphingomyelin from human crythrocyte  and 
sphingosylphosphorylcholine (10) were gifts of 
K i k k o m a n  Co., Ltd., Sumitomo Chemical 
I n d u s t r y  Co. Ltd., Prof. Yamakawa and 
Taketomi,  respectively. The purity of lipids was 
checked by thin layer chromatography. Naja 
naja venom was a product of Sigma. 

Preparation and Assay of the Enzyme 

The enzyme was prepared from the acetone 
p o w d e r  of  c h i c k e n  e r y t h r o c y t e  stroma 
according to the method previously reported 
for duck erytbxocyte stroma (1). The acetone- 
dried powder of chicken erythrocytc stroma 
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TABLE I 

Comparison of Enzyme Preparations 
Extrac ted  With Sodium Cholate and 0.4M KCI 

Phospholipids 
Protein Activity 

Medium mg/ml  Lipid P P L C /  b/moles/mg 
/Jmoles/ml / P L E  protein 

0.1M KCL 
+ 2.8 2.0"7 1.6 5.38 

1% Sod. cholate 
0.4M KCI 2.0 0.01 0.18 

was extracted either with a solution containing 
0.05 M Tris buffer (pH 8.0), 0.1 M KC1 and 1% 
Na cholate or a solution containing 0.05 M Tris 
buffer (pH 8.0) and 0.4 M KC1 for 15 hr at 4 C. 
The extract was centrifuged for 15 rain at 
10,000 g and the supernatant was used as the 
enzyme. The incubation mixture contained 0.1 
/amole of FeC13.6H20 labeled with 4 - 5 x 10 s 
cpm of 59FEC13, 0.1 pmole of protoporphyrin, 
10 gmoles of cysteine, 100/~moles of 2-mercap- 
toethanol, 150/amoles of Tris buffer at pH 8.3, 
enzyme and lipid in a total volume of 2.0 ml. 
Incubation was carried out anaerobically in a 
Thunberg tube at 37 C for 30 min. After incu- 
bation, carrier hemoglobin was added and 
S9Fe.hemin was crystallized, counted and esti- 
mated as previously reported (1). 

RESULTS 

Comparison of Cholate Extract and Extract 
With 0,4 M KCI 

Sodium cholate extract contained lipids in 
addition to the protein with high enzyme 
activity, whereas 0.4 M KC1 extract contained 
only the protein with little enzyme activity and 
no lipid, as shown in Table I. Acetone powder 
of chicken erythrocite stroma was extracted 
with 0.1 M KC1 - 1% sodium cholate or with 0.4 
M KC1. The supernatants were analyzed and 
assayed. Lipids extracted with sodium cholate 
were analyzed by thin layer chromatography. 

TABLE II 

Effect of Lipid of Acetone Powder 
of Chicken Erythrocyte Stroma on Enzyme Activity 

Tube Lipid, Na cholate, Heroin formed, 
number mg mg /dmoles/mg protein 

1 0 0 0.45 
2 0.83 0 1.72 
3 1.66 0 4.71 
4 0 5.0 3.15 
5 0.83 5.0 7.58 
6 1.66 5.0 6.61 

LIPIDS, VOL. 4, NO. 5 

Main components were lecithin and phospha- 
t idy le thano lamine ;  sphingomyelin was also 
detected. 

Effects of Crude Lipids on Enzyme Activity 

Since the effects of lipids on the enzyme 
activity were suggested, crude lipids from 
chicken erythrocyte stroma and from egg yolk 
were tested for their activity in the enzymatic 
combination of iron and protoporphyrin. The 
effects of crude lipids, extracted with chloro- 
f o r m - m e t h a n o l  (1 : 1) from acetone-dried 
powder of chicken erythrocyte stroma, on the 
0.4 M KC1 extract are shown on Table II. Lipid 
and sodium cholate were added to the standard 
incubation mixture. Stimulating effects were 
observed in the absence of cholate, and weak 
acceleration in the presence of cholate. 

Lipids extracted directly with chloroform- 
methanol and those extracted first with cholate 
and then chloroform-methanol were almost the 
same in thin layer chromatography. The crude 
lipid extracted with acetone from egg yolk was 
composed mainly of lecithin and simple lipids. 
Its effects on the enzyme activity were almost 
the same as those obtained from acetone-dried 
powder of chicken erythrocyte stroma. The 
lipids extracted with ethanol from acetone- 
treated egg yolk cake and their degradation 
products by Naja naja venom were analyzed 
with thin layer chromatography. The chief 
component of the lipids before the venom 
t r ea tmen t  were lecithin and phosphatidyl- 
ethanolamine. After the treatment lecithin was 
decreased ,  phosphatidylethanolamine disap- 
p e a r e d ,  lysolecithin and lysophosphatidyl- 
ethanolamine were increased and fatty acid 
appeared (Fig. 1). The effects of egg yolk lipids 
before and after the venom digestion are shown 
in Table III. Aqueous emulsion of ethanol 
extracted lipid of egg yolk cake was digested 
with Naja naja venom. The digested liquid was 
successively transferred to ethanol, n-hexane 
and ethanol layers. From the ethanol solution 
aqueons emulsion of lipid was obtained and 
added to the standard incubation mixture. 
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FIG. 2. Relative activity of choline-containing 
phospholipids. 

Before digestion, the results were similar to 
those of acetone-extracted egg yolk lipids and 
of chicken erythrocyte lipids, but after diges- 
tion, accelerating effect was increased in the 
absence of cholate, whereas in its presence the 
effect was decreased. This change in activating 
effect after phospholipase treatment suggested 
that the effect was due to the presence of phos- 
pholipids 

Effects of Purified Lipids on Enzyme Activity 

Phospholipids. Phospholipids tested were 
divided into three groups according to their 
action on the 0.4 M KC1 extracted enzyme, 
choline containing, acidic and lyso-phospho- 
lipids. 

Choline containing phospholipids, lecithin 
and sphingomyelin were inhibitory or slightly 
accelerative on the enzyme activity as shown in 
Figure 2. The activity without lipids is taken as 
a standard and others are given as relative 
values. Phosphatidylinositol, an acidic phospho- 
lipid, is included for comparison. The effects of 
acidic  phospholipids, namely phosphatidyl- 
ethanolamine, cardiolipin, phosphatidic acid 

and phosphatidylinositol are shown in Figure 3. 
Lecithin, a choline containing phospholipid, is 
included for comparison. They activated heine 
formation strongly and the intensity of acti- 
vation was in the order of the acidity of the 
phospholipids.  Lysophospholipids were the 
most effective group of the phospholipids. The 
e f f ec t s  of lyso lec i th in ,  lysophosphatidyl- 
ethanolamine and sphingosylphosphorylcholine 
(lysosphingomyelin) are shown in Figure 4, 
together with their original lipids. At low con- 
centration lysolecithin was the most effective 
stimulator, and at high concentration lysophos- 
phatidylethanolamine was the strongest�9 It is 
interesting that lysolecithin showed a strong 
acceleration on enzyme activity whereas its 
original lipid, lecithin was inhibitory. 

In the presence of sodium cholate, which 
was a moderate accelerator by itself, the effects 
of phospholipids were different from those in 
the absence of cholate. The effects of three 
groups of phospholipids in the absence of 
cholate are shown in Figure 5. Lecithin and 
sphingomyelin, which showed little activation 
in the absence of cholate, activated the heine 

TABLE llI 

Effect of Pretreatment of Egg Yolk Lipid With Phospholipase on Enzyme Activity 

Tube Lipid before Lipid after Na, cholate, Heroin formed, 
number treatment, mg treatment, mg mg btmoles/mg protein 

1 0 0 0 0.20 
2 1.10 0 0 0 .27  
3 0 1.26 0 1.25 
4 0 0 5.0 0.65 
5 0.55 0 5.0 3.14 
6 1.10 0 5.0 3.05 
7 0 0.63 5.0 1.11 
8 0 1.26 5.0 0 .98  

LIPIDS, VOL. 4, NO. 5 
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f o r m a t i o n .  Acidic phospholipids acted as 
inhibitors in the presence of cholate. Lysophos- 
phol ip ids ,  which were the most effective 
activators in the absence of cholate, were 
neutral in the presence of cholate. 

The data for lecithin in the absence and pres- 
ence of sodium cholate, expressed as pmoles 
heroin synthesized, are given in Figure 6. 

Simple Lipids. The effects of palmitic acid 
on the enzyme are shown in Figure 7. The weak 
stimulative effect of palmitic acid was very 
small compared with stimulation by a phospho- 
lipid such as lysolecithin. Tripalmitin was 
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FIG. 4. Relative activity of lysophosphofipids. 

neutral on the enzyme and was inhibitory in 
the presence of cholate. 

Effects of Synthetic Detergents on Enzyme Activity 

Sodium dodecylsulfate, cetylpyridinum bro- 
mide and Tween 20 showed slight stimulative 
effect on enzyme activity in a very low concen- 
tration range. At higher concentrations they 
were inhibitory. The results with sodium 
dodecylsulfate are given in Figure 8. Slight 
accelerative effects, observed in those deter- 
gents irrespective of their charges, may be due 
to their general surface active properties. 

DISCUSSION 

The effect of lJpids on heine synthesis was 
d e m o n s t r a t e d .  Recent ly  Neuberger et al. 
reported the effects  of  l ipids and solvents on 
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the formation of zinc protoporphyrin and heme 
by Rhodopseudomonas spheroides chromato- 
phores and by guinea pig mitochondrial prepa- 
rations (11). They tested several purified lipids 
and reported that phosphatidic acid was effect- 
ive and lecithin was ineffective. Using a wider 
selection of purified lipids, the authors reached 
the conclusion that the structure of lipids have 
some definite relationship with the protoheme 
ferrolyase activity. 

Our  r e s u l t s  wi th  acidic phospholipids 
showed clearly the charge effects of lipids on 
enzyme activity. High activity of the acidic 
phospholipids suggests the importance of an 
anionic phosphoric acid radical. The strong 
positive charge of choline in lecithin and 
sphingomyelin diminishes the effect of the 
phosphoric acid anion. Effects of charges of 
lipids on phospholipase B activity were exten- 
s ive ly  s tud ied  by Bangham and Dawson 
(12,13). They showed that the negative charge 
of the substrate activated the enzyme system. 
In our system, negative charge of the phospho- 
lipid might attract ferrous iron and thus acti- 
vate the system. 

The potent activity of lysolecithin, which 
contains a positively charged choline residue, 
might be explained by the favorable detergent 
effect of the lyso-compound. Its detergent 
effect may overcome the unfavorable effect of 
the cationic charge of choline and the hydroxyl 
group at the 3 position may cooperate with the 
anionic charge of phosphoric acid. The same 
reasoning may also hold for the case of a 
cationic synthetic detergent, cetylpyridinum 
bromide. 

It is not clear at present whether a single 
lipid or a combination of lipids were concerned 
with protoheme ferrolyase. Lysolecithin and 
lysophosphatidylethanolamine, the most stimu- 
lative lipids, were minor lipids in chicken eryth- 

,9, 
=E 

o Lol 

Z 
3E 

UJ 0.5 
,.o 

=E 
=,, 

q !  

%, 

02 o ,  / / , io  

SODIUM L A U R Y L  S U L F A T E  ( u M O L E S I  

325 

FIG. 8. Effect of sodium laurylsulfate on enzyme. 

rocyte stroma. The activation of enzyme with 
lyso-compound has been reported for cyto- 
c h r o m e  ox idase  ( 14 ) ,  phosphorylcholine 
cytidyltransferase (15) and glucose-6-phospha- 
tase (16). According to Cohen and Wainio (14), 
lyso-compounds are more soluble in aqueous 
media than diacyl compounds and can effec- 
tively reach the site of action. 

Protoporphyrin is not soluble in neutral 
aqueous solution, and it would be possible that 
the hydrophobic groups of phospholipid mole- 
cules, as a part of lipoprotein protoheme 
ferrolyase, attract porphyrin and reject water 
molecules. According to Wang and Fleischer 
(17), the rate of non-enzymic combination of 
me t a l  ions with porphyrins was strongly 
solvent-dependent. For the porphyrin mole- 
cules to "swallow" a metal ion, porphyrin must 
peel off most of the solvated ion. In the 
enzymatic reaction, the hydrophobic part of 
the lipid molecule might play the role of a 
favorable solvent. The hydrophilic phosphoric 
acid group would attract ferrous ion, which is 
further transferred to the hydrophobic region 
of lipids where water molecules are strippcd off 
the solvated metal ion and it is "swallowed" by 
the protoporphyrin molecule. 

The high activity of lecithin, and to a lesser 
degree of sphingomyelin in the presence of cho- 
late, may explain the high activity of the cho- 
late extracted enzyme. It may also explain the 
stimulative effects of crude lipids in the pres- 
ence of cholate on the 0.4 M KCI extracted 
enzyme, and the decreased effect of egg yolk 
lipid in the presence of cholate after the treat- 
ment with Naja naja venom. 
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The Quantitative Production of Aldehydes From 
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ABSTRACT 

The quantitative recovery and struc- 
tural alteratioias of aldehydes liberated 
from O-alk-l-enyl glycerols on thin layer 
chromatographic layers have been evalu- 
ated by using ! 4C-labeled fat ty  aldehydes 
and chromatography. The results led to 
the development of a quantitative proce- 
dure for isolating the aldehydes produced 
from O-alk-l-enyl glycerols by shaking an 
ethereal solution of the ether-linked lipids 
with concentrated hydrochloric acid. The 
procedure is rapid and silicic acid does 
not interfere. 

INTRODUCTION 

Acid catalyzed hydrolysis of O-alk-l-enyl 
glycerols to produce alcohols and aldehydes is a 
well-known reaction. 

RCH2_O.CH=CH.R, H3 O+ ) RCH2OH+R'CH2CHO [I] 

Schmid and Mangold (1 )u t i l i z ed  this reaction 
to detect O-alk-l-enyl glycerols on chromato- 
grams. The aldehydes liberated are separated 
from the reaction products and unreacted 
starting materials by two dimensional thin layer 
chromatography (TLC). Schmid and Mangold 
(2), using neutral plasmalogens from human 
perinephric fat, demons t ra ted  that  aldehydes 
liberated with HC1 fumes were identical in com- 
posit ion to the dimethylacetal  derivative of 
a l d e h y d e s  prepared with methanolic HC1. 
Others (3-5) have also used essentially similar 
procedures to determine the O-alk-l-enyl com- 
posit ion of phospholipids. 

We recently applied the separation-reaction- 
separation technique (1) to a radioactive mix- 
ture of  lipids (containing O-alk-l-enyl glycerols) 
that  had been reduced with lithium aluminum 
h y d r i d e  (6). Contrary to expectat ion,  we 
observed that  most of the radioactivity asso- 
ciated with the alk- l-enyl  ethers remained at 
the origin after chromatography on thin layers 
instead of migrating with the aldehyde stand- 

1present address: Department of Ophthalmology, 
Baylor University College of Medicine, Houston, Texas 
77025. 

2present address: College of Pharmacy, University 
of  Texas, Austin, Texas 78712. 

ard. These data led us to investigate the quanti- 
tative release of aldehydes from O-alk-l-enyl 
glycerols by acid hydrolysis in the absence and 
presence of silicic acid. This paper describes the 
results of our study.  

MATERIALS AND METHODS 

Octadecenal was prepared by oxidat ion of  
t h e  t o s y l a t e  derivative of octadecenol in 
d ime thy l su l fox ide  and sodium bicarbonate 
according to the procedure of Mahadevan et al. 
(7). The 1-14C-hexadecanal was made from 
1-14C hexadecanol by the same procedure (7). 
Both aldehyde preparations were purified by 
preparative chromatography on 0.5 mm Silica 
Gel G thin layers in an equilibrated solvent 
system of hexane-ether (80:20 v/v). 

Total lipids of rat brain were reduced with 
l i thium aluminum hydride by a microprocedure 
(6) that  evolved from earlier experience with 
LiA1H 4 (8,9). The resulting O-alk-l-enyl glyc- 
erols were obtained by preparative chroma- 
tography on 0.5 mm thin layers of Silica Gel G 
in an equilibrated solvent system of ether-water 
(100:0.5 v/v). Isopropylidene derivatives of the 
O-alk-l-enyl glycerols were prepared according 
to the procedure of Wood (10), a scaled-down 
modification of that described by Hanahan et 
al. (11). The isopropylidenes were resolved by 
gas liquid chromatography (GLC) conditions 
described elsewhere (12). The intact aldehydes 
were analyzed quantitatively by GLC according 
to the procedure of Wood and Harlow (13). 
Solvents and other chemicals were reagent 
grade and used without  further purification. 

RESULTS AND DISCUSSION 

We evaluated the quantitative product ion of 
aldehydes liberated by the procedure of Schmid 
and Mangold (1) by pipetting an aliquot of 
1-14C-hexadecanal  containing 50 pg octa- 
decenal at the bo t tom of thin layers of Silica 
Gel G and exposing the adsorbent to HC1 fumes 
according to their specifications (1). After 
development in three separate solvent systems, 
the plates were subjected to zonal profile scan 
analysis (14). The results are shown in Figure 1 ; 
the scans represented by broken lines indicate 
the purity of the starting radioactive aldehyde 
(control)  and those scans represented with solid 
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FIG. 1. Zonal profile scans of 1-14C-hexadecanal before (broken lines) and after (solid lines) 
exposure to HC1 fumes according to procedure described in the text. A, developed in hexane-ether 
(80:20 v/v); B, developed in hexane-ether-acetic acid (60:40:1 v/v/v); and C, developed in hexane- 
ether-ammonium hydroxide (60:40:1 v/v/v). 

lines depict the ~4C-activity associated with 
aldehydes after exposure to HCI fumes (1). 
Exposure to fumes caused approximately one 
half of the radioactivity to remain at the origin 
in each of the three solvent systems; similar 
data were obtained in repeated experiments in 
which we consistently found 50-85% of the 
radioactivity to be localized in regions other 
than that of the aldehyde. We cannot explain 
the erratic response since all reaction products 
were not identified. 

The procedure of Viswanathan et al. (5) is 
similar to that of Schmid and Mangold (1), 
except that the plate exposed to HCI fumes is 
neutralized by subsequent exposure to NH 3 
vapo r  before chromatography. We treated 
1-14C hexadecanal and 50 /ag octadecenat by 
the method of Viswanathan and coworkers (5) 
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and found only 42% of the activity on the TLC 
plate to be in the aldehyde region. No attempt 
was made to chromatograph the aldehydes as 
their dimethyl acetal derivatives (4). 

The following procedure was developed in 
our laboratory for the production of aldehydes 
from lipid mixtures containing O-alk-l-enyl 
glycerols. A solution of O-alk-l-enyl glycerols 
(0.1-2 mg) in 1.5 ml ether is placed in a 1 dram 
vial and 1 ml of concentrated HC1 is added. 
After vigorous shaking for 1 to 2 min, the ether 
l aye r  is removed and the aqueous phase 
extracted once with ether and once with 
hexane .  The combined ether extracts are 
washed twice with distilled water to remove all 
traces of acid before they are evaporated to 
dryness under a. stream of nitrogen. The reac- 
tion products are redissolved in a small amount 
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TABLE I 

Composition of Aldehydes Obtained From O-Alk-l-enyl Glycerols 
After Various Treatments a 

Aldehydes b 
Total 

Sample 16:0 17:0 18:0 18:1 18 

Area per cent 
1) O-alk-l-enyl glycerols 23.3 1.1 75.6 75.6 

(Isopropylidene derivative 
after hydrogenation) 

2) Aldehydes liberated with 22.2 1.1 42.9 33.8 76.7 
HCI fumes  

3) Aldehydes liberated by 22.7 1.1 42.9 33.2 76.1 
shaking with HCI in the 
absence of silica gel 

4) Aldehydes liberated by 22.2 1.1 42,7 34.0 76.7 
shaking with HCI in the 
presence of silica gel 

ao-Alk-l-enyl glycerols, prepared from rat brain, were hydrogenated and then converted 
to isopropylidene derivatives for GLC; 2) sample exposed to HCI fumes on a TLC plate; 3) 
and 4) samples shaken in ether with concentrated HCL. 

bOnly traces ( ~  0.1%) of  material with retention times longer than 18:1 were found.  

of ether and the aldehydes are recovered by 
preparative TLC in an equilibrated system of 
hexane-ether (80:20 v/v). The reaction prod- 
ucts recovered after a typical hydrolysis are 
shown in Figure 2. The minor component (<  
5% of  total mass) on the chromatoplate 
appearing midway between the O-alk-l-enyl 
glycerols and liberated aldehydes is probably 
the cyclic acetal of the O-alk-l-enyl glycerols. 

This procedure was also shown to be quanti- 
tative in terms of aldehyde recovery after 
s h a k i n g  an e t h e r e a l  solution of 1-14C - 
hexadecanal and 150 btg O-alk-l-enyl glycerols 
with concentrated HC1 for 1 min. Zonal profile 
scans indicated that the aldehydes were struc- 
turally unaltered by this procedure. Further- 
more, results obtained in which the hydrolysis 
was carried out in the presence of 50 mg Silica 
Gel G indicate that O-alk-l-enyl glycerols sepa- 
rated by preparative TLC can be hydrolyzed 
directly to aldehydes in the presence of Silica 
Gel G, thereby eliminating the time-consuming 
elution and concentration step. 

The composition of the aldehydes liberated 
from O-alk-l-enyl glycerols by the separation- 
reac t ion-separa t ion  procedure (1) and by 
shaking of an ethereal solution of O-alk-l-enyl 
glycerols with concentrated HCI in the presence 
and absence of silicic acid was determined by 
gas liquid chromatography (Table I). These data 
were compared to the composition of the iso- 
propylidene derivatives of the O-alk-l-enyl 
glycerols that had been hydrogenated with plat- 
inum oxide catalyst. The C-16 and C-18 alde- 
hydes produced by either type of hydrolysis 
have identical compositions, and they are 
identical to the ether-linked hydrocarbons of 

the hydrogenated starting materials, in agree- 
ment with earlier data of Schmid and Mangold 
(2). We conclude that aldehydes produced by 
hydrolyses of O-alk-l-enyl glycerols with acid 

FIG. 2. Thin layer chromatography of O-alk-1- 
enyl glycerols and their hydrolytic products after 
shaking in ether with concentrated HCI for various 
periods of time. A, O-alk-l-enyl glycerols; B, alde- 
hydes; lane l ,  O-alk-l-enyl glycerols; lanes 2, 3 and 4, 
reaction products after shaking 1, 2 and 3 rain with 
concentxated HCI, respectively; and lane 5, standard 
octadecenal. Developing solvent, ether-water ( 100: 0.5, 
v/v). 
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fumes  direct ly  on  ch roma top la t e s  or by shaking 
e thereal  so lu t ions  of  silicic acid scrapings wi th  
concen t r a t ed  HC1 are ident ical  in compos i t ion .  
However ,  the  la t ter  p rocedure  is essential  for  
quant i ta t ive  recovery  of  a ldehydes ,  and it can 
be direct ly appl ied to  the  analysis of  O-alk-1- 
enyl  glycerols in the  presence  of  silicic acid. 
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The Role of Lipids in Membrane Transport in 
Mycoplasma laidlawii 1 

PAUL F. SMITH, Department of Microbiology, 
School of Medicine, University of South Dakota, Vermillion, South Dakota 57069 

ABSTRACT 

Pulse labeling of metabolizing cells of 
Mycoplasma laidlawii, strain B with 
14C-glucose results in rapid turnover of 
the glucose moiety in carotenyl glucoside 
and phosphatidyl  glucose. Pulse labeling 
also occurs in the fat ty acid radicals of 
carotenyl esters. No labeling of phos- 
phat idyl  glycerol, carotenol or mono- 
glucosyl diglyceride occurs. No turnover 
of 14C occurs in diglucosyl diglyceride. 
Rapid turnover of 32p in phosphatidyl  
glucose, but not in phosphatidyl  glycerol, 
also occurs. The rate of 14CO2 evolution 
is equivalent to the rate of disappearance 
of 14 C in total  lipids of cells prelabeled 
w i t h  14C-glucose. ]3-Glucosidase inhi- 
bit ion results in inhibition of glucose uti- 
lization. The reverse effect is not seen. A 
theory involving lipids as carriers in the 
transport  of glucose into the cell and ace- 
tate,  the end product of glucose meta- 
bolism, out of the cell is presented. This 
theory is compatible with known infor- 
mation concerning membrane structure, 
membrane transport  and metabolism in 
Mycoplasmas. 

INTRODUCTION 

Microorganisms belonging to the genus 
Mycoplasma afford an excellent model system 
for the study of membrane composit ion and 
function. Despite their small size (250 m/a), 
they are capable of growth on relatively defined 
media, multiply rapidly and contain but one 
m e m b r a n o u s  structure, the envelope sur- 
rounding the organism. This membrane is 
analogous to all cytoplasmic membranes, being 
composed almost entirely of l ipoprotein and 
possessing a unit membrane structure. The 
mycoplasmas are completely devoid of the 
usual rigid outer wall found in other micro- 
organisms and plant cells (1). The easily isolable 
membranes can be disaggregated by anionic 
detergents to yield ultracentrifugally homog- 
eneous subunits (2,3). These subunits contain 
all of the lipid of the organism together with 

1presented at the AOCS Meeting, Chicago, 
October, 1967. 

well defined enzymic activities. One species, M. 
laidlawii, strain B, has been singled out for 
detailed study because of the ease of its culti- 
vation and of the preparation of membranes. 

The lipids of M. laidlawii constitute 8-12% 
of the dry weight of the organisms and are 
equally divided into neutral and phospholipids 
(1). The neutral lipids are composed of an all 
trans C403,3 '-dihydroxy carotene, the exact 
structure of which has not been elucidated, 
fat ty acid esters of this carotenol in which 
acetic acid predominates,  and a/3-D-glucoside of 
the carotenol (4). Small amounts of neuro- 
s p o r e n e  and trace amounts of phytoene,  
phytofluene and ~'-carotene also are present. 
The remainder of the neutral lipids are made up 
of O-0~-D-glucopyranosyl-(1-+l) diglyceride and 
O - ~ D - g l u c o  p y r  a n o  sy  1-( 1 ~ 2 ) - O - o ~ D -  
g lucopyranosy l - ( l~ l )  diglyceride (5). These 
glucosyl diglycerides constitute up to 45% of 
the total  lipid. The phospholipids found in this 
organism are phosphat idyl  glycerol and diacyl 
a-glycerophosphoryl-  1 -(a,6)-D-glucose (5,6). 

There exist among the mycoplasmas species 
which utilize glucose for a carbon and energy 
source, and species which, being incapable of 
hexose degradation, utilize fat ty acids (7). M. 
laidlawfi belongs to the former group (1). Only 
in this group are glycolipids found. These 
o r g a n i s m s  ferment glucose by the classic 
Embden-Mayerhof  scheme resulting in the 
accumulation of acetate as the end product  
(8-10). The occurrence of glucose and acetate 
as primary constituents of certain lipids sug- 
gested that these lipids may be involved in the 
u t i l i z a t i o n  of  glucose. The membranous 
location of the lipids further intimated that 
their role may be the transport  of glucose into 
the cell and of acetate out of the cell (11). 
Many membrane transport  phenomena appear 
to require carriers to mediate traversal of the 
lipid barrier. Although a few proteins have been 
isolated from osmotic shock fluids of bacteria 
and are thought to represent carriers because of 
their binding properties for specific ions (12) or 
compounds,  membrane transport  carriers are 
extremely elusive. 

The hypothesis that certain lipids of M. 
laidlawii behave as carriers for glucose and the 
end product  of its metabolism, acetate, led to a 
search for enzymes capable of attaching and 

331 



332 PAUL F. SMITH 

Ot 
+ C" 

I 1 1 
4~ 

- C ,4 

/ 
I I �9 i 

81 121 16 
+ca4 _C~4 

T i m e  ( m i n u t e s )  

FIG. 1. Appearance of exogenous 14C labeled 
acetic acid during metabolism of glucose. Exogenous 
14C-glucose added or removed as indicated by arrows. 

removing these radicals. An esterase capable of 
hydrolytic or thiolytic cleavage of steryl or 
carotenyl esters is found in the cytoplasmic 
membrane .  Synthesis of acetate esters of 
hydroxylated polyterpenes also occurs in the 
membrane (13). These activities are distinguish- 
able from lipase activity which is found in the 
soluble cell fraction or extracellularly. A mem- 
brane-associated glucosidase occurs in all of the 
fermentative mycoplasrna examined but never 
in the non-fermentative species (14). This 
glucosidase exhibits narrow specificity for glu- 
cose and preferentially attacks glucosides with 
aryl aglycons. In the case of M. laidlawii, its 
anomeric specificity is/3. Studies are in progress 
to define the mechanisms for the synthesis and 
degradation of the carotenyl glucoside, phos- 
phatidyl glucose and the glucosyl diglycerides. 

A critical factor in establishing a carrier role 

for lipids in the transport of glucose and acetate 
is the rate of turnover of these radicals in the 
lipids. This report is a compilation of our 
current knowledge in this area. 

EXPERIMENTAL PROCEDURES 

Turnover of 14C-glucose in Neutral Lipids 

Logarithmic phase organisms were subjected 
to  pu l se  labeling with uniformly labeled 
14C-glucose (15). Samples were removed at 2 
min  intervals.  The supernatant fluid was 
extracted at pH 4 with diethyl ether to deter- 
mine exogenous acetate. The sedimented cell 
pellet was extracted with chloroform-methanol 
and the various species of lipids quantitatively 
separated by column and thin layer chroma- 
tography (6). Figure 1 demonstrates that the 
appearance of exogenously labeled acetate 
follows the same course as the availability of 
exogenously labeled glucose. These data pro- 
vide evidence that the glucose is being meta- 
bolized to acetate. The labeling patterns of the 
carotenyl glucoside and the carotenyl ester are 
shown in Figure 2. The carotenyl glucoside 
becomes labeled slightly more rapidly than the 
carotenyl ester. Both lipids rapidly lose radio- 
a c t i v i t y  u p o n  r e m o v a l  of  e x o g e n o u s  
]4C-glucose. This phenomenon occured over 
two complete pulses. Although it would be 
anticipated that the glucoside should become 
labeled prior to the ester as it appears in the 
first pulse, no significance is attached to this 
result because the techniques employed could 
not differentiate between such rapid changes. 
As described later deoxycorticosterone and 
iodoacetic acid inhibit glucose utilization in M. 
laidlawii. As shown in Figure 2, deoxycorti- 
costerone completely abolishes labeling of 
e i t h e r  l i p id ,  indicating interference with 

8 1 //~',, 
~ )  6 / i ~ J \ L - C o r o l e n y l  g l ucos ide  

J~ / I x 

r 4 l ~ ~  I e s t e r  
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FIG. 2. Radioactivity appearing in carotenyl derivatives during metabolism of glucose with and 
without inhibition. Exogenous 14C-glucose added or removed as indicated. IAA, iodoacetic acid 5 x 
10 -2 M; DOC, deoxycorticosterone 5 x 10 .3 M. 
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FIG. 3. Radioactivity appearing in glucosyl 
diglycerides during metabolism of glucose. Exogenous 
14C.glucose added or removed as indicated. 

synthesis of the glucoside. Iodoacetic acid 
allows minimal synthesis of the glucoside but 
prevents its turnover. This result is compatible 
with the inhibitory activity of this compound 
on the/3-glucosidase and its known interference 
with the fermentation of glucose. 

No incorporation of ] 4C-glucose occurs into 
the monoglucosyl diglyceride. The diglucosyl 
diglyceride becomes labeled during exposure of 
the organisms to ] 4C-glucose but does not lose 
radioactivity upon removal of the exogenous 
l a b e l .  F u r t h e r  incorporation occurs upon 
readdit ion of 14C-glucose (Fig. 3). No radio- 
activity appears in the free carotenol or the 
hydrocarbon carotenes, proving that the I aC 
incorporation is not the result of carotenoid 
synthesis. 

Turnover of 14C.glucosa and Inorganic 
32p in Phospholipids 

Metabolism of glucose under conditions of 
pulse labeling with ]4C-glucose gives the same 
result with phosphatidyl  glucose as with the 
carotenyl  glucoside (Fig. 4). It appears that the 
radioactivity in phosphatidyl  glucose is incorpo- 
rated and removed even faster than in the 
c a r o t e n y l  g l u c o s i d e .  No radioactivity is 
d e t e c t a b l e  in t he  phosphatidyl glycerol. 
Although not shown in the Figure, pulse 
labeling with inorganic 32p during metabolism 
of unlabeled or 14C-glucose yields the same 
l a b e l i n g  p a t t e r n  as pulse  labeling with 
14C.glucose alone. Therefore both glucose and 
phosphate of the phosphatidyl glucose turn 
over rapidly during glucose metabolism. 

Another  type of  labeling experiment using 
inorganic 32p was performed to demonstrate 
phosphate turnover in the phosphatidyl  glucose 
and non-turnover in the phosphatidyl glycerol. 
Logarithmic phase organisms of M. laidlawii 
f r o m  a 400 ml cu l tu re  were harvested 
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FIG. 4. Radioactivity appearing in phospholipids 
during metabolism of glucose. Exogenous 14C-glucose 
added or removed as indicated. 

aseptically and incubated in 400 ml 0.2 M pH 
7 . 5  t r i s  ( h y d r o x y m e t h y l  a m i n o -  
methane)-maleate buffer containing I0 mmoles 
of glucose, 100/Jmoles of MnC12 and 1.5 mc of 
KH232po  4 at 37 C. After  15 min the reaction 
mixture was added to growth medium con- 
raining 100 mmoles of pH 7.5 phosphate 
buffer. Samples were removed at various stages 
of incubation, organisms harvested and the 
phosphollpids isolated and counted (6). No 
labeling of the phosphatidyl  glycerol occurred 
during the metabolic phase of the experiment 
but 32p was incorporated into this lipid during 
growth of the organisms. The phosphatidyl  glu- 
cose became highly labeled during the meta- 
bolic phase of the experiment and rapidly lost 
its radioactivity during subsequent growth (Fig. 
5). These results offer further evidence that 
only phosphatidyl glucose of the phospholipids 
t u r n s  over  during metabolism and hence 
probably plays a role in the catabolic utilization 
of glucose. 

Rate of CO 2 Appearance Relative to the 
Disappearance of 14C in Total Lipids 

If glucose and acetate must pass through the 
cytoplasmic membrane covalently bonded to 
certain lipids, then the rate of appearance of 
exogenous 14CO 2 should approximate the rate 
of disappearance of 14C in the carotenyl  glu- 
coside, carotenyl acetate and phosphatidyl  glu- 
cose. Since none of the other lipids, with the 
exception of diglucosyl diglyceride, become 
labeled during metabolism of 14C-glucose, dis- 
appearance of radioactivity in the total  lipid 
fraction only was measured together with the 
evolved CO 2 which was trapped in Ba(OH) 2. 
Organisms (0.3 g dry wt) were allowed to meta- 
bolize 14C-glucose (500 #moles; 30 pc) for a 
period of 10 min after which the exogenous 
glucose was removed by repeated washing of  
the organisms by centrifugation. The organisms 
then were allowed to metabolize unlabeled glu- 
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FIG. 5. Turnover of  32p in phospholipids during 
growth following exposure to 32p during metabolism 
of glucose. 

cose, samples of  the t rapped CO 2 and the  
organisms being taken at 2 min intervals. Tota l  
lipids were isolated by ch lo roform-methano l  
ext rac t ion  fol lowed by purif icat ion by passage 
through sephadex columns.  CO 2 was counted  
as BaCO 3. Figure 6 shows that  the rates of  
14CO 2 evolut ion  and the disappearance of  14 C 
from the total  lipids are approximate ly  the 
same. Glucose and acetate  turnover  in the lipids 
in quest ion is as rapid as catabolism of  glucose. 

Inhibition of  Glucose Util ization 

The behavior  of  certain lipids as possible 
membrane  t ransport  carriers for glucose and 
acetate  would  be dependent  upon the proper  
funct ioning of  enzymes  associated with the 
synthesis and degradation of  carotenyl  gluco- 
side, carotenyl  ester and phosphat idyl  glucose. 
Al though inhibi tory compounds  usually lack 
well-defined specificities, the action of  certain 
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FIG. 6. Rates of appearance of 14CO2 and dis- 
appearance of 14C from total lipid during metabolism 
of glucose following prelabeling with 14C-glucose. 

inhibitors can provide corroborat ive  evidence. 
Thus far, our  efforts  in this type  of  analysis 
h a v e  b e e n  d i r e c t e d  m a i n l y  toward the 
/~-glucosidase and overall glucose uti l ization 
( 1 4 ) .  A series of compounds  have been 
e x a m i n e d  for their  abil i ty to in.hibit the 
/3-glucosidase and to prevent  the uti l ization of  
glucose (Table I). All of  the selected inhibitors 
prevent glucose uti l ization while only two,  
iodoacet ic  acid and uranyl  nitrate,  are really 
effect ive against the glucosidase. It should be 
noted that  in all instances, though limited in 
number ,  compounds  which inhibit  glucosidase 
act ivi ty also prevent  glucose uti l ization.  These 
results are compat ib le  with the  effects on glu- 
cose turnover  as shown in Figure 2. 

DISCUSSION 

Definitive proof that certain membrane com- 
ponents act as transport  carriers is difficult  if 
not  impossible to obtain.  At best most evidence 
is circumstantial ,  as is the foregoing data. 
Nevertheless,  it is tempt ing  to postulate a mem- 
brane permeat ion system for glucose and its 
end product  of  metabol ism,  acetate,  involving 

TABLE I 

Effect of lnhibitors on Glucose Utilization and 
~-Glucosidase Activity of Mycoplasma Laidlawii 

Compound Concentration 
Effect on 

Glucose utilization a ~-Glucosidase a 

Deoxycorticosterone 5 x 10 .3 M 
Estradiol 5 x 10 .3 M 
N-Ethylmaleimide 5 x 10 .3 M 
lodoacetic acid S x 10 .2 M 
Uranyl nitrate 5 x 10 -2 M 
Phloridzin 5 x 10 -3 M 

�9 + o 
+ 0 
+ • 

+ + 

+ + 

+ 0 

a+, inhibition; +-, partial inhibition; 0, no inhibition. 
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lipid carriers. A diagrammatic representation of 
a structure for the cytoplasmic membrane of 
mycoplasmas taking into account all of our 
present information on the subject has been 
proposed. Likewise, permeability mechanisms 
which could function in such a model have 
been proposed and summarized (16). The 
permeability mechanism set forth here fits the 
aforementioned model but applies only to glu- 
cose and acetate transport. 

The membrane is envisioned as a series of 
distinct lipoprotein globules held together by 
phospholipid bridges. The protein of each 
globule is coiled so that the apolar segments are 
located in the interior and the polar segments at 
the exterior. Each globule may contain one or 
more enzyme or carrier proteins. The intact 
membrane would be a mosaic of proteins 
differing in enzymic composition but similar in 
mass and dimension. There is evidence that 
specific enzymic activity is scattered, not dif- 
fuse, in mycoplasmal membranes. The fatty 
acid residues of glycerophospholipids are bound 
by hydrophobic bonds into the apolar segment 
of coiled protein. The glycerophosphate seg- 
ments lie external to the protein and form the 
bridge between subunits, best illustrated with 
(bis) phosphatidyl glycerol. Lying between the 
negatively charged oxygen atoms on the phos- 
phate radicals are divalent cations, e.g., Mg ++. 
The presence of the cation tends to pull the 
subunits close together because of the conden- 
sation of the lipid molecule. In the condensed 
membrane, pores of sufficient size exist to 
allow free entry and exit of such molecules as 
water. However, passage would be governed by 
the nature of the areas lining the pore. To per- 
mit specific entry of other molecules, the 
cation could be removed as a result of its 
requirement for enzymic activity, resulting in 
expansion of a specific membrane area or areas 
and the subsequent formation of larger pores. 
The subunits remain attached and merely 
spread apart at given locations. The specific 
enzyme or carrier protein at these sites would 
regulate what passes into or out of the cell. 

In the case of glucose transport into the cell 
the enzymes associated with the synthesis and 
degradation of carotenyl glucoside or phospha- 
tidyl glucose would be found in the subunits 
surrounding the pore. In the case of acetate exit 
from the cell, the enzymes of the subunits 
would be involved in the synthesis and degrada- 
tion of carotenyl acetate. In order to include 
the carotenol and the phosphatidyl glucose in 
the permeability scheme, it is necessary to place 
them in some oriented manner in the mem- 
brane subunits. This is easily accomplished by 
having their apolar segments bound in the 

hydrophobic area of the protein coil. For 
example, the dihydroxy carotenol would lie 
lengthwise accross the width of the subunit,  
one hydroxyl group directed to the exterior, 
the other to the interior of the cell. Such an 
orientation is reasonable since the lengthwise 
d i m e n s i o n  of the apolar segment of the 
carotenol and the width of the inner electron 
non-absorbant area of the mycoplasmal mem- 
brane approximate 30 A. In this orientation, 
the hydroxyl group facing the exterior of the 
cell would be available for the covalent attach- 
ment of glucose, the hydroxyl group facing the 
interior of the cell for the attachment of ace- 
tate. The change in polarity resulting from the 
attachment of glucose (increase in polarity of 
the lipid) and acetate (decrease in polarity) 
could trigger a rotational movement of the sub- 
unit  to the interior of the cell (glucose) or to 
the exterior of the cell (acetate) where the 
appropriate enzyme could release the glucose or 
acetate. The carotenol freed of its radicals 
would be in the proper orientation to repeat 
the process. The phosphatidyl glucose, of 
course, could serve only in the transport of glu- 
cose into the cell. The movements in the mem- 
brane resulting from the opening and closing of 
pores and the rotational movements of subunits 
could explain the fibrilliations observed in 
membranes of metabolizing cells. 

Th i s  p o s t u l a t e  on how molecules are 
specifically transported into and out of cells 
sounds too simple. It does fit all the data 
presently available for the mycoplasmas, even 
those which contain no carotenoids but require 
sterols for growth, a subject not discussed in 
this report. However, attempts to apply the role 
invoked for lipids to membrane transport in 
other cells brings about some incompatibility 
(17). Nevertheless, the basic principles may be 
the same. The lipids to which are ascribed 
specific carrier functions in mycoplasmas have 
not been described in all other cells. Other 
lipids conceivably could carry out similar 
functions. Membrane transport of glucose in 
other microorganisms is thought not to involve 
covalent bonding to a carrier. In these instances 
carrier protein lining a pore could achieve the 
same function. Mycoplasmas may differ from 
other ceils in certain transport phenomena 
because bacterial and plant cells are surrounded 
by rigid walls as well as cytoplasmic membranes 
and the membranous structures of animal cells 
are not quite as simple as a single enveloping 
unit  membrane. Intracellular glucose in other 
microorganisms appears as free glucose not as a 
phosphorylated glucose. Such could be the case 
with glucose transported through the mediation 
of the carotenol but one would anticipate that 
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p h o s p h a t i d y l  g l u c o s e  m e d i a t e d  t r a n s p o r t  w o u l d  
r e s u l t  in  i n t r a c e l l u l a r  g l u c o s e - l - p h o s p h a t e .  
C o m p a t i b i l i t i e s  ex i s t  w h e r e  l ipid is n o t  i n v o l v e d  
as  a ca r r i e r  a n d  w i t h  r e s p e c t  to  s p e c i f i c i t y  a n d  
k i n e t i c s  o f  t r a n s p o r t .  

D o u b t l e s s  t h e  p r o p o s e d  s c h e m e  is over -  
s i m p l i f i e d  a n d  is s u b j e c t  to  c h a n g e  o r  d i sp rova l .  
It  d o e s  o f f e r  a m o d e l  u p o n  w h i c h  f u r t h e r  in-  
s igh t  m a y  be g a i n e d  i n t o  t h e  s t r u c t u r e  a n d  
f u n c t i o n  o f  c y t o p l a s m i c  m e m b r a n e s ,  t h e i r  
l ip ids ,  a n d  t he i r  e n z y m e s .  
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Flotation Rates, Molecular Weights and Hydrated Densities 
of the Low-Density Lipoproteins 1 
F. T. LINDGREN, L. C. JENSEN, R. D. WILLS and N. K. FREEMAN, Donner Laboratory, 
Lawrence Radiation Laboratory, University of California, Berkeley, California 94720 

ABSTRACT 

A method involving three computer  
programs is described for characterizing 
the major component  of the Sf 0-12 low- 
density l ipoprotein class by its S~ rate, 
hydrated density and molecular weight. 
All necessary information is obtained 
from a standard low and high-density 
l i p o p r o t e i n  ul t racentr i fugal  analysis. 
M o v i n g - b o u n d a r y  flotation rates are 
measured in 1.061 g/ml sodium chloride 
and 1.200 g/ml sodium bromide solutions 
and are corrected to flotation at zero con- 
centration. Hydrated densities are calcu- 

O . . 

lated from 77 F versus p plots and mma- 
mum hydrated molecular weights calcu- 
lated using Stokes'  frictional factor, as- 
suming spherical molecules. Preliminary 
application of this procedure indicates 
higher S~ rates, higher molecular weights, 
and lower hydrated densities in females 
than in males. Molecular weights and 
standard deviations of the principal Sf 
0-12 component  for non-fasting normal 
adult females and males were 2.36 + 0.16 
and 2.12 -+ 0.20 millions, respectively. 

INTRODUCTION 

Several studies have indicated that the prin- 
cipal low-density Sf 0-12 lipoprotein class rep- 
resents a distribution in size, hydrated density 
and chemical composition (1-3). The content of 
protein (1) appears to be the major factor de- 
termining hydrated density of this class, which 
ranges from approximately 1.02-1.05 g/ml. 
Values given for molecular weights of this class 
have ranged from 1.3-3 million (4-8) and 
depend, in part,  on the techniques employed 
and the portion of the lipoprotein distribution 
studied. Because of the very nature of this dis- 
tr ibution of values, for specific characterization 
it is necessary to focus on the most abundant Sf 
0-12 component  as measured in the analytic 
ultracentrifuge. The flotation rate of this major 
low-density component  varies from individual 

O 

to individual and has a range of about Sf 4-8 
Svedberg units. Normal females have S~ rates 
approximately 1 S~ unit faster than normal 

Ipresented at the AOCS Meeting, New York, 
October, 1968. 

males (9,10). There also appear to be unusual 
flotation rates of this component  associated 
with specific lipid and lipoprotein abnormalities 
(11). 

Although computer  techniques have been 
described for analysis of l ipoprotein distri- 
b u t i o n s  ( 1 2 )  and for precision moving- 
boundary flotation rate determinations (9), 
neither molecular weight nor hydrated density 
determinations based on standard low and 
high-density lipoprotein analysis have been pre- 
sented. Theoretically, there is sufficient infor- 
mation available from these runs, made simulta- 
neously, to make such calculations. Our present 
method utilizes these two computer  programs. 

O All Sf, a and molecular weight calculations are 
made using a third, separate computer  program. 

METHODS 

The normal male and female subjects of this 
study were clinically healthy employees of 
Lawrence Radiation Laboratory at Livermore 
and Berkeley, California. Serum was prepared 
from mid-morning nonfasting blood specimens. 
A complementary series of fasting male and fe- 
male clinical referrals were obtained from 
Kaiser Hospital, Oakland, California. Each pop- 
ulation set was matched for age and grossly 
overweight or underweight subjects were ex- 
cluded. Unless otherwise indicated all studies 
were  d o n e  us ing  s e r u m  c o n t a i n i n g  1 
part /10,000 Merthiolate. 

In the normal non-fasting series studied, 
total  low-density lipoprotein (LDL) fractions, 
1.006 < o < 1.063 g]ml, (Sf0-20) were iso- 
lated by preparative ultracentrifugation and 
total lipids were extracted as previously de- 
scribed (12). Unless otherwise indicated, all 
densities are given at 26 C. Phospholipid, cho- 
lesteryl ester and glyceride composition were 
determined by infrared spectrometry (13). 

Ul t racent r i fugal  l ipoprotein fractionation 
and analytical ultracentrifugal analysis were 
patterned after earlier techniques (14,15). The 
computer  program and details of preparative 
u l t racen t r i fuga t ion  are described elsewhere 
(12). All analytic runs were made at 25.5-26 C 
in modified (16) Beckman Model E ultracentri- 
fuges. A total of 10 schlieren photographs were 
taken, 1 during acceleration and 9 during the 
64 rain. up-to-speed (UTS) run at 52,640 rpm. 
Figure 1 shows selected schlieren photographs 
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FIG. 1. Selected schlieren photographs from a typical standard low and high-density lipoprotein 
analysis (Case 1710). 

of a total  low and high-density l ipoprotein run. 
The 0, 6 and 30 min photographs were used for 
the low-density analysis and the 64 min photo- 
graph used for high-density analysis. In order to 
unambigously determine the base-of-cell for 
each run, a 0.020 in. offset centerpiece was 
used in the flat cells. Classical moving-boundary 
f lotat ion rates of the major low-density S~ 0-12 
component  measured in both 1.061 g/ml so- 
dium chloride and 1,200 g/ml sodium bromide 
were calculated from a In x versus r plot 
using a second computer  program (9). Nor- 
mally, in 1.200 g/ml sodium bromide this com- 
ponent  was measured in the 0, 2, 6, 8, 14, and 
22 min (UTS) frames; and in 1.061 g/ml so- 
dium chloride it was measured in the 8, 14, 22, 
30, 48 and 64 min (UTS) frames. Boundary 
positions in all cases were determined by the 
maximum ordinate technique (17). A third 
computer  program, using data and results from 
the first two programs, performed all the re- 
maining calculations. Flotat ion rates were cor- 
rected for concentration dependence ( 1 2 ) b y  
the standard relationship F = F ~ (I-KC) where 
K = 0.89 x 10 -4 (mg/100 ml) "1 and C is the 
concentrat ion in the cell integrated up to  the 
low-density S~ 0-12 peak position, averaged 
over the time interval used in the moving- 
b o u n d a r y  flotation-rate measurement. This 
average is approximated by a Moring-Claesson 
type  (18) correction: C = C O (XBc)2 / (XIX 2) 
where C o is the initial base-of-cell concentra- 

t ion as determined in the first analytic ultracen- 
trifuge computer program, XBC is the base-of- 
cell radial distance, and X 1 and X 2 are the first 
and last peak positions measured. In the high- 
density run, C is equal to the sum of both  the 
above low-density concentration and the total  
high-density concentration,  similarly corrected. 
Background densities of the l ipoprotein infra- 
natants were measured indirectly by precision 
refractometry at 26.0 C. These values and their 
calculated viscosities each were extrapolated to 
t h e  c o r r e s p o n d i n g  s u p e r n a t a n t  fraction 
(corrected for redistr ibution of salt during the 
preparative run) and corrected to the mean 
temperature of the analytic run. From these 

o 
data a ~?F versus p_plot  was made and a p 
intercept  calculated. S~ rates corrected to stand- 
ard conditions were made according to the rela- 
t ionship: S~ = (Ps-a) (r/)/(P-a)r/s where standard 
values at 26 C for 1.744 molal NaC1 were Ps = 
1.0630 g/ml and r~ s = 1.0260 cp. 

A s s u m i n g  S tokes '  frictional factor for 
spheres, a molecular diameter was calculated 
f r o m  the  f a m i l i a r  r e l a t i o n s h i p :  S~ --- 
d2(ps-O)/18r/ = d2(1.0630-0)/184.7 where d 
had been converted to Angstrom units in the 
final expression. Finally,  a minimum hydrated 
molecular  weight was calculated, assuming 
spheres, from the molecular volume, Avo- 
gadro's  number and the hydrated density (the 
latter closely approximated by the density of 
zero migration or p intercept):  mol wt (daltons) 
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PROGRAM I - COMPLETE SCHLIEREN ANALYSIS PROGRAM III - S;, o" AND MOLECULAR WEIGHT 
CALCULATIONS 

, 0 ,  run, ~= 1.061 o,m, I [ . ~  run, ~= 1.200 ~,m, I r Mor,og-C,aessoo 1 
O'6'30 'UTSframes[L 64'U'rSfrarne I [c=c~ / 
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2 Completely corrected hpoprotem proftTe I 
3. Lipoprote,n background An, rotor temperature . . . . .  ~ / F= Fo(1--kc ) I [ F = Fo(1 kc) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  / / _ - _ ~  _ ~ J 
F rate, p= 1.061 g/ml 
8' 14' 22' 30' 48'  64' 

UT8 frames 

RESULTS 1 [ 

[ %\ ~.\ 
oj2 t 

F rate, p= 1.200 g/ml [ 
0 ' 2 ' 6 ' 8 ' 1 4 ' 2 2 '  I UTS frames 

"~% Tables, f(temp) 1 l 

RESULTS J l 
1. PINT ~ ~ o - -  t ! 

2. sp = F (p, >)~71(p-c~)%~ 

�9 ". D iameter  (~),  S~ = d2(1.063-~T)/184.7 
Molecu la r  w e i g h t  (daltons) = 0 . 3 1 5 3  d3cT 

FIG. 2. Schematic diagram showing utilization of the results and data from the three computer 
programs. 

= rrd3/6(10-acm/A)3 Noa  = 0.3153 d3o. The 
relationships between the three computer pro- 
grams and their data are shown in Figure 2. 

Narrov~-band serum lipoproteins from a 
single non-fasting adult male were prepared by 
an approach-to-equilibrium sodium bromide 
density gradient technique (2). Fractions were 
isolated on a density gradient (18 C, 50.3 rotor 
and 50,000 rpm for 48 hr) corresponding to 
approximately 1.031, 1.034 and 1.037 g/ml. 
These isolated lipoprotein fractions were ma- 
nipulated to 1.061 sodium bromide and 1.200 
sodium bromide by appropriate solid sodium 
bromide addition and densities were monitored 
by precision refractometry. For density calcu- 
lations, the refractive increment of these lipo- 
proteins was assumed to be 0.00154 and 
0.00140 An/g/100 ml in the two media, respec- 
tively. Again, flotation rates were calculated 
and corrected to zero concentration. For this 
calculation the time dependent total compo- 
nent concentration was used in the manner de- 
scribed earlier. Again, an r~ F ~ versus p plot was 
made yielding p intercept values and corrected 
S~ rates were calculated. In these studies the 
p r o b l e m  of correcting for concentration 
dependence of the lew-density component in 
the presence of a time dependent high-density 
lipoprotein concentration (different for each 
individual) was avoided. Here P intercept values 

are independent of the concentration depend- 
ence K factor, although S~ and molecular 
weight values are affected. For this series, both 
Merthiolate and non-Merthiolate serum samples 
were studied, since we routinely use this pre- 
servative. However, no significant differences 
were observed between these two series. 

RESULTS AND DISCUSSION 

To evaluate technical reproducibility, nine 
serum aliquots of a single nonfasting normal 
male subject were completely analyzed by our 
procedure employing the total low and high- 
density lipoprotein fractions. A measure of 
errors are the standard deviation of the re- 
sults which are as follows: Sf rate = 4.87 
+ 0.08 Svedbergs (10-13 cm/sec/dyne/g); a 
hydrated ------- p intercept = 1.0360 + 0.0003 g/ml 
(26C);  molecular weight = 1.984 + 0.021 
(millions). Using non-fasting serum obtained 
earlier from this same male subject, orthodox 
~?F ~ versus p studies were made on isolated 
narrow-band LDL components and the results 
compared with our technique. Figure 3 shows 
schlieren photographs of both the 1.061 g/ml 
sodium bromide and 1.200 g/ml sodium bro- 
mide runs of one of the narrow-band lipo- 
protein fractions prepared from the 1.034 g/ml 
density gradient fraction (Merthiolate series). 
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O 
FIG. 3. Schlieren flotation photographs of isolated narrow-band Sf 6.06 lipoproteins, Case 1710, 

52,640 rpm, 26 C; upper wedge cell is p = 1.200 g/ml (2.755 molal NaBr, 0.194 molal NaC1), flat cell 
is/9 = 1.061 g/ml (0.742 molal NaBr, 0.194 molal NaC1). Lipoprotein concentration in the two media 
is 465 mg/100 ml. 

All density gradient samples were analyzed at 
total component concentrations in the range of  
261-704 mg/100 ml. Figure 4 shows the linear 
regression relationship between S~ rate and p 
intercept for both the Merthiolate and non- 
Merthiolate fractions. Also plotted are the re- 
sults (from the same serum sample) of  our pro- 
cedure utilizing eight standard low and high- 
density lipoprotein analyses obtained over a 
period of  33 days. Nine months later nine addi- 
tional analyses by our method were performed 
on serum from the same non-fasting subject and 
the mean value plotted, suggesting minimal bio- 
logical variation in this person. Figure 5 shows a 

~ ~ to" 

I I 
ISOLATED FRACTIONS, NaSr and 0194 molal NaCI 

Merthiolate | 
Z~ Non-Merthiolate | 

STANDARD LOW- AND HIGH-DENSITY RUNS 
�9 Merthiolate | 
�9 Non.Merthiolate | 

Age of sampte 
A 9 days 
B - 14 days 
C - 22 d~u 
D - 33 days 

J ~  _l Mean of 9 samples 
~ %. 9 months later 

A ~ N ~  (age of sample 6 7 days) 

1 030 1035 1040 

intercept  (26  C) 

FIG. 4. Relationship between S~ rate and p inter- 
cept obtained from isolated narrow-band LDL frac- 
tions and from standard low and high-density runs. 

similar linear regression relationship of  S~ rate 
and molecular weight. Again, values obtained 
from simultaneous low and high-density lipo- 
protein analyses indicate comparable results in 
the region of  the major component compared 

8 I I I 
ISOLATED FRACTIONS, NaBr and  0 .194 mola l  NaCI j 

[3 Mer th io la te  | / 
A N o n - M e r t h i o l a t e  | / 

/ 
STANDARD LOW- AND HIGH-DENSITY RUNS / 

�9 Mer th io la te  | / 

�9 N ~ 1 7 6 1 7 4  t ~  

M e a n  
16 n o r m a l  fema/ 

s 
"~'o Meaof ~ r 

16 n o r m a l  m a l e / Z ~  

A g e  of  s a m p l e  

A - 6 days  / 
B - 14 days / - -  

C - 22  days  J 
D - 3 3  days ~ - -  . /  

' - - , n D ~  > c  - 
A ~ " = ~  ~ "  M e a n  o f  9 s a m p l e s  

" /  9 months  later  
I / I  (age  o f  s a m p l e  6 - 7  days)  

1.5 2 .0  2 .5  

Molecular Weight 

FIG. 5. Relationship between S~ rate and molecu- 
lax weight obtained from isolated narrow-band LDL 
fractions and from standard low and high-density runs. 
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FIG. 6. Relationship between Sf rate and p inter- 
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FIG. 7. Relationship between Sf rate and molecu- 

lar weight, normal nonfasting males and females. 

wi th  the same S~ rate on the regression line 
obta ined with isolated l ipoprote in  components �9  
These results suggest our  total  low and high- 
density l ipoprote in  analyses give results closely 
similar to an ideal procedure.  Such a technical ly 
difficult  me thod  applied to each individual 
serum would require the ident i f icat ion and 
narrow-band isolat ion of  the most  abundant  Sf 
0-12 l ipoprote in  species fol lowed by a classical 
r~F ~ versus p analysis. 

A pre l iminary 'appl ica t ion  of  this me thod  in- 
volved nonfast ing serum from a small, normal  
adult,  male and female popula t ion,  ages 35-50 
years. Figures 6 and 7 show the relationship 
observed be tween  S~ rate and the two calcu- 
lated parameters,  p intercept  and molecular  
weight,  respectively.  Very similar regression is 
observed with this popula t ion  as compared with 
the componen t s  isolated f rom a single normal  
male individual. Fo r  comparison with the i so-  

lated componen t  study the mean male and fe- 
male values are p lo t ted  on Figures 4 and 5. At  a 
given S~ rate there is some variability f rom per- 
son to person in P intercept  and somewhat  
more  variability in molecular  weight. Al though 
the females have significantly higher S~ rates 
than the males, there appear to be very similar 
regression relationships for each popula t ion.  
Table I presents the low-density l ipoprote in  re- 
sults for this series of  normals,  including the 
correlat ions between the three variables, S~ 
rate,  p in tercept  and molecular  weight of  the 

�9 O 
m a j o r  Sf 0-1 2 componen t .  The females 
(compared  with the males) have faster S~ rates, 
as has been observed before (9,10);  they  also 
have approximate ly  a 235,000 higher molecular  
weight  and a slightly lower hydrated density. 

Tota l  low-densi ty l ipoproteins  of  the S~ 0-20 
class were isolated f rom each of  the above nor- 
mal nonfast ing males and females. Phospho- 

TABLE I 

Results, Sf 0-12 Major Component, Normal Subjects, Nonfasting 

Males (16) Females (16) 
Age (mean + SD) 44 -I- 3 years 43 + 4 years Difference 

o 
1.  S f  6 . 2 0  + 0 . 9 6  7 . 0 5  -+ 0 . 8 3  p ~ . 0 1  

2. O (lipoprotein) 1.0304 + 0.0035 1.0284 - 0.0031 NS 
3. Mol wt (millions) 2.12 +0.20 2.36 +0.16 p <~.01 
Correlations o 
1. S~ vs (l -0.95 a -0.95 a 
2. S~vs mol wt 0.87 a 0.76 a 
3. Ovs mol wt -0.69 a -0.52 b 

ap ( 0 . 0 1 .  
bp ~0 .05 .  
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TABLE II 

Lipid Composition and Lipid O, Sf 0-20 Lipoproteins, Normal Males and Femalesa 

Component b PL CE TG FC O(lipid)C 

Males 24.4+2.3 55.1 +1.5 9.4---2.4 11.0+0.3 0.9803_+0.0016 
(n = 16) 
Females 26.7 + 1.8 53.4 + 1.5 9.3 + 2.3 10.6 -+ 0.3 0.9798 -+ 0.0015 
(n = 16) 
Difference p <[ 0.01 p ~ 0.01 NS --- NS 

aMean and SD values are vet % of total lipid; free cholesterol is assumed to be 0.198 x 
cholesteryl ester. 

bpL, CE, TG and FC are abbreviations for phospholipid, eholesteryl ester, triglycerlde 
and free cholesterol. 

eCalculated assuming additivity of densities for PL, CE, TG and FC; individual values 
used are 0.97, 0.99, 0.92 and 1.067 g/ml, respectively. 

lipid, cholesteryl  ester and tr iglyceride con ten t  
of  the total  lipid is presented in Table II. The 
females have a higher phosphol ip id  and lower 
cholesteryl  ester conten t  in these molecules  
than the males. However ,  the differences are 
small and there is not  much  variability in lipid 
c o m p o s i t i o n  in t h e s e  t w o  populat ions.  
Al though some relationships were observed in 
the females be tween  these lipid componen t s  
and the three parameters ,  S~ rate,  o and molec-  
ular weight,  no significant relat ionships were 
observed in the male popula t ion  (se e Table III). 
By calculat ion,  the mean densi ty of  the lipid 
moiet ies  of  each popula t ion  was almost iden- 
tical. Also, in the females there was a moder-  
ately positive correlat ion of  glyceride conten t  
with p in tercept  (and a low order  positive corre- 
lation in the males). These results suggest that  
the major factor  contr ibut ing to changes in 
hydrated density within this class is not  glycer- 
ide con ten t  but  is the prote in  con ten t  of  the 
l ipoprotein.  In a much earlier density gradient 
s tudy,  this relationship be tween  protein con- 
ten t  and l ipoprotein densi ty  was observed on S~ 
3-10 subfractions from pooled  human plasma 
(1). 

A n o t h e r  prel iminary applicat ion of  this 
me thod  was to a small series of  16 male and 19 
female clinical referrals f rom Kaiser Hospital,  

Oakland,  California. These pat ients  were of  a 
wider age range; many had high blood lipids, 
and in contrast  wi th  the normals studied, they 
were fasting. Table IV presents the low-density 
l ipoprote in  results for these populat ions,  in- 
cluding the statistical relationships. Again, as in 
the normal  populat ions ,  similar values, differ- 
ences and correlat ions were observed. The 
somewhat  lower S~ rates observed probably re- 
f lect  a clinical popula t ion  with higher levels of  
very low-densi ty  l ipoproteins  (VLDL).  Lower  
S~ rates would be expected ,  since in both  nor- 
mal male and female populat ions  there is a sig- 
nificant negative correlat ion be tween S~ rate 
and VLDL concent ra t ion  (12). 

It is wor thwhi le  to compare  our  results with 
a few l ipopro te in  values obta ined  earlier by 
others using different  techniques.  Bjorklund 
and Katz (7) compared  S~ rates, hydrated den- 
sities and molecular  weights of  isolated S~ 4-8 
subfractions.  However ,  t h e  molecular  weight 
they  obta ined  by light scattering was consider- 
ably higher than  our  present values, namely,  
2.8-3.0 millions. Their  data also indicated an 
axial rat io of  2-2% to 1. F r o m  somewhat  similar 
ul t racentr i fugal  data of  the major  low-densi ty 
componen t  (and assuming spheres), Oncley (6) 
obta ined a molecular  weight  of  2.3 mill ion and 
a hydra ted  densi ty  of  1.032 g/ml.  The most  

TABLE III 
o 

Correlations of Sf Rate, (l and Molecular Weight, 
with Sf 0-20 Lipid Composition, Normals a 

Parameter PL CE TG O 0ipid) 

S~ 0.79 b (0.27) -0.02 (0.07) -0.61 e (-0.30) 0.47 (0.26) 
O (lipoprotein) -0.70 b (-0.29) -0.04 (0.03) 0.58 c (0.23) -0.47 (-0.17) 
Molwt 0.70b(0.23) -0.11 (0.21) -0.46 (-0.36) 0.34(0.36) 

aNormal females and males (in parentheses). 
bp ~ 0.01. 
Cp ~ 0.05. 
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TABLE IV 

Results, Sf 0-12 Major Component, Kaiser Clinical Referrals, Fasting 

343 

Males (n = 16) Females (n = 19) 
Age (mean +-SD) 49 +- 11 years 51 +- 10 years Difference 

O 

1. sf  5.85 -+ 1.41 6.74 -+0.97 p ~ O . 0 5  
2. 0 (lipoprotein) 1.0327 -+ 0.0053 1.0293 -+ 0.0037 p ( 0.05 
3. Mol vet (millions) 2.16 -- 0.28 2.29 -+ 0.0023 NS 
CorrelatiOns 
1. S~vs 17 -0.96 a -0.90 a 
2. Sfvs tool wt 0.89 a 0.72a 
3. Ors tool wt -0.73 a -0.35 

aSignificance, p ( 0.01. 

r e c e n t  h y d r o d y n a m i c  l i pop r o t e i n  da ta  is t h a t  o f  
A d a m s  (3)  and  A d a m s  and  S c h u m a k e r  (8 ,19) .  
A d a m s  (3)  ut i l ized equ i l ib r ium band i ng  in t h e  
a n a l y t i c  u l t r a c e n t r i f u g e ,  p a t t e r n e d  a f t e r  
Meselson (20) ,  t o  o b t a i n  l i pop r o t e i n  h y d r a t e d  
densi t ies .  F r o m  the  pr inc ipa l  a c o m p o n e n t  
resolved and  a single f l o t a t i on  ra te  measure-  
m e n t  in a very h igh-dens i ty  m e d i u m  of  sod ium 
b r o m i d e  (/9 = 1.481 g /ml)  he  o b t a i n e d  mini-  
m u m  h y d r a t e d  molecu la r  weights  in  t he  range  
of  1.94-2.38 mil l ions.  In  a la te r  s t udy  (8) ,  
A d a m s '  earl ier  da ta  were r econs ide red  using a 
f r i c t i o n a l  fac to r  ( inc lud ing  shape and  hy-  
d r a t i o n )  f / f0  = 1.2, giving co r re spond ing  h igher  
molecu la r  weight  values in  the  range of  2 .43 - 
2 .98 mil l ions.  A d a m s  and  S c h u m a k e r ' s  mos t  
r e c e n t  s t udy  (19)  i nc luded  a revis ion in  t ech-  
n i q u e  w i th  the  a s s u m p t i o n  of  l i p o p r o t e i n  den-  
s i ty  o = 1.030 g /ml  and  a single h igh  salt 
f l o t a t i o n  m e a s u r e m e n t  in a m e d i u m  of  p = 
1 .412 g /ml  NaBr.  Here,  b o t h  a shape f ac to r  of  
f / fo  = 1.05 and  a h y d r a t i o n  of  10% was 
assumed.  The  m e a n  and  s t andard  dev ia t ion  for  
n ine  LDL samples  ( fas t ing  males,  ages 20-40)  
was 2.38 + 0.13 mil l ions.  Had t h e y  assumed 
spheres  and  no  h y d r a t i o n  the  value would  have 
b e e n  a p p r o x i m a t e l y  2 .16 + 0.13 mil l ions.  Our  
da ta  o n  b o t h  no rma l s  and  clinical referrals  are 
a p p r o x i m a t e l y  of  th is  magni tude .  Recen t ly ,  
f r o m  equ i l ib r ium data,  Scanu et al. (21)  have  
given a range of  2.2-2.3 mil l ion molecu la r  
we igh t  un i t s  for  t he  ma jo r  low-dens i ty  c o m p o -  
nen t ,  1 .019 < o < 1.063 g/ml.  

A l t h o u g h  f rom theore t i ca l  cons ide ra t ions  
values o b t a i n e d  by  our  t e c h n i q u e  migh t  be ex- 
p e c t e d  to be low by  as m u c h  as 10%, the  differ-  
ences  be tween  males  and females  as well  as the  
r e l a t ionsh ip  observed  b e t w e e n  S~ ra te ,  ~ and  
molecu la r  weight  wou ld  appear  to  be valid. The  
resul ts ,  of  course,  would  apply  to the  small  
p o p u l a t i o n s  s tudied.  However ,  i t  would  seem 
unl ike ly ,  for  example ,  t ha t  the  shape f ac to r  for  
S~ 4-8 l i popro te ins  would  be d i f fe ren t  in males  
and  females  or wou ld  vary s ignif icant ly  f rom,  

say, S~ 4 to  S~ 8. In  spi te  o f  di f f icul t ies  in 
app ly ing  co r rec t ions  for  c o n c e n t r a t i o n  depend-  
ence  in the  f lo t a t ion  m e a s u r e m e n t s ,  the re  is no  
evidence  t h a t  any  of  the  observed re l a t ionsh ips  
and  relat ive d i f ferences  are K f ac to r  d e p e n d e n t .  
Reca lcu la t ing  all da ta  using K fac to rs  of  0 .44  or  
1.78 x 10 -4 ( m g / 1 0 0  ml)- 1 did n o t  s ignif icant ly  
al ter  any  of  the  re la t ionsh ips  observed .  I t  is 
e s t ima ted  t ha t  a 20% error  in the  K fac to r  used 
here,  0 .89 x 10 -4 ( m g [ 1 0 0  ml)  -1, would  involve 
a p p r o x i m a t e l y  a 5% er ror  in molecu la r  weight .  
However ,  as m o r e  c o n c e n t r a t i o n  d e p e n d e n c e  
data  and  shape fac to rs  b e c o m e  available,  we 
m ay  an t i c ipa te  even more  mean ing fu l  and  accu- 
ra te  molecu la r  weight  da ta  us ing th is  t echn ique .  
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The Effect of Dietary Copper on the Structure and Physical 
Properties of Adipose Tissue Triglycerides in Pigs 

W. W. CHRISTIE and J. H. MOORE, 
Hannah Dairy Research Institute, Ayr, Scotland 

ABSTRACT 

The inner back fat of control pigs had 
a higher melting point and stearic acid- 
-oleic acid ratio than did the outer back 
fat of the control animals or the inner 
and outer back fats of pigs given the con- 
trol diet supplemented with 250 ppm 
copper. By a combination of argentation 
thin layer chromatography and pancreatic 
lipase hydrolysis, it was shown that in the 
inner back fat of the control animals the 
proportions of two of the more saturated 
g l y c e r i d e  spec ies  were significantly 
greater and the proportions of two of the 
more unsaturated species were less than 
in the outer back fat of the control ani- 
mals and in the inner and outer back fats 
of the copper-fed animals. These findings 
probably account for the observed differ- 
ences in melting point. Stereospecific 
analyses of the glycerides demonstrated 
that the increased content of stearic acid 
in the inner back fat of the control pigs 
was distributed between the 1 and 3 
positions. 

INTRODUCTION 

Coppcr, at a level of 250 ppm, is now 
routinely incorporated into the diets of pigs as 
it increases their growth rate and improves their 
food utilization efficiency. The topic has been 
reviewed by Hays (1) and Braude (2). 

In a recent paper (3), we described the effect 
of incorporating 250 ppm copper in the diets of 
pigs on the fatty acid composition and physical 
properties of their adipose tissue. Pig back fat 
consists of two physically distinct layers of fat 
separated by connective tissue. The melting 
point of the inner back fat of the control ani- 
mals was 10-15 C higher than that of the outer 
back fat of the control pigs or those of the 
inner and outer back fats of the pigs given the 
copper-supplemented diet. At the same time 
the stearic acid-oleic acid ratio in the inner back 
fat of the control animals was higher than that 
in the outer back fat of the control pigs or in 
the inner and outer back fats of the copper-fed 
pigs. As interesterification with sodium meth- 
oxide brought each fat to approximately the 
same melting point, it was evident that there 

must also be differences in glyceride structure. 
Accordingly, we now report structural analyses 
of the triglycerides from the inner and outer 
back fats of control and copper-fed animals. 

EXPERIMENTAL PROCEDURES 

Tb, e back fats from four control and four 
copper-fed pigs from experiments 4 and 5 in 
the previous paper in this series (3) were used in 
this study. The pigs (Large Whites) were given 
the control diet or the control diet supple- 
m e n t e d  wi th  250 ppm c o p p e r  (1 g 
CuSO4.5H20/kg of feed) from weaning until 
t hey  r e a c he d  90 kg live weight when 
slaughtered. Strips of back fat, about 2 cm in 
width, were taken from each pig and the inner 
and outer layers separated along the line of 
connective tissue. The methods for the extrac- 
tion of tissues and determination of melting 
points were described earlier (3)  

Fatty Acid Analysis 

Lipid samples were converted to the methyl 
esters of the constituent fatty acids with 
sodium methoxide in anhydrous methanol; 
when necessary benzene was added to facilitate 
solution. Gas chromatographic analyses were 
carried out on columns of !:~% (w/w) poly- 
e t h y l e n e g l y c o l a d i p a t e  on 100-120 mesh 
Chromosorb  W, acid-washed' and silanized 
(Phase Separations Ltd., Rock Ferry, Cheshire), 
in a Pye 104 chromatograph (Pye Unicam Ltd., 
Cambridge). Results were converted to moles 
per cent by multiplying the detector responses 
by the appropriate factors. 

Silver Nitrate Thin Layer Chromatography 

Triglyceride samples (7-10 rag) were applied 
in a band on plates (20 cm 2) coated with 0.5 
mm thick Kieselgel G (E. Melck, Darmstadt) 
containing 10% (w/w) silver nitrate. The plates 
were given a double development at 4 C in a 
solvent system of toluene-diethyl ether (95:5 
v/v). These conditions are similar to those of 
Morris et al. (4) for the separation of unsatu- 
rated methyl esters. After the plates had been 
sp r a ye d  wi th  2 ,4-d ich lorof luoresce in  in 
methanol (0.1% w/v), the bands were visualized 
under UV light and scraped off with a razor 
blade into a small chromatography column con- 
taining 1 g Florisil (BDH Ltd., Poole, Dorset). 
The triglyceride fractions were eluted from the 
columns with diethyl ether, 100 ml. A solution 
(1 ml) of methyl heptadecanoate in methanol 
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(0.1261 g of ester in 250 ml of methanol) was 
added as an internal standard to each fraction, 
which was then transesterified before analysis 
by GLC. The weight of each fraction was calcu- 
lated by reference to the amount of internal 
standard (5). 

Analyses were accepted when they passed 
two tests: first, that the fatty acid composition 
of each individual fraction was within 1 unit 
per cent of the theoretical proportion of satu- 
rated, monoenoic or dienoic acids, and second, 
the value for the percentage of each fatty acid, 
calculated from the glyceride composition of 
the sample and the fatty acid composition of 
each glyceride fraction, was within 1 unit per 
cent of the corresponding value determined 
directly on the unfractionated triglyceride 
sample. 

Pancreatic Lipase Hydrolysis 

Triglyceride (200 rag) was applied to eight 
silver nitrate-impregnated TLC plates which 
were developed as above. Appropriate fractions 
from each were combined. Pancreatic lipase 
hydrolysis was carried out on 5-10 mg samples 
of each fraction by the procedure of Luddy et 
al. (6). With the more saturated fractions 
hexane (0.25 ml) was added to the lipolysis 
medium to ensure a more homogenous dis- 
persion. 

Stereospecific Analysis of Triglycerides 

Brockerhoff's (7) first method of stereo- 
specific triglyceride analysis was adopted with 
the following practical modifications. 

The triglyceride (1 g) was dissolved in (4 ml) 
hexane. To this was added tris buffer (15 ml; 
1 M, pH 7.5), calcium chloride solution (1 ml, 
20% w/v) and sodium taurocholate solution (4 
ml, 0.1% w/v). The whole was equilibrated at 
38 C, then 0.4 g pancreatic lipase (Sigma 
Chemical Co., St. Louis, Mo.) was added and 
the mixture shaken vigorously in a mechanical 
shaker. After about 4 min 50% hydrolysis was 
achieved. Ethanol (10 ml) was added to stop 

the reaction; the reaction mixture was poured 
into 0.1 N HC1 and the lipids were extracted 
w i th  diethyl ether. The diglycerides were 
obtained by an initial separation on a silicic 
acid column (8) followed by preparative TLC 
on Kieselgel G plates (0.5 mm thick) impreg- 
nated with 5% (w/w) boric acid; the solvent 
system was hexane-diethyl ether (50:50 v/v). A 
small portion was esterified to check that ran- 
dom diglycerides had indeed been produced. 

P h o s p h o l i p i d  ( ' 1 0 0  rag), prepared by 
Brockerhoff's procedure (7), was dissolved in 
diethyl ether (5 ml), then 0.5 M triethyl- 
ammonium bicarbonate solution (3 ml, pH 
7.5), 2% calcium chloride solution (0.05 ml) 
and 10 mg C'rotalus adamanteus snake venom 
(Sigma Chemical Co., Ltd., St. Louis, Mo.) were 
added. The mixture was shaken vigorously over- 
night. Two drops of acetic acid and 20 ml iso- 
butanol (to prevent foaming) were then added 
and the mixture was taken to dryness. The lipid 
mixture was dissolved in a little chloroform- 
methanol (2:1 v/v) and applied as a band to a 
Kieselgel G TLC plate (0.5 mm thick), which 
was then developed with hexane-ether-acetic 
acid (50:50:1 v/v). With this solvent system the 
unchanged phosphatide and lysophosphatide 
r e m a i n e d  near the origin and were well 
separated from the free fatty acids. The phos- 
p h a t i d e s  were detected by spraying with 
methanolic dichlorofluorescein and the appro- 
priate band scraped off into a small chroma- 
tography column and eluted with 100 ml 
chloroform-methanol (2:1). The phosphatides 
were then reapplied to a Kieselgel G plate (0.5 
mm thick) which was developed with chloro- 
form-methanol-ammonia, (85:15:2 w]v). With 
this solvent system, the diacyl phosphatide has 
an Rf value of "0.4 and the lysophosphatide an 
Rf value of "0.2. The phosphatide bands were 
detected by spraying with aqueous Rhodamine 
6 G (0.01% w/v), recovered from the plate as 
before and transesterified for fatty acid analysis 
by gas liquid chromatography (GLC). 

The fatty acid composition of the lysophos- 

TABLE 1 

Fatty Acid Compositions (Mole Percentages of the Total) and Melting Points of Inner and Outer 
Back Fats From Control and Copper-fed Pigs 

Diet 

Fatty acid composition 
No. of Type of Melting 

pigs back fat 14:0 16:0 16:1 18:0 18:1 18:2 point (C) 

Control 
Copper- 
supplemented 

Control 
Copper- 
supplemented 

4 Inner 1.8+-0.1 28.8+-0.4 2.5+-0.2 18.5+-0.6 39.5-+1.6 8.9-+1.1 45+1 

4 Inner 2.0+-0.1 28.7-+1.1 3.2+-0.6 15.7-+1.7 42.4-+2.0 8.0-+1.1 34+1 
4 Outer 1.9+-0.4 28.0--61.2 3.0+-0.3 15.2-+1.0 41.6-+1.6 10.3-+1.1 31+3 

4 Outer 2.0+-0.1 27.7+-0.5 3.8+-0.'/ 12.9-+1.6 44.7-+1.8 8.9-+0.4 33+2 
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TABLE 11 

Triglyceride Types (Mole Percentages of the Total) in the Inner and Outer Back Fats 
from Control and Copper-fed Pigs 
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Triglyceride type  
No. of Type of 

Diet pigs back fat S 3 $20 SO 2 03 S2L SOL Rest 

Control 4 Inner 7.0+-0.7 33.0+1.6 29.0-4-2.5 5.3+-0.6 7.4+--0.8 9.5+-2.3 8.8+1.0 
Copper- 

supplemented 4 Inner 5.3+-1.1 29.8-+2.9 31.7+-3.8 6.5+-1.4 6.7-+1.2 10.7+-1.3 9.3+-1.8 
Control 4 Outer 4.9+--0.7 27.1-+1.2 30.8-+1.8 6.6+--0.7 6.8+-0.8 12.3-+1.1 11.5:[:0.7 
Copper- 

supplemented 4 Outer 4.2+-1.0 27.1--/"2.8 33.8+-1.8 8.1+-1.7 5.6+-1.0 11.5+-0.8 9.7+-1.2 

phatide is that  of  the 1 posit ion of  the triglycer- 
ide and the compos i t ion  of  the 2 posit ion can 
be obtained f rom the results of  degradation 
studies with pancreat ic  lipase. The composi t ion  
of  the fat ty acids in the 3 posi t ion can be calcu- 
l a t e d  e i t h e r  f r o m  t h e  r e s u l t s  for the 
unhydro lyzed  tr iglyceride and the results for 
the 1 and 2 posit ions or f rom the results for the 
2 posit ion and the results for the unchanged 
phospha t ide .  In accordance with the sug- 
gestions of  Brockerhof f  et al. (9), analyses were 
accepted when the values for the fat ty  acid 
composi t ion of  the 3 posit ion calculated by the 
two possible methods  agreed within 4% for 
major componen t s  to 2% for minor  compo-  
nents. 

RESULTS A N D  DISCUSSION 

The fatty acid composi t ions  and melt ing 
points  of  the inner and ou te r  back fats of  the 
control  and copper-fed pigs are detailed in 
Table I. Only six fa t ty  acids, myristic,  palmitic,  
stearic, palmitoleic,  oleic and linoleic acids were 
present in appreciable concent ra t ions  ( <  0.5% 
of others).  The inner  back fat of  the control  

animals had a higher melt ing point  and a higher 
stearic acid-oleic acid ratio than did the ou te r  
back fat of  the control  pigs or  the inner  and 
outer  back fats of  the copper-fed animals. 
Similar results have been discussed in detail  pre- 
viously (3). 

Thin layer chromatographic  (TLC) analysis 
conf i rmed that  tr iglycerides were the only lipid 
class present. By silver nitrate TLC under  the 
condi t ions  described, five fractions,  differing in 
the degree of  unsaturat ion,  were clearly sepa- 
rated and ident i f ied by GLC analysis as $3, 
$ 2 0 ,  SO2, 03  + $2 L and SOL (using the 
no ta t ion  S for saturated, O for monoeno ic  and 
L for dienoic fa t ty  acids). The remaining more 
unsaturated species could be separated into  a 
large number  of  bands by a more polar  solvent 
system but as these const i tu ted only a small 
p ropor t ion  of  the whole,  it was believed 
unnecessary to investigate these species in 
detail. The four th  fraction,  which was a mix- 
ture of  0 3 and S2L could occasionally be sepa- 
rated into its two componen t s  al though there 
was usually some overlap. However ,  the relative 
a m o u n t s  o f  e a c h  c o m p o n e n t  could be 
established f rom the fat ty  acid composi t ion .  

TABLE Ill 

Triglyceride Types (Mole Percentages of the Total) From the Inner and Outer 
Back Fats of Individual Control and Copper-fed Pigs 

Tissue 

Glyceride Control Copper-fed Control Copper-fed 
type inner inner outer  outer  

SSS 6.3 4.2 4.4 3.1 
SSO 32.2 25.9 26.8 22.8 
SOS 0.7 0.7 0.5 0.9 
SOO 5.2 5.5 5.0 5.6 
OSO 25.5 29.7 28.1 29.9 
OOO 5.0 7.6 6.6 10.4 
SSL 6.5 5.3 5.9 4.6 
SLS 0.2 0.3 0.3 --- 
SOL 1.2 1.5 1.6 1.4 
SLO 0.9 0.9 1.1 1.0 
OSL 7.7 7.9 9.1 9.1 
Rest 8.6 10.5 10.6 11.2 

LIPIDS, VOL. 4, NO. 5 



348 W. W. C I I R I S T I E  A N D  J. H. M O O R E  

T A B L E  IV 

Fa t t y  Acid  Dis t r ibu t ion  (Mole Percentages)  in the  Tr iglycer ides  o f  the  In n e r  and Ou te r  
Back Fats  o f  Individual  Cont ro l  and Copper - fed  Pigs 

Fa t ty  acid c o m p o s i t i o n  
Pig 

Diet  and tissue No. Posi t ion 14:0  16:0  16:1 18:0  18:1 18:2 

Cont ro l  inner  1 1 1 9 2 33 47 8 
2 4 74 4 4 11 3 
3 -- 3 2 17 66 12 

Cont ro l  i nne r  2 1 1 9 2 34 46  8 
2 4 74 4 4 11 3 
3 1 5 2 17 62 13 

Con t ro l  o u t e r  1 1 1 9 2 27 52 9 
2 5 71 4 3 13 4 
3 2 9 3 11 62 13 

Cont ro l  o u t e r  2 1 1 9 2 29 50 9 
2 4 70 4 4 13 5 
3 1 3 2 16 63 15 

C o p p e r  inne r  3 1 1 14 3 26 48  8 
2 5 70 6 3 13 3 
3 . . . .  3 11 73 13 

C o p p e r  inner  4 1 1 11 3 26 51 8 
2 5 74 4 3 11 3 
3 -- 6 3 17 66 g 

C o p p e r  o u t e r  3 1 I 10 3 21 56 10 
2 5 66 7 3 15 4 
3 -- 5 4 10 69 12 

Coppe r  o u t e r  4 1 1 9 3 24 S 5 8 
2 S 73 S 3 11 3 
3 -- 2 3 13 68 14 

The proport ion of each triglyceride species 
from the inner and outer back fats of the con- 
trol and copper-fed pigs are given in Table II. 

The proportions of trisaturated and disatu- 
rated-monounsaturated species in the triglycer- 
ides of the inner back fat of the control  pigs 
were much higher than the corresponding pro- 
portions in the triglycerides of the outer back 
fat of the control animals or the inner and 
outer  back fats of the copper-fed animals. At 
the same time, the proport ions of the species 
SO 2 and 03 were lower in the inner back fat of 
the control pigs than in the triglycerides from 
the other three types of adipose tissues. 

By preparative TLC on a number of silver 
nitrate-impregnated plates it was possible to iso- 
late sufficient of each triglyceride class for 
d e g r a d a t i o n  studies with pancreatic lipase 
hydrolysis. This procedure permitted a more 
detailed subdivision of triglyceride species and 
has been used previously by Blank et al. (10) to 
examine lard. The results obtained by this tech- 
nique on the inner and outer back fats from a 
control pig and a copper-fed pig are given in 
Table III. From these results it is evident that 
the major change in the triglyceride type $20  is 
in the SSO fraction rather than the SOS, and 
that  in the SO 2 fraction the species OSO 
changes rather than the SOO. 

As natural fats are such complex mixtures of 
tfiglyceride species, very little is known about 
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the relationship between physical properties 
and triglyceride types, particularly as poly- 
morphism within individual triglycerides can be 
a complicating factor. The subject has been 
reviewed by Rossell (11). However, it is 
generally assumed that the propor t i0ns  of the 
solid triglycerides (S 3 and $20)  largely govern 
t h e  phys ica l  properties, in particular the 
melting and softening points of a fat. There- 
fore, although it is impossible to predict or 
comment on the magnitude of the effect, it is 
not surprising that, in view of its higher content 
of the more saturated triglyceride species, the 
inner back fat of control pigs has a higher 
melting point than the other samples of back 
fats. Most of the changes in fatty acid compo- 
sition with dietary treatment were small but 
were reflected in the proportions of only two 
or three of the many triglyceride classes. It is 
theoretically possible, therefore, for a small 
increase in the total  stearic acid concentration 
of a fat, for example, to result in a compara- 
tively large increase in the concentration of the 
single species SSO. Thus, a small change in the 
fat ty  acid composit ion of pig adipose tissue can 
have an apparently disproportionate effect on 
the physical properties of the fat. 

Recently, Brockerhoff (7,12) and Lands et 
al. (13) have described methods for the stereo- 
specific analysis of triglycerides, i.e., for deter- 
mining the composition of the fatty acids 
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esterified in posit ions 1, 2 and 3 of  L-glycerol. 
Lard (9) was shown to have a rather unusual 
dis t r ibut ion of  fa t ty  acids with 80% of  the 
palmit ic  acid in posi t ion 2 and 70% of the 
remaining saturated fat ty  acids in posi t ion I. It 
therefore  seemed of  interest to compare  the 
stereospecif ic  dis t r ibut ion of  the fa t ty  acids in 
the triglycerides f rom the inner and ou te r  back 
fats of  the control  and copper-fed animals to 
investigate whether  the small changes in fat ty 
acid composi t ion  of  the whole tr iglyceridc are 
ref lected in greater  changes in any of  the 
posit ions in the glycerides. Brockerhoff  (12) 
states that  "lard is an except ional ly  diff icult  fat 
to ana lyze"  and r ecommends  the first of  his 
procedures.  This was adopted  in preference to 
that  of  Lands et al. (13) as the necessary 
enzymes  for the purpose were more readily 
available. 

Brockerhoff ' s  me thod  (7) involves the prepa- 
rat ion of  random diglycerides by hydrolysis  
with pancreat ic  lipase, the preparat ion of  a 
s y n t h e t i c  phospholipid from the resulting 
diglycerides and finally the hydrolysis  of  this 
phospholipid with the stereospecif ic  phospho-  
l i p a s e  A o f  snake venom.  As only the 
L-phosphat ide  is hydro lyzed  by this enzyme,  
the fat ty  acid compos i t ion  of  the resulting lyso- 
phosphat ide  is that  of  the l position. The com- 
posi t ion of  the 2 posit ion can be de termined  by 
pancreat ic  lipase hydrolysis  of  the original tri- 
glyceride and that  of  the 3 posit ion then calcu- 
lated by difference.  The  fat ty acid composi t ion  
of  the 3 posit ion can also be calculated f rom 
that  of  the unchanged D-phosphatide,  so a 
check on the results is possible. In our  hands 
the method  gave reproducible  results after 
minor  practical changes in the preparat ion of  
the diglycerides by pancreat ic  lipase hydrolysis  
and in the phospholipase A hydrolysis  and sub- 
sequent  isolation of  products.  Analyses were 
per formed on the inner and outer  back fats 
f rom two control  and two  copper-fed animals 
and the results are listed in Table IV. 

O u r  r e s u l t s  a r e  s i m i l a r  to those of  
Brockerhoff ,  et al. (9) for lard made f rom com- 
mercially salted pork.  The fat ty  acid compo-  
sitions in the 2 posi t ion of  the triglycerides of  
the inner  and ou te r  back fats of  the control  and 
copper-fed pigs did not  differ  markedly  and 
were 70% palmitic acid. The stearic acid con- 
ten t  was higher in bo th  the l and 3 posit ions in 
the  inner  back fat of  the control  pigs than in 
the  ou te r  back fat of  the controls  or the inner 
and ou te r  back fats of  the copper-fed animals; 
the increase in stearic acid con ten t  occurred 
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largely at the expense of  oleic acid. Apparent ly ,  
therefore ,  the effect  of  the dietary copper  on 
the fa t ty  acid composi t ion  of  the triglycerides 
of  the adipose tissue of  the pig is not  exer ted  
preferent ial ly in any single posi t ion of  the 
glycerides. 

It is not  known by what mechanism dietary 
copper  affects  lipid metabol ism in the pig. 
Taylor  and T h o m k e  (14) have speculated that  
dietary copper  might affect  fat absorpt ion or 
t ransport  or that  the high level of  copper  found 
in the liver of  animals on copper-supplemented  
diets might affect  the normal  metabol ism of  
this tissue. It has been suggested that  the tem- 
perature at the site of  fat deposi t ion determines  
fat ty  acid compos i t ion  in the pig (15) and some 
e x p e r i m e n t a l  evidence (16) supports  this 
theory .  Similarly, we suspect that  dietary 
copper  may affect  the lipid metabol ism of the 
pig only indirectly.  Fur ther  work will be 
necessary to conf i rm this hypothesis .  
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Studies on the Lipids of Sheep Red Blood Cells: 
II I. The Fatty Acid Composition of Phospholipids in 
HK and LK Cells 
GARY J. NELSON Bio-Medical Division, Lawrence Radiation Laboratory, 
University of California, Livermore, California 94550 

ABSTRACT 

The fat ty acid composition of the 
erythrocyte  phospholipids was studied in 
samples from five high potassium (HK) 
and five low potassium (LK) sheep. The 
total  fat ty acid composit ion,  including 
the composit ion from the individual 
phospholipids in the erythrocytes of 
these animals is reported.  There were no 
significant differences between either the 
total  fa t ty  acid composit ion or that of 
the individual phospholipids in the HK or 
LK cells. Sheep red cells had very little 
polyunsaturated fat ty acids in their 
phospholipids. Palmitic, stearic and oleic 
acids were the major components of 
glyceryl phospholipids, while nervonic 
acid accounted for 50% of the fatty acids 
in the sphingomyelin fraction. The 
similarity between the fat ty acid compo- 
sition of HK and LK red cells indicates 
that quantitative differences in the lipids 
of the membrane are not the primary 
reason for the observed differences in the 
cation levels in the two types of cells. 
This agrees with conclusions drawn from 
previous studies. 

INTRODUCTION 

Previous studies on the fat ty acid compo- 
sition of the mammalian red blood cell were 
usually limited to the total  fa t ty  acids present 
without regard to fatty acid composition of the 
individual phospholipid in the cell membrane 
(1-4). Data from human (5-8) and rat (9-t2)  red 
cells are more extensive than for other species. 
However, since studies on the phospholipid 
distribution in erythrocytes and plasma of 
other species (13-16) have shown marked 
species variability, it is very likely that the fat ty 
acid composit ion of the individual phospho- 
lipids in other species is quite different from 
that in human or rat. Therefore, further studies 
in this area may help to clarify the problem of 
the structure of the erythrocyte  membrane. 

Earlier studies in this laboratory on the 
lipids of HK (high potassium) and LK (low 
potassium) sheep (16,17) established that there 
is no difference in the distribution of the 

individual lipid classes between the HK and LK 
cells. Thus, it is unlikely that the differences in 
the cation transport  processes can be accounted 
for by differences in the lipid composition of 
the membrane. The possibility remained, 
however, that the permeabili ty of the mem- 
brane is affected by the fat ty  acid composition 
of the constituent lipids, i.e., the liquid 
crystalline state of the membrane (18). This 
report  gives the result of an investigation of the 
composition of the total  red cell fatty acids and 
that of the individual phospholipids in samples 
from five HK and five LK sheep. 

MATERIALS AND EQUIPMENT 

A flock of purebred Hampshire sheep is 
maintained at this laboratory and specified as 
HK or LK on the basis of blood analysis by 
flame spectrophotometry.  The diet and the 
husbandry of these animals have been described 
earlier (16,17). 

Standard phospholipid preparations were 
obtained from Applied Science Laboratories, 
State College, Pa. and General Biochemicals, 
Chagrin Falls, Ohio. Pure fat ty acid methyl 
esters were obtained from Applied Science 
Laboratories. All solvents were redistilled from 
glass stills and deoxygenated with N 2 before 
use. BHT (2,6-di-tert-butyl-p-cresol) was used as 
an antioxidant in all operations and was added 
to the solvents and samples in all phases of the 
experimental procedure. 

Thin layer chromatography (TLC) was 
carried out with equipment obtained from 
Brinkman Instruments, Inc., Westbury, N.J. 
Optical densities for the phosphorous determi- 
nations were measured with a Zeiss PMQ II 
spectrophotometer.  Gas liquid chromatography 
(GLC) was carried out on a Barber-Colman 
Model-10 C gas chromatograph equipped with a 
90Sr Argon detector. The data obtained from 
the gas chromatograph were analyzed by a 
computer technique (19,20) using a Control 
Data 3600 digital computer.  

EXPERIMENTAL PROCEDURE 

Sampling and Isolation of Red Cells 

Whole fresh blood was drawn and imme- 
diately cooled to 0 C and thoroughly washed to 
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remove plasma and leucocytes by the methods 
described in detail previously (13,15), using 
heparin to prevent clotting. The leucocyte 
count was below one cell per 104 erythrocytes  
using Giesma stained preparations. 

Chromatographic Methods 

The washed, whole-cell preparations were 
extracted by the methods already described 
(13,15), and the extracts were purified by 
column chromatography on Sephadex using the 
procedure of Siakotos and Rouser (21) as 
modified slightly (13,22). Fractions 2 and 3 
from the Sephadex column were not processed 
further. 

The total  lipid extract (Fraction 1 from the 
Sephadex column) was dissolved in CHC13- 
MeOH (19:1 v/v) and stored at -10 C until  
further analysis. Aliquots were taken imme- 
diately for phosphorous, total  weight and total  
fat ty acid analyses; samples were stored in the 
presence of BHT. 

The two-dimensional TLC separations of the 
phospholipids in the total  lipid extract were 
performed by methods developed by Rouser et 
al. (23,24). Silica Gel HR mixed with 10% 
MgSiO 2 by weight was the TLC adsorbent.  
Details of the procedures, including plate 
preparation techniques and development sol- 
vents, have been described elsewhere 
(13,14,23,24). Quantitative determinations of 
the phosphotipids were carried out by spectro- 
photometr ic  procedures on spots scraped from 
the charred TLC plates without removing the 
adsorbent (13,25). 

The procedure for separating the phospho- 
lipids for the analysis of their component  fa t ty  
acids was essentially identical with the pre- 
viously reported methods up to the time the 
plates were removed from the second devel- 
oping solvent. At this t ime t h e  solvent was 
removed by placing the plate briefly in a dry 
box under a stream of N 2. The plate was then 
removed from the chamber and sprayed lightly 
with 2 ', 7 '-dichloroflourescein (dissolved in 
methanol,  2% by weight). The spots were then 
viewed under ultraviolet light (3200 A) in a 
viewing box (Ultraviolet Products, San Gabriel,  
Calif.) and outlined at this time. To obtain 
enough sample for analyses of some of the 
minor phospholipids, it was necessary to 
prepare plates for each sample in triplicate. The 
individual phospholipid spots were then scraped 
directly into transmethylat ion tubes. No 
at tempt  was made to remove the adsorbent or 
dye and the corresponding spots from the three 
plates were pooled in the same trans- 
methylat ion tube. 

Transmethylation Procedure 

Dry HCI methanol,  approximately 7% by 
weight HC1, was prepared after the procedure 
described by Farquhar et al. (26). Five 
milliliters of HC1 methanol  was added to each 
transmethylat ion tube and the tubes were 
capped with a reflux condenser and drying 
tube. The tubes were then heated for 2 hr at 
approximately 90 C. Boiling chips were added 
to each transmethylat ion tube to prevent the 
violent bumping that occurred because of the 
adsorbent in the tubes; when no adsorbent was 
present, no bumping occurred even without 
boiling chips. The boiling chips were, of course, 
washed thoroughly with acid and organic 
solvent before use. 

The tubes were then cooled to room 
temperature and d0  ml of ice-cold distilled 
water was added to each tube. The methyl  
esters were then extracted with three washes of 
3 ml of hexane. After the hexane was removed, 
the samples were transferred to tared, 2 ml vials 
and an approximate weight was obtained to 
facilitate proper dilution for injection into the 
gas chromatograph. 

F o r  samples that contained material other 
than fat ty  acid methyl esters, the sample was 
rechromatographed on a small column (15) of 
silica gel. Usually when this procedure was 
followed, two fractions were taken: the first, 
1% diethyl ether in hexane, contained the 
methyl esters and BHT; the second; pure 
methanol, contained any additional hexane- 
soluble material from the transmethylation. 
The composition of the fractions from the 
small columns was checked by TLC using 
hexane-diethyl ether-acetic acid (80:20:2 v/v) 
as the solvent system (15). This latter material 
could be cholesterol (in the case of the total  
lipid extract) ,  lysophosphatidyl  ethanolamine 
glyceryl ether or sphingosine, depending on 
which particular sample was being trans- 
methylated.  Sheep erythrocytes  contain no 
vinyl ether phospholipids and therefore do not 
yield dimethyl acetals upon transmethylat ion 
(G. Nelson, unpublished observation). Also, 
fortunately,  as reported by Dodge and Phillips 
(8), the dichloroflourescein remains entirely in 
the aqueous phase of the transmetliylation and 
does not interfere with subsequent analyses of 
the methyl  esters. 

Gas Liquid Chromatography 

The GLC was performed on the samples 
dissolved in hexane. The stationary phase used 
for the quantitative analysis was 15% 
diethylene glycol succinate (HI-EFF-1BP, 
Applied Science Laboratories, Inc.) on 60-80 
mesh Gas-Chrom P. Fif teen per cent Apiezon L 
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TABLE I 

Distribution of Major Fatty Acids a in HK and LK 
Sheep Erythrocytes 

Per Cent of Total Cellular Fatty Acids (as Methyl Esters)b 

LK HK 
Fatty acid n = 5 n = 5 

16:0 8.7 4- 2.9 ( 4.0- 10.0) 
16:1 0.640.1 ( 0.5- 0.8) 
17:0 0.9 +0.2 ( 0.6- 1.3) 
17:1 0.5 4-0.1 ( 0.4- 0.6) 
18:0 8.34-0.9( 7.1- 9.7) 
18:1 40.3 4- 3.3 (34.4 - 43.4) 
18:2 8.5 +0.9 ( 6.9- 9.4) 
20:0 1.2---0.1 ( 1.1- 1.3) 
22:0 1 .8+0 .3 (  0.9- 2.0) 
24:0 2.04-0.4( 1.6- 2.7) 
24:1 16.3 - 2 . 6  (13.2 - 19.4) 
25:0 1.84-0.2( 1.5- 2.1) 
Sum of 
minor 
fatty acids 9.1 -+1.8 ( 6.8- 11.4) 

10 .2-0 .4  ( 9.5 10.9) 
0.8---0.1 ( 0.7 0.9) 
1 .3+0 .1(  1.1 1.4) 
0 .7 -0 .1  ( 0.6 0.9) 
8.4 -+ 0.7 ( 7.8 9.7) 

38 .8 -  1.8 (35.9 40.9) 
8.3 4- 1.1 ( 7.6 10.3) 
1.0 4- 0.2 ( 0.8 1.3) 
2.0-+0.4 ( 1.4 2.4) 
1 .9+0 .2 (  1.7 2.1) 

14.6 + 1.6 (12.5 16.8) 
2.4 +0.5 ( 1.8 3.5) 

9.7 + 1.6( 5.8- 10.8) 

a Only including those that contribute more than 0.5% of the total fatty acids. 

b Average values + standard deviations; ranges are in parentheses. 

was also used to ident i fy  the const i tuent  fa t ty  
acids, but  only quali tat ively.  Standard me thy l  
ester mixtures  obtained f rom Applied Science 
Laborator ies  and corresponding to NIH mix-  
tures KA, KB and KD, as well as Appl ied 
Science Laboratories  Quant i ta t ive  Mixtures 
H-104, K-105 and K-107, were used to 
de termine  the quant i ta t ive  accuracy of  the 
fa t ty  acid analysis. The compute r  program used 
the p roduc t  of  peak height  (arbitrary units)  and 
absolute  re tent ion  t ime (in minutes  after 
in ject ion)  to calculate the relative areas of  each 
peak with a number  of  empirical  correc t ion  
factors applied to the measured peak heights to 
compensa te  for de tec tor  nonl inear i ty  and 
nonun i fo rm response of  individual me thy l  
esters. On our  ins t rument ,  the relat ionship 
be tween  re ten t ion  t ime and tr iangulated base 
width  was linear within the  error of  measure- 
ment  for  all standard me thy l  esters that  could 
be obta ined  f rom commerc ia l  sources, provided 
that  the column was opera ted  isothermally.  All 
quant i ta t ive  data were taken f rom isothermal  
GLC runs. 

The quant i ta t ive  results calculated by the 
compu te r  program for the known methy l  ester 
samples agreed within 10% of the stated 
compos i t ion  for componen t s  present in 
amount s  greater than 10% of the total  sample 
and 20% for componen t s  less than 10%. 
Repet i t ive  analyses of  the standard mixture  
agreed within  3% for all componen t s  regardless 
of  the relative amount  in the sample. Repet i t ive  
analyses of  sheep e ry th rocy te  fa t ty  acids agreed 

within 5% in most cases. 
The fat ty  acids were identified by the 

separation-factors me thod  of  Ackman et al. 
(27-29),  as well as by comparison with the 
standard methy l  ester 's  re ten t ion  t ime on bo th  
die thylene glycol succinate and Apiezon L 
columns. However ,  because capillary columns 
were unavailable, posi t ional  isomers could not  
be distinguished in these analyses; therefore  
only the length of carbon chain and the total  
number  of  double bonds on the chain were 
used to designate the fa t ty  acid methyl  esters. 

In addi t ion,  the BHT was not  removed prior 
to sample inject ion into  the gas chromatograph.  
As noted  by Dodge and Phillips (8), this 
compound  elutes f rom polar  GLC phases with a 
re ten t ion  t ime close to methyl  myristate;  
therefore  no values for myristic acid were 
obta ined in this study. In a few samples in 
which no BHT was used, the amount  of  
myris ta te  acid was less than 0.5% of  the total  
fa t ty  acids so that  this omission was no t  
believed to impair  the data to any serious 
degree. 

Sample blanks were also prepared and 
carried through the entire analytical scheme. 
The blank readings were entered into the 
compute r  program and automat ical ly  sub- 
t racted f rom the samples. The major peak in 
the blank runs, besides BHT, had a re ten t ion  
t ime ident ical  to that  of  me thy l  pa lmi ta te  and 
presumedly was methy l  palmitate ,  which is ap- 
parent ly  ubiqui tous ly  distr ibuted in the envi- 
ronmen t  ei ther as the free acid or methy l  ester. 
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RESULTS 

There is essentially no difference in phos- 
pholipid composition between the two types of 
cells or between recent results and those 
obtained in the previous series (17). Table I 
gives the distribution of the fatty acids in the 
whole cell as per cent of total methyl esters for 
samples from both HK and LK animals. The 
fatty acid pattern of the sheep erythr0cyte is 
characterized by the absence of polyunsatu- 
rated fatty acids. Linoleic acid is the only fatty 
acid containing more than one double bond 
present in sheep erythrocytes in amounts 
greater than 5% of the total fatty acids and it 
accounts for only 8% of the total fatty acids. 
This is in striking contrast to the value of 30% 
polyunsaturated fatty acids (6,8) reported for 
human erythrocytes. 

There is no discernible difference in total 
fatty acid distribution between the HK and LK 
cells; average values, standard deviations and 
range are essentially the same. Tables II and III 
present the fatty acid distribution for the 
individual phospholipids in the erythrocytes of 
HK and LK animals. Sheep erythrocytes 
contain no lecithin or lysolecithin (16,17). 
Also, the phosphatidic acid level in these  
samples was too low for fatty acid analyses, as 
was the amount of Unknown II. The values for 
phosphatidyl ethanolamine, characterized by 
large amounts of oleic acid, are for the 2 
position of the glyceryl ether only. Sheep red 
cells contain only the saturated ether analogue 
of phosphatidyl ethanolamine; none of the 
diacyl or vinyl ether compounds are present (G. 
Nelson, unpublished observation). 

There is essentially no difference in the fatty 
acid distributions of the individual phospho- 
lipids between HK and LK cells. This was 
expected, of course, because the total fatty acid 
patterns showed no significant differences. 
However, a unique fatty acid pattern was 
associated with each phospholipid. The only 
similarity is found when phosphatidyl inositol 
is compared with phosphatidyl serine, and, even 
there, distinct differences are apparent. Tables 
I, II and III for each individual phospholipid list 
only the fatty acids present in amounts greater 
than 1% of the total fatty acids. Generally, only 
six fatty acids meet this criterion for the 
glycerol phospholipids; sphingomyelin is char- 
acterized by a large amount of nervonic acid. In 
most cases, however, the fatty acids present in 
excess of 1% account for 90% or more of the 
total fatty acids. Small differences between the 
average fatty acid distributions in the individual 
phospholipids of HK and LK cells are not 
considered significant and are attributed to 
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TABLE III 

Distribution of the Major Fatty Acids in 
Sphingomyeline of HK and LK Sheep Erythrocytes 

Per Cent of Total Fatty Acid Methyl Esters a 

LK HK 
Fatty acid n = 5 n = 5 

16:0 20.6• 18.4• 
18:0 2.9• 3.1• 
18:1 1.5• 2.3• 
20:0 1.0• 1.1• 
22:0 2.7• 2.9• 
22:1 1.1• 1.3• 
23:0 1.3• 1.4• 
23:1 1.9• 1.8• 
24:0 5.6• 5.4• 
24:1 52.3• 52.3• 
25:0 1.8• 1.8• 

Sumofminor 
~ttyacids 7.2• 8.4• 

aAverage values • standard deviations. 

experimental error. The ranges of values 
obtained in the HK and LK animals were 
essentially identical. 

DISCUSSION 

The data presented here tend to confirm the 
observation reported earlier (16) that HK and 
LK erythrocytes of sheep do not differ in the 
lipid composition of the membrane. A corollary 
to this observation is that the lipids of the 
erythrocyte membrane are not actively involved 
in cation transport across the cell membrane, or 
at least that the factors controlling transport 
are probably not located in the major 
membrane lipids. Certainly the lipid portion of 
the membrane, be it a bilayer or some other 
arrangement, is probably identical in HK and 
LK cells. 

The fatty acid composition of sheep 
erythrocytes has not been studied extensively 
by other investigators. The total erythrocyte 
fatty acid composition was reported by 
Connellan and Masters (1), Kogl et al. (2) and 
de Gier and van Deenen (3). These investigators 
generally agreed that palmitic, stearic, oleic and 
linoleic acids were the major fatty acids present 
in sheep erythrocytes. It is curious, however, 
that none of these investigators reported the 
presence of nervonic or lignoceric acid in sheep 
erythrocytes. They did, however, report the 
presence of arachidonic acid, a substance that 
was not present in detectable amounts in the 
samples analyzed in this work. 

The total fatty acid composition of human 
and rat erythrocytes has been studied most 
frequently (5-8,9-12). The distribution of the 
fatty acids in rat and human is similar and quite 

different from the pattern observed in sheep. 
Both rat and human erythrocytes contain 
considerable amounts of lecithin, but sheep 
erythrocytes contain none. This may explain 
some of the differences observed between sheep 
and the two other species. In addition, the 
phosphatidyl ethanolamine of human and rat 
erythrocytes is highly unsaturated (the diacyl 
or vinyl ether form), whereas in the sheep cell 
only the saturated ether form is present (G. 
Nelson, unpublished observation ) . It is doubtful 
that the differences between sheep erythrocytes 
fatty acids can be accounted for on the basis of 
different phospholipids. It is more likely that 
there is a basic difference in the fatty acids 
initially incorporated in the red cell membranes 
during erythropoiesis. 

It is apparent from fatty acid analyses of 
erythrocytes of other species (8,12,30-32) that 
a wide range of fatty acids is used in the 
formation of the red cell membrane in a 
particular species. HoweveL the analysis of 
erythrocyte fatty acids is complicated by fatty 
acid and phospholipid exchange phenomena in 
the circulation of most mammalian species. 
Oliveira and Vaughan (33) and Mulder et al. 
(34,35) have elucidated the pathway by which 
the 2 position fatty acid of lecithin can be 
exchanged with free fatty acids of plasma. Also, 
total exchange of intact red-cell phospholipids 
with plasma phospholipids can occur in man 
(36), dog (36), and rat (37), and presumably 
other species. These exchange reactions may 
well cause the erythrocyte fatty acid compo- 
sition to reflect the composition of the dietary 
fat rather than that of newly synthesized red 
cells. 

Sheep, on the other hand, may present a 
special case in which the fatty acid composition 
of the erythrocyte is relatively independent of 
the diet. The exchange reaction between 
lecithin and plasma free fatty acids cannot 
occur in sheep because the sheep cells have no 
lecithin. Reed (36) has shown that intact 
phospholipid can be exchanged between eryth- 
rocytes and plasma only if both cell and plasma 
contain appreciable quantities of that particular 
phospholipid. Since sheep plasma contains only 
insignificant amounts of phosphatidyl ethano- 
lamine and phosphatidyl serine (14), only the 
erythrocyte sphingomyelin can be influenced 
by the exchange reaction, and that only slowly 
(36). Therefore, it is probable that the fatty 
acid composition of sheep erythrocytes is 
independent of the diet, except for de novo 
synthesis of new cells as demonstrated by van 
Deenen et al. (4). 

There are only scattered and incomplete 
reports in the l i terature on the fatty acid 
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c o m p o s i t i o n  o f  t h e  i n d i v i d u a l  p h o s p h o l i p i d s  o f  
s h e e p  e r y t h r o c y t e s ,  van  D e e n e n  et  al. ( 4 )  
r e p o r t e d  v a l u e s  f o r  t h r e e  f a t t y  a c i d s  o f  s h e e p  
c e p h a l i n  ( p a l m i t i c ,  o le ic  a n d  a r a c h i d o n i c  ac ids ) ,  
a n d  i n d i c a t e d  t h a t  o le ic  ac id  was  t h e  m a j o r  
f a t t y  ac id  in t h i s  g r o u p .  T h i s  is in a g r e e m e n t  
w i t h  t h e  f i n d i n g s  r e p o r t e d  here .  T h e r e  is, 
h o w e v e r ,  a l a rger  b o d y  o f  d a t a  o n  t h e  f a t t y  ac id  
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  f r o m  o r g a n s  a n d  
t i s s u e s  o f  s h e e p  ( 3 8 - 4 1 ) .  S c o t t  et  al. ( 3 8 )  
r e p o r t e d  t h a t  p a l m i t i c ,  s t ea r i c  a n d  o le ic  a c i d s  
were  t h e  m a j o r  f a t t y  a c i d s  a s s o c i a t e d  w i t h  
p h o s p h o l i p i d s  f r o m  h e a r t ,  l iver ,  k i d n e y  a n d  
b r a in ;  s im i l a r  r e s u l t s  were  f o u n d  by  Miller a n d  
Rice  ( 3 9 )  fo r  l a m b  liver,  s e r u m  a n d  m u s c l e .  
S h o r l a n d  e t  al. ( 4 1 )  r e p o r t e d  f i n d i n g s  s imi la r  t o  
t h o s e  o f  S c o t t  e t  al. ( 3 8 )  a n d  Miller  a n d  Rice  
( 3 9 )  a n d ,  in a d d i t i o n ,  s e p a r a t e d  t h 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  a n d  l e c i t h i n  f r o m  t h e  
w h o l e  b o d i e s  o f  f e t a l  a n d  m a t e r n a l  s h e e p  a n d  
f o u n d  aga in  t h a t  p a l m i t i c ,  s t ea r i c  a n d  o le ic  
ac ids  we re  t h e  m a j o r  f a t t y  ac ids  in t h e s e  
p h o s p h o l i p i d s  in b o t h  s a m p l e s .  
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ABSTRACT 

The activity of a cis-9-fatty acid hydra- 
tase produced by a Pseudomonas sp. 
(NRRL B-3266) isolated from soil was 
compared with that of another isolate 
previously reported (NRRL B-2994), The 
presence of appropriate fatty acids for at 
least 4 hr during aerobic growth in yeast 
e x t r a c t  medium increased subsequent 
enzyme activity. Such cells anaerobically 
hydrated several cis-9-alkenoic acids to 
10-hydroxy fatty acids and aerobically 
formed 10-keto acids, which were par- 
tially degraded to shorter chain keto 
acids. Melting point,  gas chromatography,  
infrared, mass spectrometry and optical 
ro ta tory  dispersion data are given. Six 
fat ty acids having cis-9-unsaturation pro- 
duced hydrated products, but  several 
enoic acids having trans-9-unsaturation or 
double bonds in other than the 9 position 
we re  i n a c t i v e  as s u b s t r a t e s .  The 
(-)-1 0-hydroxypalmi t ic  acid produced 
from palmitoleic acid is considered to 
have the D configuration. Yields of  71% 
crude crystalline product from 15 g of  
oleic acid and 53% from 11 g of pal- 
rnitoleic acid were obtained in 5-liter 
a n a e r o b i c  fermentations with NRRL 
B-3266. Methyl esters, triolein and oleyl 
alcohol were not hydrated. 

INTRODUCTION 

Ricinoleic acid from castor oil is the only 
hydroxy fatty acid commercially available. 
Orujo (sulfur olive) oil was reported to contain 
10-hydroxystearic acid (1); however, the low 
melting point reported (101-103 C) for the 
semicarbazone of the keto derivative compared 
to the melting points for the scmicarbazones of 
authentic 9-keto and 10-ketostearic acids (2) 
suggests that a mixture of 9- and 10- hydroxy-  
stearic acids was isolated from this oil. There is 
no example of a 10-hydroxy acid among 
recently studied natural fatty acids in seed 
lipids (3) although Cardamine seed oil contains 
9,10-dihydroxystearic acid. Of the 628 litera- 
ture citations to oxidations by microorganisms 
compiled by Wallen et al. (4) in 1959, there is 

no example of a long-chain unsaturated fat ty 
acid being hydrated to a hydroxy acid although 
in one reaction cited (5) oleic acid is converted 
to either 9- or 10-ketostearic acid. The keto 
acid probably would have been formed by 
dehydrogenation from an intermediate 9- or 
10-hydroxystearic acid. 

In 1962, Wallen et al. (2) found that the 
unidentified Pseudomonas sp. NRRL B-2994 
( A R S  Culture Collection at the Northern 
L a b o r a t o r y )  (6) converted o le ic  acid to 
10-hydroxystearic acid in about 14% yield. 
Schroepfer and Bloch (7,8) showed that this 
product  was optically active ( [ a ] s46  = -0.16) 
and that  the 10-hydroxyl had the D configu- 
ration, whereas the hydrogen added at the 9 
carbon had the L configuration. They found 
t h e  r o t a t i o n  to  be pos i t ive  when the 
10-hydroxyl was chemically transposed to the 
L configuration. 

During work on modifying common seed oil 
fatty acids by microbial action, a different 
Pseuclomonas sp. was isolated that appeared to 
cause the same reaction catalyzed by NRRL 
B-2994. We wish to report  comparisons indi- 
cating identical enzyme activity by both organ- 
isms, together with studies on the specificity of 
the enzyme, by-product  reactions with whole 
cell cultures and optimization of yields of 
10-hydroxy fat ty acids. 

MATERIALS AND METHODS 

Most fatty acids, together with their esters 
and alcohols, were obtained from The Hormel 
Insti tute and had greater than 99% purity. The 
purity of  the Hormel triolein was more than 
90%. Myristoleic acid was purchased from 
Applied Science Laboratories. C/s-5-eicosenoic 
acid (9) in excellent puri ty was the gift of F. G. 
Doilear, Southern Regional Research Labora- 
tory.  

Microorganisms were isolated from soil 
samples collected aseptically from a local meat- 
processing plant and from a soybean oil mill. 
The soils were plated on ammonium nitrate- 
salts agar containing fine droplets of a dispersed 
mixture of vegetable oil fatty acids. Well- 
separated surface colonies were picked and 
purified by further plating; the resultant pure 
cultures were maintained on slants of t ryptone-  

INo. Utiliz. Res. Dev. Div., ARS, USDA. 
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glucose-yeast extract (TGY) agar (6). Before 
use in fermentations, subcultures were trans- 
ferred at least twice in a yeast extract (YE) 
medium incubated on a rotary shaker. 

The YE medium used for growth and fer- 
mentation contained 0.25 g MgSO4, 0.3 g 
K2HPO4, 0.7 g KH2PO 4 and 5 g Difco yeast 
extract per liter of distilled water and had an 
unadjusted pH of 6.8. The acidity increased to 
pH 6.6 when 100 mg of unneutralized oleic 
acid was added per 50 ml of medium. Distilled 
water in the medium prevented the formation 
of insoluble soaps under alkaline conditions. 

Routinely, growth and fermentations were 
done in 50 ml or 300 ml conical flasks con- 
taining 20 ml or 50 ml of YE medium, respec- 
tively. Flasks were closed with either cotton 
surgical sponges or cotton fiber coffee filters 
(Schwartz Mfg. Co., Two Rivers, Wis.) and the 
medium without added fatty acids was ster- 
ilized for 15 min at 121 C. Flasks were inocu- 
lated with one drop of a 24 hr broth culture 
and were incubated on a rotary shaker at 180 
rpm at 28 C. 

Although aerobic conditions were necessary 
for the growth of all organisms used, fermen- 
tations were done under both aerobic and 
anaerobic conditions. Maximum populations of 
1 to 10 billion cells per milliliter developed 
within 16 hr in shaken flasks; the presence of 
fatty acids did not alter the extent of growth. 
A n a e r o b i c  f e r m e n t a t i o n  conditions were 
achieved by replacing air with prepurified nitro- 
gen gas (less than 8 ppm 02)  after growth was 
completed. Without oxygen, growth ceased and 
the fermentat io  n was accomplished by resting 
cells. To achieve anaerobiosis, a sterile two hole 
rubber stopper carrying bead valves was sub- 
stituted for the cotton stopper in the flasks; 
these valves were connected to a vacuum line 
and through a sterile cotton filter to the N 2 
tank. After air was replaced by nitrogen, the 
flasks were returned to the shaker. 

Either at the start or during the course of 
the fermentation, 100 mg of unsterilized fatty 
acid was added aseptically to each flask. In 
anaerobic fermentations, fatty acid additions 
were made in flowing N 2. Replicate flasks 
allowed removal of a flask at intervals as 
samples. Sampling by aliquots from a single 
flask was impractical because both substrate 
and product were partially insoluble and not 
uniformly dispersed. 

Cells for 5-liter fermentations were grown in 
Fernbach flasks containing 715 ml of medium. 
The cells f r o m  seven flasks were aseptically 
transferred to a sterile 6 liter Florence flask 
carrying a teflon-coated bar magnet and a rub- 
ber stopper with bead valves and a sampling 

tube. Air was replaced with N2, substrate was 
added and samples were taken under flowing 
N2. 

The pH of fermentation samples was taken 
and sufficient 6N H2SO 4 then was added to 
lower the pH below 2 and immediately stop 
microbial activity. Samples containing polyun- 
saturated substrates were held at -20 C under 
N 2 until analysis. Extraction of, and later 
operations on such substrates were performed 
under N 2 to prevent autoxidation. Acidified 
samples were extracted continuously with ether 
for 6 hr. Teflon sleeves were inserted between 
standard taper glass joints to prevent inter- 
ference in infrared analyses by silicone greases. 
Ether extracts were dried with anhydrous 
Na2SO4; the ether was evaporated and fatty 
acids were esterified with diazomethane. 

The methyl esters of samples, controls and 
substrate standards were dissolved in hexane or 
acetone and injected into an F&M Model 700 
gas liquid chromatograph (GLC) containing two 
4 ft columns packed with 20% SE30 silicone on 
80-100 mesh Chromosorb W, and equipped 
with a hydrogen flame ionization detector. 
Samples were injected at 250 C at a helium 
flow rate of 50 ml/min. After 1 min at 250 C, 
the  temperature was programmed to rise 
15~ to 305 C. High temperatures initially 
used to facilitate survey work allowed satis- 
factory separations, except that 10-keto and 
10-hydroxy fatty acids usually occurred as one 
asymmetric peak. Peak areas were determined 
with a recording Disc integrator. Hydroxy and 
keto acids and their mixtures were detected by 
i n t e r n a l  reflection infrared analysis on a 
Beckman Model IR-8; the methyl ester was 
deposited as a film on the surface of a KRS-5 
plate (Wilks Scientific Corp., South Norwalk, 
Conn.) by evaporation from a hexane solution. 
Thin layer chromatography (TLC) was done 
with a mixture of hexane-ether (9:1) on 
Eastman Chromagram silica gel sheets. Positions 
of  f a t ty  acid esters were determined by 
spraying with 0.2% 2',7'-dichlorofluorescein in 
methanol and marking under UV. Keto esters 
were identified by running duplicate samples on 
the same sheet and spraying one half of the 
divided sheet with 2,4-dinitrophenylhydrazine 
HC1, which gives yellow hydrazone spots with- 
out heating. Subsequent fuming with ammonia 
gave more easily detectable red brown keto 
spots and also revealed hydroxy compounds in 
daylight at least as well as by the fluorescein 
technique. 

Pure crystalline hydroxy fatty acid esters 
were obtained by column chromatography on 
silica gel eluted with hexane-ether mixtures in 
steps from 3% to 50% ether. The pure hydroxy 
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FIG. 1. Cell counts and product formation from 
aerobic fermentation of oleic acid by NRRL B-3266. 
A total of 350/.tM oleic acid was added to each flask 
beginning with 70 /AM at eithez 0 hr ( ' ~ ) ,  16 hr 
(0---0), 20 hr (A---A), or 24 hr (E]--El); the balance 
was added at 24 hr. 

esters were used to determine optical activity at 
26.5 C with a 1 dm path length in a Model 60 
Cary recording spectropolarimeter. Mass spectra 
of the corresponding keto esters, prepared by 
chromic acid oxidation, were determined on a 
Model 12-90 Nuclide mass spectrometer. One 
mass spectrum (methyl 4-ketolaurate) was pre- 
pared from a GLC eluant passed directly into a 
Bendix Model 12 Time-O-Flight instrument. 
The spectra were interpreted according to the 
fragmentation scheme for keto esters of fatty 
acids (10). 
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R E S U L T S  A N D  D I S C U S S I O N  

The capacity of about 130 bacterial soil iso- 
lates to modify fatty acid structure was investi- 
gated by growing the organisms aerobically in 
20 ml of YE medium in the presence of a mix- 
ture of nonanoic, oleic and erucic acids. Gas 
chromatograms of methylated ether extracts 
were examined for nonsubstrate peaks. One 
organism produced a compound whose GLC 
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FIG. 2. Infrared analysis of 10-hydroxy- and 
10-ketostearic acid formation from oleic acid by 
NRRL B-3266 (see Table I). Arrows show position of 
hydroxyl absorption at 3420 Cm "1 and keto absorp- 
tion at 1715 cm-1. a. Aerobic, 28 hr sample, b. 
Aerobic, 40 hr sample, c. Anaerobic (under N 2 after 
24 hr), 40 hr sample. 

peak corresponded to 10-hydroxystearic acid. 
Subsequently, a variant strain of this organism 
was obtained by repeated transfer in shaken 
medium; this strain was superior to the original 
isolate in forming hydroxystearic acid from 
oleic acid. Both strains were gram negative 
short rods that did not form pigment and were 
cytochrome-oxidase positive. They did not pro- 
duce acid fermentative!y from carbohydrate. 
The original isolate produced polar flagella, 
singly or in tufts of two or more, and was 
weakly motile. This strain has been entered in 
the ARS Culture Collection as NRRL B-3294. 
The variant strain was nonflagellated. Its prop- 
erties remained stable either when lyophilized 
or when transferred on solid medium. This 
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TABLE I 

Oxidized Products of Oleic Acid as Gas Liquid Chromatographic Peak Areas of Methyl Esters 

359 

NRRL B-2994 NRRL B-3294 NRRL B-3266 
O l e i c  acid added Fermentor GLC a Sampled, hr Sampled, hr Sampled, h r  

(mg) atmosphere peak 24 28 40 24 28 40 24 28 40 

1 0 0  (0 hr) b Air a 1 -- 1 3 -- 1 S -- 1 
0 (24 hr) b 0 -- 0 0 -- 0 26 -- 12 

c 6 -- 4 0 -- 0 1 -- S 

Air a -- 74 62 -- 58 50 -- 66 39 
b -- 1 3 -- 4 1 -- 4 19 
c -- 3 5 -- 1 1 -- 1 1 

Air a -- 62 54 -- 59 40 -- 21 21 
b -- 0 1 -- 4 1 -- 11 35 
c -- 1 2 -- 1 1 -- 1 3 

N2after a -- 58 37 -- 46 10 -- 56 21 
24 hr b -- 14 19 -- 44 74 -- 38 47 

c -- 4 2 -- 1 1 -- 0 0 

0 ( 0  h r )  
100 (24 h r )  

2 0  ( 0  h r )  
80 (24 h r )  

20 (0 h r )  
80 (24 h r )  

aa, Peak area of residual oleic acid; b, combined peak area of lO-hydroxy- and ketostearic acids; c, combined 
area of chain shortened keto acids. 

bOne hundred milligrams of oleic acid (as Me ester) has peak area normalized to 100 units. 

variant was used for  a lmost  all the s tudies  
r epo r t ed  and is available as Pseudomonas sp. 
N R R L  B-3266. Both  strains are easily dist in- 
guishable f rom the  polar  flagellate N R R L  
B-2994 previously r epor ted  (2) which p roduces  
a water  insoluble yel low p igment  and is viscous 
on  TGY slants. This organism also has been  
i d e n t i f i e d  as a m e m b e r  o f  t h e  genus 
Pseudomonas. 

Oleic acid f e rmen ta t ions  wi th  N R R L  B-3266 
were conduc t ed  wi th  variations in media,  initial 
pH and tempera ture .  Glucose was no t  bene-  
ficial, and the  simple YE phospha te  buffer  
med ium was as effect ive as any tried. Al though  
the  organism grows well f rom pH 6 to  9, pro-  
duc t ion  of  10-hydroxystear ic  acid f rom oleic 
acid is n o t  appreciably a f fec ted  by initial pH.  
T h e  u n a d j u s t e d  med ium becomes  slightly 
alkaline during g rowth  in the presence or 
absence of  fa t ty  acids. Inclusion of  Tr i ton 
X-100 to  enhance  dispersion of  fa t ty  acids did 
no t  improve yields. No specific effect  o f  tem-  
perature  on  the  f e rmen ta t ion  react ion was 
found  be tween  20 to  38 C when  equal number s  
of  cells were used,  a l though the  rate of  cell 
division was accelerated at higher tempera tures .  
The results r epo r t ed  were ob ta ined  at 28 C. 

Under  aerobic condi t ions ,  a mixture  o f  
10-ketostearic acid and 10-hydroxystear ic  acid 
is fo rmed  by f e rmen ta t i on  of  oleic acid. Such a 
mixture  was de tec ted  by spraying th in  layer 
c h r o m a t o g r a m s  w i t h  2 , 4 - d i n i t r o p h e n y l -  
hydraz ine  to  fo rm hydrazones  in situ, and by  
infrared analysis. In addi t ion  to  10-hydroxy-  
and 10-ketostearic acids, small amount s  of  
o the r  ke to  acids were found  in e ther  ext rac ts  o f  
f e rmen ta t ion  liquors. These acids had lower  

GLC re t en t ion  t imes,  and a semilog p lo t  of  
r e t en t ion  t ime vs. carbon n u m b e r  indica ted  
chain-shor tening by 2-carbon units;  the  me t h y l  
ester  o f  one  of  these,  4-ketolauric  acid, was 
ident i f ied  by mass spec t romet ry .  Such com- 
pounds  would  be expec ted  to  result  f rom 
dehydrogena t ion  and be ta -oxida t ion  of  the  
initial 10-hydroxystear ic  acid p roduc t .  

More p ro d u c t  was fo rmed  at fas ter  rates and 
less oleic acid was metabol ical ly  degraded if the  
ceils were first g rown in the  presence  of  a small 
amoun t  of  oleic acid and if the  principal  quan-  
t i ty  of  subs t ra te  was added  later. This suggests 
tha t  f o rma t ion  of  the  responsible  enzyme  may  
be derepressed by the  presence  of  subst ra te  
during cell g rowth .  Results  of  fu r ther  investi- 
gat ion of  the  role of  inducer  oleic acid are 
r epresen ted  in Figure 1. At  intervals during 
growth  70/aM of  oleic acid was added  to  50 ml 
of  inocula ted  med ium in d i f fe rent  flasks to  
induce  the  enzyme;  an addi t ional  280/aM was 
added as f e r m e n t a t i o n  subst ra te  to  all flasks at 
24 hr. Individual  flasks of  each inducer  series 
were r emoved  at intervals; 1 ml  samples were 
taken aseptically for plate counts  and the  rest  
was used for  GLC assay. The culture achieved 
m a x i m u m  popula t ions  in 16 to  20 hr. Appar-  
ent ly  inducer  fa t ty  acid must  be added  before  
cell division ceases in order  to  ob ta in  rapid pro-  
duc t ion  of  hydra t ed  p roduc t  in high yield. The 
90% reduc t ion  in viable cells upon  the  addi t ion  
of  fa t ty  acid could result  f rom a radical change 
in cell walt permeabi l i ty  caused by the  fa t ty  
acid. Easier access of  en zy me  to  subst ra te  must  
be cons idered  as an al ternative to  enzyme 
induct ion .  

U n d o u b t e d l y  the enzyme  is intracellular;  

LIPIDS, VOL. 4, NO. 5 



360 E. N. DAVIS, L. L. WALLEN, J. C. GOODW'IN, W. K. ROHWEDDER AND R. A. RHODES 

TABLE I1 

Mass Spectral Data of Keto Products 

Parent 
Compounds mass Fragments a Mass 

1 10 
Me 10-ketostearate b 312 CH3OOC(CH2)8CO 199 

18 10 
CH3(CH2)7CO 141 

1 10 
Me 10-ketopalmitate b 284 CH3OOC(CH2)8CO 199 

16 tO 
CH3(CH2)sCO 113 

1 4 
Me 4-ketolaurate c 228 CH3OOC(CH2)2CO 115 

12 4 
CH3(CH2)7CO 141 

1 6 
Me 6-ketolaurate c 228 CH3OOC(CH2)4CO 143 

12 6 
CH3(CH2)sCO 113 

aSelected fragments that prove keto position. Numbers over fragments indicate carbon 
positions in parent compound. 

bObtained by chromic acid oxidation of the methylated lO-hydroxy acids formed by 
fermentation of oleic and palmitoleic acids with NRRL B-3266. 

CChain-shortened acids obtained as minor products from oleic and palmitoleic acid 
aerobic fermentations with NRRL B-3266. 

centrifuged cells in buffer are active, whereas 
the supernatant is not. After sonication of 
washed cells, some oxidative activity on oleic 
acid is present in the supernatant obtained by 
centrifugation at 20,000 x g. 

When i n d u c e d  resting cells are used, 
10-hydroxystearic acid is formed anaerobically. 
A n a e r o b i c  c o n v e r s i o n  suggests that the 
hydroxyl oxygen is derived from water rather 
than molecular oxygen and that the enzyme is a 
h y d r a t a s e  ( h y d r o - l y a s e )  rather than an 
oxygenase. For the different bacteria studied, 
Table I gives the results of fermentations done 
with different gas atmospheres and variations in 
the time of oleic acid addition. The results are 
expressed as arbitrary GLC peak areas of 
methyl esters of residual oleic acid, the com- 
bined peak of 10-hydroxy- and ketostearic 
acids and the sum of chain-shortened keto 
acids. It is evident that an anaerobic reaction 
with induced resting cells gives the greatest 
yields with minimal loss of oleic acid. As 
mentioned earlier, strain NRRL B-3266 was 
selected for its ability to make more oxidized 
product aerobically than NRRL B-3294. Strain 
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NRRL B-2994 forms little product aerobically 
under the conditions used; Wallen et al. (2) 
found that pH 8.8 and addition of Triton 
X-100 with the oleic acid at 24 hr afforded 
m a x i m u m  yields during the much longer 
aerobic fermentation periods. Cell counts from 
anaerobic fermentations showed that popula- 
tions remained stable for several hours after the 
addition of oleic acid at 24 hr; the population 
then decreased. Production of hydroxy acids 
also continued for extended periods. 

Infrared bands for stretching frequencies of 
keto (1715 cm-l) and associated hydroxy 
(3420 cm-I) groups are shown in Figure 2. 
These spectra illustrate the apparent conversion 
of 10-hydroxy-to 10-ketostearic acid with time 
under aerobic conditions and the complete 
inhibition of such dehydrogenase activity 
anaerobically. TLC showed that several keto 
compounds were present in aerobic samples but 
not in anaerobic samples. 

Undegraded fatty acid products from the 
fermentation of both oleic and palmitoleic 
acids (see below) were methylated and then 
oxidized with chromic acid to their keto deriva- 
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TABLE III 

Melting Points of Hydrated Products 
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10-Hydroxy- 10-Hy droxy- 10-Hydroxy- 
stearate stearate palmitate 

Organism NRRL B-2994 NRRL B-3266 NRRL B-3266 

Acid 88.0-89.0 C a 87.5-88.0 C 72.0-72.5 C 
Me ester 57.0-58.0 C b 57.0-57.5 C 44.0-45.0 C 

a86-86.5 C (2), 86.5-87 C (8). 
b53-54 C (2), 56.5-57 C (8). 

tires. These ke to  esters then were subjected to 
mass spec t rometry .  Chain-shortened acids iso- 
lated f rom aerobic fermenta t ions  contained 
only ke to  groups; two of these were analyzed 
as their  methy l  esters. Table II shows the 
parent  mass numbers  obtained f rom the ob- 
served molecular  ion peaks and those of  peaks 
clearly corresponding to the expected  frag- 
ments  (10). These results conf i rm the place- 
ment  of  the oxygen  on carbon 10 of  the sub- 
strate acids and chain-shortening f rom the 
carboxyl  end. 

A number  of  unsaturated fat ty acids and 
related compounds  were tested as substrates for 
N R R L  B-2994 and N R R L  B-3266 by the 
induced resting cell technique under aerobic 
and anaerobic condit ions.  All fa t ty  acids having 
cis unsaturat ion in the 9,10 posit ion,  regardless 
of  chain length,  gave a product  of  longer GLC 
re tent ion  t ime than the substrate.  Alkenoic  
acids with trans configurat ion or  no unsatu- 
ration in the 9,10 posit ion were not  altered. 
The fol lowing trans acids were tested:  pal- 
m i t e l a i d i c  ( trans-9-hexadecenoic) ,  elaidic 
( trans-9-octadecenoic), trans-vaccenic (trans 
-11-octadecenoic)  and linelaidic (trans-9, trans 
-12-octadecadienoic) .  Inactive cis fa t ty  acids 
tested were: petroselenic (cis-6-octadecenoic), 

cis-vaccenic ( cis-11-octadecenoic), 5-eicosenoic 
( c i s - 5 - e i c o s e n o i c ) ,  l l - e i c o s e n o i c  (cis-ll- 
e i c o s e n o i c ) ,  erucic (cis-13-docosenoic) and 
nervonic (cis-I 5-tetracosenoic) .  

In fe rmenta t ion  extracts  methyla ted  with 
d i a z o m e t h a n e  under  the GLC condi t ions  
described,  oleic acid (cis-9-octadecenoic) had a 
re ten t ion  t ime of  5.3 min vs. 6.9 min for its 
f e rmenta t ion  product ,  10-hydroxystear ic  acid; 
the palmitole ic  acid (cis-9-hexadecenoic) peak 
a p p e a r e d  a t  3 .9  m i n  vs.  5.3 min for 
10-hydroxypalmi t ic  acid and myris toleic  acid 
(cis-9-tetradecenoic) was retainedL 2.8 min vs. 
4.1 min for its product  presumed to be 
I 0 -hydroxymyr i s t i c  acid. A straight line plot  of  
the log of  the re ten t ion  t ime of  these three 
p r o d u c t s  against  chain length suggests a 
homologous  series. 

Fe rmen ta t i on  o f  l inoleic (cis-9, cis-12-octa- 
d e c a d i e n o i c ) ,  l i no l en i c  (cis-9, cis-12, cis 
- 1 5 - o c t a d e c a t r i e n o i c )  a n d  r i c i n o l e i c  
(1 2-hydroxy-cis-9-octadecenoic) acids under  
ni t rogen with cultures grown in the presence of  
e i ther  substrate acids or oleic acid gave GLC 
peaks with about  40% longer re tent ion  t imes 
than their respective substrates, indicative of  
hyd roxy  acids. The 10-hydroxy monoenoic ,  
d ienoic  and 10,12-dihydroxy acids, respecti- 

TABLE IV 

Corrected Specific Rotations of 
Methyl Esters of Hydrated Products 

l 0-Hydroxy- 10-Hydroxy- 10-Hydroxy- 
stearate s t e a r a t e  p a l m i t a t e  

Organism NRRL B-2994 NRRL B-3266 NRRL-B-3266 

1o~) [O~l [~1 
n M  c = 5 . 0 0  c = 4 . 4 2  c = 5 . 0 0  

546 -0.12 a -0.09 -0.30 
436 -0.30 -0.27 -0.60 
408 -0.34 -0.32 -0.71 
365 -0.42 -0.43 - 0 . 9 4  
3 1 3  - 0 . 6 4  - 0 . 6 1  - 1 . 4 1  

al~ I = -0.16, -0.32, -0.39, -0.51 and -0.83 (respective ~.) (8). 
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vely, are presumed to be products  of  these 
three substrates. Autoclaved control  cultures 
containing these polyunsaturated acids shaken 
ei ther  in air or  under ni trogen did not  give 
autoxid ized  products  which could be confused 
with the presumed hydroxy  acids. Fur ther  
work  with these and o ther  substrates is in 
progress. 

Methyl  esters of  cis 9-alkenoic acids were 
not  hydrated.  After  fe rmenta t ion ,  a small 
amount  of  free acids could be removed from 
the ether  extract  with 5% Na2CO3;  presumably 
the organisms have some esterase activity. 
Similarly, there was evidence of  weak lipase 
act ivi ty against triolein but no evidence of  
h y d r a t i o n  o f  t h e  in t ac t  fat;  when the 
Na2CO3-extrac ted  triolein was saponified and 
esterified, only methyl  oleate was found by 
GLC. Oleyl alcohol  was inactive as a substrate 
with ei ther oleic acid or itself as inducer.  These 
results indicate that  a free carboxyl  is required 
for product  format ion.  

A 5 liter fe rmenta t ion  with oleic acid was 
run by growing the cells in seven Fernbach 
flasks on a G u m p  shaker. Each flask contained 
715 ml of  YE medium and 0.165 g of  acid. 
Af te r  20 hr, the grown cultures were transfer- 
red aseptically to a sterile 6 liter s toppered 
Florence  flask containing a magnet ic  stirrer. Air 
was replaced with ni trogen and 13 g of  oleic 
acid was added. The culture l iquor was stirred 
at a speed to give a shallow vortex.  Insoluble 
flakes of  product  were apparent  within a few 
minutes.  Stirring was cont inued at 28 C for 36 
hr. Concent ra ted  H2SO 4 was added slowly to 
pH 1.8, Hyfio Super-Cel was added and the fer- 
menta t ion  l iquor was vacuum-fi l tered on paper 
coated with filter aid. The fi l trate was free of  
product  and all but  a trace o f  substrate acids. 
The filter cake was extracted twice with 
hexane,  and the product  was crystall ized from 
the extract  at -15 C. F rom oleic acid, crude 
crystalline product  was obtained in 71 mole % 
yield, calculated as 10-hydroxystearic  acid. A 
comparable  fe rmenta t ion  was done using 1 .I 5 g 
of  palmitoleic  acid during the aerobic growth 
phase and 10 g of  acid for the anaerobic fer- 
menta t ion  phase. Crude crystall ine product  was 
obtained in 53 mole % yield, calculated as 
10-hydroxypalmi t ic  acid. 

The methyl  esters of  these acids were 
processed in 1 g batches on a 4 X 80 cm silica 
gel column.  First ,  1150 ml of  3% ether  in 
h e x a n e  was  passed through the  column 

fol lowed by a 10% ether  mixture  until  tests on 
25-ml fractions indicated that  all 10-keto esters 
were removed and that  10-hydroxy esters had 
started to elute. The 10-hydroxy esters then 
were eluted with  a 50% ether-hexane mixture.  

T h e  p u r i f i e d  1 0 - h y d r o x y s t e a r i c  and 
10-hydroxypalmi t ic  acids and their  methyl  
esters were used for de terminat ion  of  melt ing 
points  and optical  activity. Tables !II and IV 
list these data in comparison with those for 
10-hydroxystear ic  acid produced by N R R L  
B-2994. This comparison indicates that  the 
1 0 - h y d r o x y s t e a r i c  acid formed by N R R L  
B-3266 is identical with that for N R R L  B-2994. 
The melting points  and optical activity of 
10-hydroxypalmi t ic  acid and its methyl  ester 
have not been previously reported.  The negative 
ro ta t ion  o f  10-hydroxystearate  correlates with 
a D configurat ion of  the hydroxyl  subst i tuent  
and 10-L-hydroxystear ic  acid has an equivalent  
positive ro ta t ion (8). By analogy and con- 
s ider ing that the 10-hydroxypalmi ta te  and 
stearate are here produced by the same highly 
specific enzymat ic  react ion,  it is assumed that  
the ( - ) -10-hydroxypalmita te  has the D config- 
uration.  

ACKNOWLEDGMENT 

Spectropolarimeter data by J. E. Cluskey; mass 
spectrum of methyl 4-ketolaurate by E. Selke. 

REFERENCES 

1. Vioque, E., and M. P. Maza, Grasas Aceites 
(Seville, Spain) 15, 66-68 (1964). 

2. Wallen, L. L., R. G. Benedict and R. W. Jackson, 
Arch. Biochem. Biophys. 99, 249-253 (1962); 
Wallen, L. L. U.S. 3,115,442 (1963). 

3. Wolff, I. A., Science 154, 1140-1149 (1966). 
4. Wallen, L. L., F. H. Stodola and R. W. Jackson, 

"Type Reactions in Fermentation Chemistry," 
U.S. Dep. Agr. ARS-71-13 (1959). 

5. Pigulewski, G., and M. Charik, Biochem. Z. 200, 
201-210 (1928). 

6. Haynes, W. C., L. J. Wickerham and C. W. 
Hesseltine, Appl. Microbiol. 3, 361-368 (1955). 

7. Schroepfer, G. J., Jr., and K. BIoch, J. Amer. 
Chem. Soc. 85, 3310-3311 (1963). 

8. Schroepfer, G. J., Jr., and K. BIoch, J. Biol. 
Chem. 240, 54-63 (1965). 

9. Miller, R. W., M. E. Daxenbichler, F. R. Earle and 
H. S. Gentry, JAOCS 41, 167-169 (1964). 

10. Ryhage, R., and E. Stenhagen, Ark. Kemi 15, 
545-574 (1960). 

[Received December  20, 1968] 

LIPIDS, VOL. 4, NO. 5 



Neutral Lipid and Fatty Acid Composition of Earthworms 
(L umbricus terrestris) 

J. CERBULIS 1,2 and M. WIGHT TAYLOR, Department of Biochemistry & Microbiology 
Rutgers, The State University, New Brunswick, New Jersey 08903 

ABSTRACT 

E a r t h w o r m s  (Lumbricus terrestris) 
were extracted with chloroform-methanol 
(2:1) and examined primarily for neutral 
lipids and fatty acids. TLC showed spots 
for sterols, hydrocarbons, free fatty acids, 
phospholipids and pigments but none for 
glycerides (tri-, di- or mono). Saponifi- 
cation of the crude lipid extract yielded 
32% fatty acids, 25% unsaponifiables and 
43% unidentified. The lipid contained 3% 
hydrocarbon and 16% sterols. GLC of the 
hydrocarbons showed at least 13 compo- 
nents. GLC of the sterol fraction showed 
peaks corresponding to cholesterol (the 
major component),  7-sitosterol, /3-sito- 
sterol, stigmasterol, campesterol, and 
ergosterol. GLC showed that at least 38 
fatty acids were present, with 18:1, 18:2, 
18:0, 20:1 and 17:0 predominanting, 

INTRODUCTION 

Earthworms have been used for centuries in 
many countries as an antipyretic (1,2) and as a 
food. A recent report by Kobatake (3)showed 
that earthworm extracts contain antituber- 
culous activity. 

Some older reports are available about the 
composition of lipids of earthworms but this 
information is limited. It has been reported that 
fresh earthworms contain 1.2-1.3% of ether- 
soluble matter (4) and that this material is very 
dark in color (4,5) and has a sharp odor (5). 
The fat fraction contains 21.3-51.4% of unsa- 
p o n i f i a b l e  matter  (1,4-6), a considerable 
amount of sterols and some nonesterifiable 
matter (4). Common triglycerides are not an 
important constituent of earthworm lipids (4). 

This paper describes the initial work on the 
analyses of the earthworm fat fraction using 
modern methods. 

EXPERIMENTAL PROCEDURES 

Earthworms 

The earthworms, Lurnbricus terrestris, were 

IEastern Regional Research Laboratories, USDA, 
Philadelphia, Pa. 19118. 

2Abstracted in part from the Ph.D. dissertation of J. 
Cerbulis, Rutgers, The State University, 1966. 

collected at Boyertown, Pennsylvania, by dig- 
ging them from the ground or by picking them 
up at night on the ground after rain. In each 
experiment 0.5-3 kg of live earthworms were 
washed with distilled water, then kept alive in 
beakers for 4 hr to eliminate soil particles from 
the digestive tract, then washed again with dis- 
tilled water. 

Lipid Extraction 

The earthworms were extracted for 24 hr 
with chloroform-methanol (2:1 v/v) with occa- 
sional stirring using 20 ml of solvent per gram 
of fresh earthworms as described by Folch et al. 
(7). All solvents used were reagent grade, redis- 
t i l l e d  b e f o r e  use through Vigreaux-type 
column. The samples were extracted four times. 
Portions of the extracts were evaporated to 
dryness either on a steam bath with a stream of 
nitrogen or under reduced pressure at 35 C. The 
residue was redissolved in chloroform-methanol 
(2:1 v/v). and water-soluble impurities were 
removed by the method of Folch et al. (7). The 
chloroform layer was washed once with water. 
The washing was added to the aqueous phase 
and the latter was extracted once with chloro- 
form. The chloroform layer and the aqueous 
layer were evaporated to dryness and the resi- 
dues weighed. 

Thin Layer Chromatography 

This procedure was carried out as described 
by Cerbulis and Ard (8). Silica Gel G plates 
(Brinkman Instruments, Inc., Westbury, N.Y.) 
were reactivated at 105 C for 1 hr. Samples 
were applied at 2 cm intervals and developed in 
one-dimensional chromatography. The devel- 
oping solvents were petroleum ether-diethyl 

ether-acetic acid (90:10:1 v/v/v) and benzene 
for neutral lipids and chloroform-methanol- 
water (65:25:4 v/v/v) for phospholipids. Iodine 
vapor was used to make the lipids visible. 

Column Fractionation 

Chromatographic columns with replaceable 
coarse-porosity sintered glass disk and Teflon 
stopcock were used. The lipid fraction was sep- 
arated on a silicic acid column as described by 
Rouser et al. (9). The washed total lipid extract 
was applied to the column dissolved in chloro- 
form. The 0.52 g of lipid fraction was applied 
to 2.5 x 30 cm column. Eluting solvents were: 
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TABLE I 

Chromatography of Earthworm Lipid Fraction on a Silicic Acid Column 

Original 
Eluting Fraction material, 
solvent weight, g % Components 

Chlorofrom 0.2514 51 Pigments, sterols, 
free fatty acids 

Chloroform-acetone ( I : I) 0.0357 7 Pigments, glycolipids 

Acetone 0.0046 l Pigments, glycolipids 
Methanol O. 1314 25 Pigments, phospho- 

lipids 
Methanol-acetic (2: 1) 0.0816 16 Pigments, phospho- 

lipids 

c h l o r o f o r m ,  c h l o r o f o r m - a c e t o n e  ( 1 : 1 ), ace tone ,  
m e t h a n o l  and  me thano l -ace t i c  acid (2 :1) .  The 
to ta l  recovery was 98.3%. C o m p o n e n t s  were 
ident i f ied  by TLC using k n o w n  spec imens .  No 
a t t e m p t  was made  to d e t e r m i n e  the  precise 
a m o u n t  of  the  several c o m p o n e n t s  in each frac- 
t ion .  For  results  see Table  1. 
Saponification 

The  unwashed  to ta l  lipid ex t rac t  was sapon-  
flied to avoid possible loss of  fa t ty  acids and  
p robab ly  some of  the  unsaponi f iab les .  A 20 g 
sample  was saponif ied  wi th  1 N KOH in meth-  
anol  unde r  ref lux for  75 min  t hen  an equal  vol- 
ume  of  water  was added  and  the  m i x t u r e  ex- 
t r ac t ed  wi th  p e t r o l e u m  e the r  to give the  unsa- 
poni f iab le  f rac t ion.  The  pH was t hen  lowered 
to  1.0 wi th  HCi and  the  fa t ty  acid f rac t ion  
ex t r ac t ed  with p e t r o l e u m  e the r  leaving a dark 
b rown-b lack  aqueous  material .  T he  aqueous  
phase  was ex t r ac t ed  with d ie thyl  e the r  to 
o b t a i n  the  d ie thy l  e the r  ex t rac t  (see U n k n o w n  
acid)  leaving a d ie thy l  e ther - inso lub le  black 
aqueous  material .  

Fractionation of Unsaponifiable Material 

This  mater ia l  was a slightly yel lowish solid. 
T h i n  layer c h r o m a t o g r a p h y  (TLC) showed 
spots  co r r e spond ing  to h y d r o c a r b o n s ,  p igment s  
and sterols,  wi th  s terols  as the  major  group.  To 
separa te  these mater ia ls  in suff ic ient  quan t i t i e s  
for f u r t he r  analyses  the  f rac t ion  was c h r o m a t o -  
g raphed  on a sflicic acid c o l u m n  (Ma lhnck rod t ,  
c h r o m a t o g r a p h i c  grade)  ac t ivated  for 12 hr  at 
120 C and packed in a co lumn ,  4.2 cm i.d. to  a 
bed height  of 38 cm. The  lipid was e lu ted  as 
s h o w n  in Table  ii. The  h y d r o c a r b o n - p i g m e n t  
f rac t ion  (I in Table  II)  was r e c h r o m a t o g r a p h e d  
on  a silicic ac id-Hyf lo  Supercel  (3: 1, by weight )  
co lumn.  The mix tu r e  of  adso rben t s  was slurried 
in to  the  co lumn  wi th  pe t ro l eum ether .  The  
sample ,  dissolved in p e t r o l e u m  e ther ,  was then  
added.  H y d r o c a r b o n s  were e lu ted  f rom the 
c o l u m n  with p e t r o l e u m  e the r  a lmost  at the  sol- 
vent  f ron t  as a colorless  oil, which  solidified at 
0 C as a colorless mass, The  oil was ana lyzed  by 
gas c h r o m a t o g r a p h y .  Die thyi  e the r  and  meth-  
anol  r emoved  all p igmen t s  f rom the  co lumn.  

TABLE 11 

Chromatography of Unsaponifiable Earthworm Lipids on Silicic Acid Column 

Vol. of 
Fractions eluting Fraction Original 
in order solvent, weight, material, 

of elution Eluting solvent liter g % Ingredients 

I Petroleum ether i.8 l 3.2 18 
i% diethyl ether in 2.2 
petroleum ether 

II 2% diethyl ether in 6.7 
petroleum ether 
4% diethyl ether in 10.0 12.8 73 
petroleum ether 
10% diethyl ether in 8.5 
petroleum ether 

!1I 50% diethyl ether in 5.0 
petroleum ether 
diethyl ether 4.0 2.0 9 
Methanol, absolute 3.0 

Hydrocarbons 
and pigments 

Sterols and 
pigments 

Pigments 
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The sterol-pigment fraction, which came off 
with increasing concentrations of diethyl ether 
(II in Table II), was evaporated to dryness and 
redissolved in a small volume of petroleum 
ether (bp 40-60 C) and left overnight at -30 C 
(10). The white crystals of precipitated sterols 
were removed by filtration and analyzed by gas 
liquid chromatography. TLC showed that the 
sterol precipitation was complete and that the 
petroleum ether contained pigments only. 

Methylation of Fatty Acids Soluble 
in Petroleum Ether 

Fatty acids were esterified with BF3-MeOH 
complex (11)  The fatty acid fraction (1 g) was 
added to the reagent (50 ml) and heated at 
100 C for 3 min; then the mixture was poured 
into water and extracted with diethyl ether. 
The diethyl ether extract was washed once with 
5% sodium bicarbonate, twice with water, dried 
over MgSO 4 and the solvent removed. TLC 
showed that esterification was complete. 

During methylation pigment color of the 
fatty acid fraction changed from yellow to dark 
brown to black. The methyl ester fraction was 
purified on a 1.8 x 25 cm column of Silica Gel 
G (which had been heated at 118 C for 3 hr), 
using benzene as a solvent. Methyl esters were 
eluted as a yellowish fraction close to the sol- 
vent front, then the pigment fraction followed 
slowly. TLC, using Silica Gel G plate with ben- 
zene as solvent, showed that the separation was 
complete. 

Gas Chromatography of Fatty Acid Methyl Esters 

The gas chromatogram was run using 8% 
(w /w)  EGSS-X organosi l icone polyesters 
(Applied Science Laboratories, State College, 
Pa.) on a 100-120 Gas-Chrom P column. Tem- 
perature programming was not used because of 
excessive baseline rise. Instead, three isothermal 
runs were made at 190 C, 150 C and 125 C re- 
spect ively .  Quantitative results for several 
s t a n d a r d  methyl  ester mixtures (Applied 
Science Laboratories) were determined. Peak 
areas were calculated by the peak height multi- 
plied by peak width at half peak height method 
(12) but were expressed as weight per cent 
(area per cent). 

R ESU LTS 

Lipid Content of Earthworm 

Lipid content (based on fresh weight) varied 
according to the season when the earthworms 
were collected. The lowest content (0.65%) 
were found in March and April, and the highest 
(3.5%) in May. The average content of lipids 
was 1.0-1.5%. 

S e p a r a t i o n  of the chloroform-methanol 

r 
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FIG. 1. Thin layer chromatogram of earthworm 
neutral lipids 400 p,g lipids/spot. Solvent: Petroleum 
cther-diethyl ether-acetic acid (90:10:1) 1, Choles- 
terol; 2, earthworm neutral tipids; 3, palmitic, oleic, 
stearic acids; 4, hazel nut oil,; 5, triglycerides. Rea- 
gent: iodine vapor. 

(2: 1) extract with added water as described by 
Folch et al. (7) resulted in a chloroform layer 
(lipids), 45%, and a methanol-water layer 
(nonlipids), 55%, of the total extract weight 
(see Lipid Extraction). However, a spot test 
using Rhodamine 6G reagent showed that the 
aqueous layer gave a Rhodamine 6G positive 
reaction, showing the presence of some lipids. 
TLC and paper chromatography showed the 
absence of those lipids found in the chloroform 
l aye r  bu t  the presence of pigments and 
ninhydrin positive material, most of which were 
fluorescent under ultraviolet light. 

The lipid fraction was separated on the 
silicic acid column, as summarized in Table I. 
Pigments were present throughout all fractions. 

Properties and Composition of Lipid Fraction 

The lipid fraction was brown-black in color 
and had a sharp odor. TLC showed no triglycer- 

LIPIDS, VOL. 4, NO. 5 



366 J. CERBULIS AND M. WIGHT TAYLOR 

J\ 
I I 1 

0 t 

I I t 

I 
2 

RETENTION 

~ l ' 

m 

3 
TIME 

FIG. 2. Gas liquid chromatogram of earthworm 
sterols I Cholesterol, I1 Ergosterol, I11 Campesterol, 
IV ~'-Sitosterol, V Stigmasterol, VI /3-Sitosterol, 
Barber-Colman Model 10 instrument with the argon 
ionization detector with 6 ft. x 1A in. i.d. column of 
Gas Chrom-P (coated with dimethyldichlorosilane) 
80-100 mesh, with the flow' rate 60 ml N2/min at 
212 C columns, 275 C cell and 305 C flash heater. 

ides, diglycerides or monoglycerides. Free fatty 
acids, phospholipids, glycolipids, sterols and 
pigments were the compounds present (Fig. 1). 

Saponification of 20 g of the total lipid 
extract gave the following results: unsaponi- 
fiable material 25%, petroleum ether-soluble 
f a t t y  acids 32%, and a petroleum ether- 
insoluble residue, very dark in color, 43%. 
These data vary somewhat from the value of 
55% water-soluble material for the total lipid 
extract which was not saponified. Apparently 
saponification liberated material to the petro- 
leum ether-soluble fractions. 

The unsaponifiable fraction was found to 

have the following composition: hydrocarbons 
15%, pigments 15-20%, sterols 65-70%. 

Hydrocarbons 

A sample of hydrocarbon material was gas 
chromatographed on a 4 foot column of 
Apiezon L on 60/80 mesh glass beads with the 
flow rate 60 rrd N2/min. Identification was 
only tentative because standard specimens were 
not available. At least 13 hydrocarbon peaks 
were observed, including straight chain and 
branched chain compounds (13). 

Starols 

The sterol fraction m. 138 C, was analyzed 
by gas liquid chromatography (14) on a 6 foot 
column of Gas Chrom P, 80-100 mesh (Applied 
Science Laboratories, State College, Pa.) with 
the flow rate 60 ml N/rain. At least 6 sterols 
were present (Fig. 2). Cholesterol, 3,-sitosterol, 
/~-sitosterol, stigmasterol and campesterol were 
identified by comparison with known speci- 
mens. Cholesterol was the major component. 
The second largest component,  probably ergos- 
terol, was not unequivocally identified due to 
lack of a known specimen. 

The Composit ion of the Fat ty  Acid Fraction 

The fatty acid fraction was very complicated 
as shown in Table III. At least 38 peaks were 
present in the chromatogram and several more 
fatty acids were undoubtedly present because 
some peaks overlapped each other and repre- 
sented two or more acids. Acids from C1] to 
C27 were present, with the C l s  and C2o fatty 
acids predominating. Some of the anteiso 
branched chain saturates could be iso unsatu- 
rated compounds. Hydroxy, epoxy and cyclo 
fatty acids also could be present. The present 
data confirm and extend those of Lovern (4), 
who reported the presence of Cj 0 t o  C22 even 
fatty acids. 
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FIG. 3. Infrared spectra of unknown acid. Prepared as KBr pellets, taken on a Beckman IR-4 
infrared spectrometer. 
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TABLE III 

Fatty Acid Composition, Weight Per Cent 
of Total Acids 

Fatty acid Carbon number  Weight,  % 

10:0 I0.0 - 
11:0 11.0 0.I 
11:1 11.5 0.2 
12:0 12.0 1.3 
12:1 12.5 0.9 
13:0 13.0 0.5 
13:0 12.3 0.2 
13:0 12.7 0.5 
13:1 13.5 0.5 
14:0 14.0 1.2 
14:0 13.3 0.2 
14:1 14.5 2.8 
14:2 15.1 ~ 
15:0 15.0 1.6 
15:0 14.3 0.6 
15;0 14.7 0.9 
15:1 15.5 1.5 
16:0 16.0 2.8 
16:0 15.3 0.3 
16:0 15.6 0.8 
16:1 16.5 2.0 
16:2 17.3 t 
18:0 17.5 1.6 
16:4 (6,9,12,15) 18.9 2.6 
17:0 17.0 t 
18:0 17. i 6.5 
17:0 16.3 0.6 
17:0 16.6 1.2 
18:0 18.0 7.7 
18:1 18.4  12.4 
18:2 19.2 5.1 
19:0 19.0 -- 
19:0 18.2 1.0 
19:0 18.6 1.2 
20:0 20.0 0.3 
20:0 19.5 0.1 
20:1 20.4 8.7 
20:2 (8,11) 21.1 1.0 
20:2 (11,14) 21.3 2.7 
21:0 21.0 1.1 
22:0 22.0 t 3.2 
22:0 21.8 
22:1 23.4 4.2 
23:0 23.0 t 
23:0 23.9 1.9 
24:0 24.0 1.8 
24:0 23.6 4.9 
24:1 24.5 0.5 
25:0 24.9 0.6 
26:0 25.4 0.5 
27:0 27.0 9.7 

Phospholipids 

TLC showed that  the phospholipid fract ion 
contained several components .  

Unknown Acid From the Petroleum 
Ether-I nsoluble Material 

The diethyl  ether  extract  f rom the petro- 
leum ether-insoluble material f rom the fa t ty  
acid fract ion was concent ra ted  to a small vol- 
ume and an equal  volume of pe t ro leum ether  
added to the solut ion.  This solut ion was left  at 

0 C for a week, during which t ime a crystall ine 
solid (0.12 g; f rom 20 g of  the total  lipid 
ext rac t )  gradually precipi tated.  This solid was a 
strong acid with no sharp melt ing point ,  but  
turned slowly brown at 195 C and decomposed  
at 235 C. Elemental  analysis (performed by 
Carl Tiedcke,  Teaneck,  N.J.) gave C, 57.54%; H, 
3.32%; N, 0.00%. The molecular  weight was 
1 2 6 ,  w h i c h  gave  t h e  empir ical  formula  
C 6 H 4 . 6 0  3. FeCI 3 gave a reddish-brown color.  
There was strong absorpt ion in the ultraviolet  
region: peaks were at 200, 274, 280 rn/a in 
MeOH; 228, 270, 290 m/~ in NaOH, and 205, 
228, 278 m/a in H2SO 4. The infrared absorp- 
t ion spectrogram (Fig. 3) gave the characterist ic 
COOH bands at 3.2-3.4/~, 5.8-5.9 #, 11.0/a and 
14.8 /a, and this COOH was not  conjugated.  
There was a band for -C=C-C=C- at 6 .3 /a  and 
for C-O-C at 7 .5/a ,  indicating that  such compo-  
nents were present in a ring system, probably of  
the furan type.  The compound  was not  identi-  
fied, but  was probably a mixture  of  an acid of  
the enol-ketol  type  and its ester. Paper chroma- 
tography showed only one spot. 

Pigment Fraction 

The pigment  fract ion exhibi ted  steeply rising 
absorpt ion in the ultraviolet.  Fur ther  fract ion-  
at ion of  pigments gave a small fract ion with an 
absorpt ion similar to carotenoid  pigments but  
none of  the peaks was characterist ic to known  
carotenoids.  One of  these pigments  gave an 
absorpt ion curve identical  to that  o f  vi tamin K 5 
in the ultraviolet  region. The absorpt ion curves 
of  ea r thworm pigment  fract ions were similar to 
those obta ined for the marine Annelida worm 
( Thoracophelia mucronata) (15). 

When ch loroform soluble lipid fract ion was 
treated by milk alkaline methanolysis  based on 
the me thod  of  Ballou et al. (16),  the pigments  
again remained in the ch loroform phase, leaving 
the upper  aqueous  phase almost  colorless. 

DISCUSSION 

The absence of  glycerides in fat f ract ion and 
the brown-black color  of  fat fract ion are two  of  
the most characterist ic propert ies  of  ea r thworm 
fat. Litt le in format ion  could be found in the 
l i terature about  them.  The black fat phenome-  
non possibly is characterist ic of  Annelida since 
another  species, Arenicola marina, has also been 
repor ted  to contain black fat (17). Brown fat is 
characterist ic of  mammal ian  hibernators  (18)  
and the ear thworm is an inver tebrate  hiber- 
nator.  

The ear thworm inhabits  soil rich in peat  or  
organic mat ter  and swallows and excretes large 
quant i t ies  of  soil. This organic matter ,  or 
humus is separated in two  groups of  com- 
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pounds :  humic  substances ,  a series of  b rown  to 
black polymers ,  and n o n h u m i c  substances ,  con- 
sisting of  c o m p o u n d s  such as amino  acids, car- 
bohydra t e s  and lipids (19). An open  ques t ion  
remains:  is black fat character is t ic  o f  creatures 
inhabi t ing  soil rich wi th  organic mat te r?  

Lipid con t en t  o f  humus  is 1.2-6.3%. These 
lipids are originated f rom u n d e c o m p o s e d  plant 
residues and the bodies  of  living and dead 
microfaunal  organisms. They are very stable in 
soil and con t r ibu te  a large part  o f  pe t ro leum 
(20). 

It seems very likely that  the  soil humus  is 
the  pr imary source of  e a r t h w o r m  pigments ,  
sterols,  h y d r o c a r b o n s  and free fa t ty  acids, 
because these c o m p o u n d s  are part  o f  earth- 
worm diet. 

G r e g a r i n e s  ( P r o t o z o a ,  Sporozoa)  are 
c o m m o n  parasites in the  e a r t h w o r m  digestion 
sys tem (21) and probably  also affect  the chemi- 
cal compos i t ion  of  w a r t h w o r m s  (22). 

The a lmost  comple te  absence o f  glycerides 
in ea r thworm fat f rac t ion is unusual .  It is no t  
an ar t i fact  of  isolat ion because several solvent 
sys tems were used for  the ex t r ac t ion  of  lipids 
wi th  identical  results: no t r igiycerides were 
present .  When the same solvent  sys tems were 
used for the  ex t rac t ion  of  lipids f rom dried 
p l a n t  m a t e r i a l ,  t r iglycerides were always 
present .  

Absence  of  t r iglycerides could suggest that  
e a r t hworms  have o the r  un iden t i f i ed  types  of  
s torage lipids. 
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Steroids in Bovine Muscle and Adipose Tissue 
C. TU 1, W. D. POWRIE and O. FENNEMA,  Department of Food Science 
University of Wisconsin, Madison, Wisconsin 53706 

ABSTRACT 

Thin layer and gas liquid chroma- 
tography, (GLC) were employed as com- 
p l e m e n t a r y  techniques to investigate 
naturally-occurring steroids in the unsa- 
ponifiable matter of bovine muscle and 
adipose tissue. Three GLC liquid phases, 
differing in selective partition properties, 
were used to effectively identify un- 
known steroids. The results indicate that 
cholesterol and minor amounts of desmo- 
s t e r o l ,  A T _ c h o l e s t e n o l ,  lanosterol ,  
d ihydrolanostcrol, dehydromethostenol, 
A8-methostenol, A7-methostenol, choles- 
tanol and possibly ergosterol were present 
in the bovine tissues. The minor steroids, 
with the exception of cholestanol and 
ergosterol, are steroid precursors in cho- 
lesterol biosynthesis. Common hormonal 
steroids were not found in the unsaponi- 
fiables of the tissues. 

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

The unsaponifiable matter of skeletal muscle 
and adipose tissue from domesticated animals 
consists of steroids, hydrocarbons and fat- 
soluble vitamins (1,2). Tu et al. (3) estimated 
the average total cholesterol content of beef 
and pork muscles to be 58 and 65 mg/lO0 g, 
respectively. Extramuscular adipose tissue from 
beef and pork carcasses contained between 47 
and 68 mg/100 g of total cholesterol. Little at- 
tention has been directed towards the determi- 
nation of other steroids as naturally occurring 
compounds  in muscle and adipose tissue. 
Recently, Williams and Pearson (2) reported 
that lanosterol, 7-ketocholesterol and choles- 
terol were in the unsaponifiable fraction of 
pork fat. According to Tu et al. (3), 7-hydroxy- 
cholesterols and 7-ketocholesterol were not 
present in the lipid extracts from cooked chuck 
patties. Since several studies have indicated that 
skeletal muscles from various mammals contain 
enzymes which can metabolize hormonal ster- 
oids (4-7), it was presumed that hormonal ster- 
oids are present as naturally occurring constit- 
u e n t s  of muscle. Recently Dietschy and 
Siperstein (8) demonstrated the biosynthesis of 
cholesterol in rat skeletal muscle incubated in 
an acetate solution, but identification of the 

1 Postdoctoral  research associate.  

steroid precursors of cholesterol was not carried 
out. Moreover, Dun" (9) pointed out that cho- 
lesterol could be biosynthesized in adipose 
tissue. Thus a number of metabolic steroids 
would be expected in the muscle and adipose 
tissues of the steer. 

The objective of this study was to identify 
steroids in the unsaponifiable matter of muscle 
and adipose tissue of the steer. 

EXPERIMENTAL PROCEDURES 

Materials and Methods 

Bovine muscle from the round of steer car- 
casses and adjacent superficial adipose tissue 
were selected. Prior to moisture analyses and 
lipid extraction, muscle and adipose tissue sam- 
ples were cut into small pieces and ground 
twice in a Hobart grinder with a plate having 
0.5 cm holes. 

Steroids used as reference standards were 
from a variety of sources. A8-Methostenol and 
zymostenol were provided by A. A. Kandutsch 
and G. J. Schroepfer, Jr. A7-Methostenol was 
obtained from W. W. Wells. 14a-Methyl-5a- 
cholest-7-en-3/3-ol was supplied by J. C. Knight. 
C h o l e s t e r o l .  cho l e s t ane ,  androstane, 5a- 
cholestane-33-ol, desmosterol, 3-sitosterol, stig- 
masterol, cholestan-3-one, cholesteryl palmite, 
progesterone, estradiol, estrone, androstan-17- 
one ,  t e s to s t e rone  and androsterone were 
obtained from Applied Science Laboratories, 
State College, Pa. Lanosterol, dihydrolano- 
sterol, A4-cholesten-3-one, A3, 5_cholestadiene 
-7-one, ergosterol, AS-androstcn-I 7a-methyl-3/3, 
17/3-diol, cholestane-3/3, 5a, 6/3-triol, 5a- 
pregnan-3, 20-dione and 5a-pregnan-21-ol-3,20 
-dione were purchased from Steraloids Inc., 
Pawl ing ,  N. Y. A7-Cholestene-33-ol was 
obtained from lkapharm, Israel. Squalene was 
purchased from Eastman Kodak, Rochester, N. 
Y. N-octacosane and A4-androsen-3,17-dione 
were obtained from Analabs, Hamden, Conn. 
The a-tocopherol was purchased from Signa, St. 
Louis, Missouri. 

Lipid Extraction 

Lipid was extracted from 100 to 300 g of 
mascerated muscle or adipose tissue by a 
method outlined by Tu et al. (3). 

Saponification 

Solvent in each lipid extract was evaporated 
under reduced pressure in a flask rotated in a 
water bath at 50 C. Each lipid residue was 
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FIG. ]. RhorlamLne 6 G-silica gel TLC of unsapon- 
friable matter for muscle (D and adipose tissue (]l). 
Solvent system: benzene-ethyl acetate (10:l v/v). 
Reference standards: a, squalene; b, cholesteryl ace- 
tare; c, A3,S-cholestadiene-7-one; d, cholestane-3-one; 
e, lanosterol; f, AS-methostenol and AT-methostenol; 
g, cholesterol; h, estrone; i, estradiol; j, cholestane- 
3/~,50q6~,-triol; k, cholesteryl palmite; 1, andro- 
stane-17-one; m, A4-cholestene-3-one; n, ergosterol; o, 
progesterone; p, testosterone; q, n-octacosane; r, 
dihydrolanosterol; s, desmosterol; t, eholestane; u, 
cholestanol; v, ~tocopherol; w, AT-cholestenol. 

mixed with 10% KOH in ethanol (about 19 ml 
of KOH solution per gram lipid) and the mix- 
ture was held under nitrogen at 25 C for 14 hr 
with occasional stirring. Saponification by this 
method shall be referred to as cold saponifica- 
tion. Hot saponification was carried out by 
refluxing the KOH lipid mixture for 1.5 hr. 

Water, twice the volume of added KOH solu- 
tion, was added to the mixture and the 
resulting solution was extracted three times 
with 0.7 volume of ethyl ether. The combined 
ether extracts were washed three times with 
0.5N KOH to remove any remaining free fatty 
acids and several times with water to neutrality. 
The washed extract was dried over anhydrous 
sodium sulfate. The solvent in the extract was 
evaporated under reduced pressure. An appro- 
priate volume of chloroform was added to the 
unsaponifiable matter for thin layer chroma- 
tography (TLC) (1 ml of chloroform per 0.12 g 
of unsaponifiable matter). 

Thin Layer Chromatography 

Preparative TLC was carried out on 20x20 
cm glass plates, each coated with a 0.5 mm 
laye r  of  silica gel (Adsorbosil-2, Applied 
Science Laboratories, Inc.). A slurry was pre- 
pared by mixing 1 part of silica gel powder and 
1.5 parts of water. Usually Rhodamine 6 G 
(Allied Chemical Corp., N.Y.) was added to the 
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FIG. 2. AgNO 3 TLC of zone 7 (Fig. 1) eluates for 
muscle (I) and adipose tissue (II): 7i = eluate from 
upper haft of zone 7; 7ii = eluate from lower haft of 
zone 7. Solvent system: chloroform-acetone (95:5 
v/v). Reference standards: a, cholestanol, b,AT- 
cholestenol;  c,cholesterol; d, desmosterol; e, 
ergosterol. 

water to make a 0.1% dye solution prior to 
slurry preparation. The inclusion of Rhodamine 
6 G was helpful for visualization of spots across 
developed plates. The slurry was applied to the 
plates by a Desaga-Brinkmann adjustable appli- 
cator. Each plate was activated at 110 C for 1 
hr. The preparative TLC plates were spotted at 
0.5 cm intervals along the origin with a chloro- 
form solution of unsaponffiable matter by a 
Hamilton microsyringe. Each plate contained 
about 17 nag of the unsaponifiable fraction. A 
solvent system of benzene-ethyl acetate (10:1 
v/v) was used to develop the plates. The plates 
were dried at 25 C. Spots on the Rhodamine 6 
G plates were visualized with the aid of UV 
light as pink-yellow flourescent areas or as dark 
areas. The positions of the spots on dye-free 
TLC plates were determined by spraying a 
narrow region at the ends with 50% H2SO 4 and 
then visualizing with UV light. 

Each developed plate was divided into 9 
zones, each containing one or more spots. The 
silica gel in each zone was scraped into a 
sintered-glass funnel for elution of the unsapon- 
i f i a b l e  c o m p o n e n t s .  The silica gel with 
Rhodamine 6 G from each of the upper seven 
zones was extracted three times with 15 ml of 
chloroform. The Rhodamine 6 G remained on 
the silica gel. With dye-free TLC plates, the 
components from zones 8 and 9 were eluted 
from silica gel with chloroform-methanol (1 : 1). 
For GLC studies, the solvent was evaporated 
under reduced pressure and the residue was dis- 
solved in either methylene chloride for residues 
from zones 1 to 7 or methylene chloride- 
methanol (9: 1) for residues from zones 8 and 9. 

With the possibility that the broad-spreading 
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FIG. 3. Gas chromatograms of muscle unsaponifiables in zone eluates from TLC plate (Fig. 1). 
Operating conditions: 6 ft x 4 mm i.d. column with 1% SE-30 on Gas-Chrom Q, 80/100 mesh; column 
temperature, 211 C; 95 ml/min N 2 carrier gas; hydrogen flame detector. S represents the peak of 
added cholestane as reference standard. 

zone 7 consisted of minor steroids as well as 
cholesterol, silver nitrate-silica gel TLC plates 
were used to separate them from the predomi- 
nant cholesterol when the zone 7 eluate was 
applied. A slurry was prepared by mixing 60 g 
of silica gel powder (Adsorbosil-2) with 90 ml 
of 12.5% silver nitrate solution. This amount of 
slurry was sufficient to coat five 20x20 cm 
chromatoplates ,  each 0.5 mm thick. The 
chromatoplates were allowed to dry at 25 C for 
more than 5 hr in the dark. Each plate was 
activated at 110 C for 1 hr. For preparative 
TLC, the plates were spotted along the origin at 
0.5 cm intervals. A solvent system of chloro- 
form-acetone (95:5 v/v) was used to develop 
the plates. The plates were dried at 25 C. For 
qualitative evaluation, the plates were sprayed 
with 50% H2SO 4 for visualization of spots. 
Spots on preparative plates were detected non- 
destructively by lightly spraying each dried 
plate with distilled water. When the plate was 
viewed against a dark background, the spots 
appeared white as the plate dried. Each plate 
was divided into two zones, one zone (7a) 
above the cholesterol band and the other (7b) 
between the origin and the cholesterol band. A 

method similar to that of Truswell and Mitchell 
(10) was used for steroid extraction. Adsorbent 
in each zone was scraped into a 15 ml conical 
centrifuge tube and extracted with 3 portions 
of 6 ml 50% ethanolic ammonia. The tubes 
were centrifuged at about 1000 x g after each 
extraction and the extractant was removed. The 
combined extracts were diluted with an equal 
volume of water and extracted three times with 
15 ml redistilled n-hexane. The combined 
hex.ane extracts were washed four times with 
25 ml of water and dried over anhydrous 
sodium sulfate. The solvent in the extract was 
evaporated under reduced pressure and the 
residue was dissolved in methylene chloride for 
gas liquid chromatographic (GLC) analysis. 

R e is defined as the distance of the sample 
spot/distance of the cholesterol spot from the 
origin. 

Gas Liquid Chromatography 

GLC was carried out with a Barber-Colman 
Model 10 gas chromatograph having a hydrogen 
flame ionization detector. Pyrex glass columns 
(U-shaped, 6 ft long, 4 mm i.d.) were packed 
with 1% SE-30 (methyl silicone polymer), QF-1 
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FIG. 4. Gas chromatograms of muscle unsaponifiables in zone 6 eluate from TLC plate (Fig. 1). 
Operating conditions: 6 ft x 4 mm i.d. column with 1% SE-30, NGS or QF-1 on Gas-Chrom Q, 801100 
mesh; column temperature, 211 C; 95 ml/min (for SE-30), 130 ml[min (for NGS) or 120 ml/min (for 
QF-I) N 2 carrier gas; hydrogen flame detector. Steroid peaks: A, cholesterol; B, AS-methostenol; C, 
AT-methostenol; D, dehydromethostenol; E, dihydrolanosterol; F, lanosterol; S, added cholestane as 
reference standard. 

(fluorinated alkyl silicone polymer) and NGS 
(neopentyl glycol succinated polyester) on Gas 
Chrom Q, 80/100 mesh. The following oper- 
ating conditions were used: nitrogen gas flow 
rate, 95 ml/min for SE-30, 120 ml/min for 
QF-1 and 130 ml/min for NGS; column temper- 
ature, 211 C; detector temperature, 255 C; flash 
evaporator temperature, 280 C. Samples of 1 to 
2 /.tl were injected into the column with a 10 
/al Hamilton syringe. Retention times were cal- 
culated relative to cholestane. The steroid 
number was calculated by the method of 
VandenHeuvel and Horning( l 1). 

In quantitative studies with NGS column, 
the area of a peak was calculated by the trian- 
gulation method. Aa-Methostenol was used as 

the standard for the quantitative determination 
of dehydromethostenol. 

Cholesterol  Determinat ion  

Cholesterol content of muscle was deter- 
mined by the method outlined by Tu et al.(3). 

Proximate  Analyses 

Moisture and lipid contents of muscle and 
adipose tissue were determined by the methods 
outlined by Tu et al. (3). 

R E S U L T S  
Saponif icat ion 

Unsaponifiable matter for this study was 
prepared by cold (25 C) rather than hot 
(refluxing) saponification to avoid chemical al- 
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FIG. 5. Gas chromatograms of muscle unsaponifiables in zone 7a and 7b eluates from AgNO 3 TLC 
plate (Fig. 2). Operating conditions: 6 ft x 4 mm i.d. column with 1% SE-30, NGS or QF-1 on 
Gas-Chrom Q, 80/100 mesh; column temperature, 2 t l  C; 95 ml/min (for SE-30), 130 ml/min (for 
NGS) or 120 ml/min (for QF-1) N 2 carrier gas; hydrogen flame detector. Steroid peaks: A, choles- 
terol B, cholestanol; C, AT-cholestenol; D, desmosterol; E, ergosterol; S, added cholestane as reference 
standard. 

terations. Recently Chicoye et al. (12) demon- 
strated that 7-ketocholesterol in ethanolic KOH 
underwent extensive degradation at refluxing 
temperature, but not at 25 C. According to 
Menge et al. (13) the unidentified growth factor 
in the unsaponifiable fraction of egg yolk was 
destroyed when a refluxing temperature was 
used for saponification. In our study, compari- 
son of TLC patterns for the unsaponifiable 
matter obtained bY cold and hot saponification 
of muscle lipid revealed that some compounds 
were decomposed at the refluxing temperature. 
With the cold saponification procedure, the tri- 
glycerides were hydrolyzed completely, and 
thus did not interfere with TLC separation. 

The  average amount  of unsaponifiable 
matter in two samples of bovine muscle (about 
75% moisture and 5% lipid) was 95.5 mg/100 g 
of which about 60 mg was total cholesterol. In 
the case of adipose tissue (about 7.6% moisture 
and 90.7% lipid), the content of the unsaponi- 
fiable fraction was 400 mg/100 g. The total 
cholesterol concentration in the bovine adipose 
tissue was 88 rag/100 g. 

Thin Layer Chromatography 

Prepara t ive  TLC of the unsaponifiable 
matter from bovine muscle and adipose tissue 

was employed for separation into spot bands 
(each consisting of a series of spots across the 
preparative plate) of pure compounds or simple 
mixture of compounds. This preliminary TLC 
separation was essential for effective GLC reso- 
lution. 

When silica gel chromatoplates for qualita- 
tive examination were developed with benzene- 
ethyl acetate (10: 1), the unsaponifiable com- 
pounds were resolved into 10 spots for muscle 
and 8 spots for adipose tissue (Fig. 1). The R c 
values for the spots on the chromatogram for 
adipose tissue unsaponifiables were similar to 
those for muscle unsaponifiables. Spot posi- 
tions of a variety of authentic hydrocarbons, 
cholesterol esters and steroids with different 
degrees of polarity have been included in Figure 
1 as reference compounds. Compounds in spot 
A at the top of the chromatogram were consid- 
ered to be hydrocarbons. The R e value and 
p u r p l e - b r o w n  spo t  color suggested that 
squalene was a major constituent. Spot B with a 
red hue (dull blue in UV) presumably consisted 
of cholesterol esters which were not  hydrolyzed 
during cold saponification. This spot was not 
visible in the chromatogram with unsaponi- 
fiables after hot saponification. The brown- 
colored minor spots C and D, present only in 

LIPIDS, VOL. 4, NO. 5 



374 C .  T U ,  W .  D .  P O W R I E  A N D  O .  F E N N E M A  

e~ 
< 

~2~ 

z ~  

N 

# 

S 

,.4 

. 

6 ~ d ~ 4  

d N N ~ d  

d ~ d d ~ d  

O 
e- 

.,= 

'D 

O 
~u 
o 

a 
~o 
'f, 

O 

d 

r 

the chromatogram with muscle unsaponifiable 
matter,  were located in the region where steroid 
esters and keto steroids would migrate. The 
moderately polar compound(s) in the brown- 
colored spot E was considered tentatively to be 
a keto steroid. After inspection of the R c values 
and spot colors, spots F and G were considered 
to consist of a mixture of dihydrolanosterol  
and lanosterol and a mixture of AT- and 
Aa-methostenol ,  respectively. Cholesterol and 
possibly minor amounts of structurally related 
steroids resided in the large spot H. The com- 
pounds in spots I and J were thought to be 
polyfunctional  compounds, but not necessarily 
steroids. 

As shown in Figure 1, each developed 
chromatoplate was divided into nine separate 
zones, each with at least one spot. For  recovery 
of unsaponifiables (to be used for GLC) from 
each zone numbered 1 through 7, Rhodamine 6 
G-silica gel preparative chromatoplates were 
used since the spot bands could be detected 
easily under UV light and the compounds could 
be eluted by chloroform without Rhodamine 6 
G contamination.  Since a polar solvent system 
(chloroform-methanol)  was essential for eluting 
the polar compounds in zones 8 and 9, 
Rhodamine 6 G being soluble in this eluent was 
not added to the silica gel for TLC. 

If biosynthesis of cholesterol occurs in 
muscle and adipose tissue, then steroids such as 
AT-choles tenol  and desmosterol would be 
expected in the unsaponifiable matter. These 
compounds, structurally similar to cholesterol, 
but differing in the number or location of 
double bonds, have R c values (on silica gel 
chromatoplates)  close to that of cholesterol 
(Fig. 1). The large amount of cholesterol in 
spot H could easily mask the spots of minor 
steroids in this spot region. To determine the 
presence of these cholesterol precursors, the 
spot band (zone 7) on preparative TLC plates 
was subdivided into two sections, 7i and 7ii. 
Presumably the minor steroids, if present, 
would be located as narrow bands at specific 
positions within the cholesterol band region 
and thus might be concentrated in either 7i or 
7ii section. The eluate from each section was 
applied to preparative AgNO3-silica gel chro- 
matoplates which were subsequently developed 
with a chloroform-acetone (95:5) system. As 
shown on the analytical TLC plate in Figure 2, 
t h e  r e fe rence  compounds cholestanol (a), 
A7-cholestenol (b), cholesterol (c), desmosterol 
(d) and ergosterol (e) were separated as distinct 
spots�9 The analytical chromatograms of the 7i 
and 7ii eluates for muscle (I) and adipose tissue 
(II) are presented in Figure 2. In zone 7a of the 
AgNO 3 plate, distinct spots of presumably cho- 
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lestanol and AT-cholestenol (structural assign- 
ment based on their mobil i ty and typical  color- 
ation) were obtained with the 7ii eluate, but  
the spot of cholestanol was barely visible in the 
7i chromatograms. Under visible and UV lights, 
c h o l e s t a n o l  and AT-cholestenol spots on 
H 2 S O 4 - s p r a y e d  c h r o m a t o p l a t e s  were  
yeUowish-brown and pinkish-brown, respec- 
tively. Although tailing was noted in zone 7b of 
each of the chromatograms, distinct spots espe- 
ciaUy in the case of 7i eluate were in the des- 
mosterol and ergosterol locations. Silica gel was 
scraped from zones 7a and 7b on preparative 
plates and the compounds were eluted with 
50% ethanolic ammonia. Since ammonia com- 
plexes with silver ions (10), these metaUic ions 
we re  n o t  carried into hexane during re- 
extraction. The eluates were examined by GLC. 

Gas Liquid Chromatography 

Eluates from each of the nine zones on pre- 
parative silica gel plates of muscle unsaponi- 
fiables were subjected to GLC with a nonselec- 
tive SE-30 as the liquid phase. With adipose 
tissue unsaponifiables, zones other than 3, 4 
and 5 (with relatively small or insignificant 
bands) were examined by GLC. The peak pat- 
terns in the gas chromatograms for muscle 
zones 1, 2 and 6 through 9 were similar to 
those for respective zones of adipose tissue 
unsaponifiables. Thus, to simplify the presenta- 
tion, only the GLC patterns and retent ion 
values for muscle unsaponifiables have been 
included. The steroid numbers (SN) were calcu- 
lated from the relative retention time (RRT) 
values with SE-30 to obtain a rough estimation 
of the number Of carbon atoms in each peak 
compound and to aid in the identification of 
steroids. Common metabolic steroids have ster- 
oid numbers ranging between about 19 and 31 
(11). 

Figure 3 shows gas chromatograms of muscle 
unsaponifiables from zones 1, 2, 4, 5, 8 and 9. 
Zone 3 chromatogram has not been included 
since only very minor peaks were obtained. In 
the case of the zone 1 eluate, the chromato- 
gram had one major peak along with numerous 
minor peaks. The RRT value of the major peak 
A was 1.10, the same value as that for the 
open-chain polyolefin, squalene (C30). The 
presence of squalene in muscle and adipose 
tissue was further confirmed with QF-1 and 
NGS columns. The smaU peaks were considered 
to be hydrocarbons.  The SN of 29.8 for the 
major peak A in zone 2 chromatogram was 
somewhat higher than that for cholesterol 
(29.3), but lower than that for cholesteryl ace- 
tate (30.8). Thus, peak A cannot be a choles- 
terol ester. The gas chromatogram in zone 4 
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had two major peaks with SN values of 24.2 for 
peak A and 26.2 for peak B. These peaks could 
not be identified. In our study, A4-pregnene-3, 
20-dione (progesterone) had an SN of 26.2, the 
same SN value calculated for peak B of zone 4. 
However, this polar compound moved only a 
short distance from the origin on the developed 
chromatopiate (Fig. 1). Only one large peak A 
was present in the chromatogram for zone 5. 
The SN of 24.6 for this peak compound is the 
same value as that for 4-androstene-3,16-dione 
(11). However, such a polar compound would 
not be expected to migrate to the spot E 
position on the TLC plate in zone 5 (Fig. 1). 
Two major chromatographic peaks, A and B, 
were obtained with zone 8 eluate whereas four 
major peaks were noted in the zone 9 chromat- 
ogram. The SN values, being 26.2 and below, 
indicate that if the peak compounds were ster- 
oids, they would be androgen, pregnane and 
estrane derivatives (11). No common hormonal 
steroids were found with GLC using the three 
liquid phases. 

Since a large number of steroids were found 
in zones 6 and 7, detailed GLC data as related 
to structural identification is presented. Al- 
though only two distinct spots were present in 
muscle zone 6 on the chromatoplate (Fig. 1), 
six peaks with steroid numbers of 29.3 and 
above were in the gas chromatogram (Fig. 4). 
The high SN values were indicative of choles- 
tane derivatives. The relative retention times 
(RRT) and SN of muscle unsaponifiable com- 
pounds in peaks A to F of the SE-30 gas chro- 
matogram (Fig. 4) are tabulated in Table I. 
Peak A has been identified as cholesterol. The 
component in peak B had a RRT of 2.51 and 
SN of 30.0 which were almost identical to 
those for Aa-methostenol. On the basis of 
RRT, the compound in peak C was indistin- 
g u i s h a b l e  from A7-methostenol. Dehydro- 
methostenol was considered to be the compo- 
nent of peak D on the basis of similar RRT 
values. The RRT of dehydromethostenol, not 
being available as a reference compound, was 
e s t i m a t e d  by m u l t i p l y i n g  the RRT of 
AS-methostenol by a retention factor of 1.10 
(for A24 functional group) obtained b y  the 
method outlined by Clayton et al. (14). The 
RRT values for peaks E and F were almost 
identical to those for dihydrolanosterol and 
lanosterol, respectively. 

In order to further confirm the proposed 
structures for peak components in muscle zone 
6, the zone 6 eluate was subjected to GLC with 
two selective liquid phases, QF-1 and NGS, for 
RRT comparisons. QF-1, a liquid phase with a 
high degree of stereoselective separating ability, 
was used to effectively separate hydroxy iso- 
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mers. As shown in Figure 4, the gas chromato- 
graphic resolution of steroids was poor when 
QF-1 was used as the liquid phase. Such a 
pattern is not surprising since QF-1 has no 
retention effects for carbon-carbon unsatu- 
ration (11). When NGS with carbon-carbon 
unsaturation selectivity was used as a column 
phase, the resolution of the peaks for zone 6 
was much better. The RRT values of peak com- 
pounds separated on NGS and QF-1 are pre- 
sented in Table I along with the RRT values for 
compounds with the assigned structures. Com- 
parison of the RRT values with standards con- 
firm the presence of cholesterol, AT. and 
AS-methostenol, dehydromethostenol, dihydro- 
lanosterol and lanosterol in muscle zone 6. 
These methyl sterols were also detected in zone 
6 for adipose tissue by GLC as shown in Table 
II. Williams and Pearson (2) reported the pres- 
ence of lanosterol and cholesterol in pork fat. 

When the eluate from muscle zone 7 was 
examined by GLC with SE-30, only one large, 
broad-spreading cholesterol peak was formed. 
Obviously, minor steroids would be masked if 
they were present. Thus, tentatively identified 
steroids in zones 7a and 7b were eluted from 
AgNO 3 chromatoplates (Fig. 2) for GLC analy- 
ses on SE-30, QF-1 and NGS. The Chromato- 
grams are presented in Figure 5. For zone 7a, 
peaks B and C were identified, respectively, as 
cholestanol and A7-cholestenol (from R RT 
comparisons in Table III) and peaks D and E 
for zone 7b were regarded to be, respectively, 
desmosterol and possibly ergosterol (as shown 
in Table III, experimental RRT values for QF-1 
and NGS deviated slightly from those of ergo- 
sterol). 

The quantitative estimation of steroids 
found in zones 6 and 7 for muscle and adipose 
tissue was carried out by GLC with NGS 
column which had relatively good resolving 
power. The steroid contents are presented in 
Tables I-IV. Although cholesterol is by far the 
major steroid in muscle and adipose tissue, sig- 
nificant amounts of AT-methostenol, dihydro- 
l a n o s t e r o l ,  l a n o s t e r o l ,  c h o l e s t a n o l ,  
AT-cholestenol, desmosterol and possibly ergo- 
sterol were present. Only trace amounts of 
A8-methostenol and dehydromethostenol were 
found in tissues. The quantities of lanosterol 
and desmosterol were much higher in adipose 
tissue than in muscle. 

DISCUSSION 

In this investigation, TLC and GLC were 
emptoyed as complementary techniques to 
separate and identify steroids in the unsaponi- 
flame matter of bovine muscle and adipose 
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tissue. Since investigators have shown that cho- 
lesterol can be biosynthesized in vitro from 
low-molecular weight precursors in skeletal 
muscle (8) and adipose tissue (9), a broad range 
of metabolic steroids would be expected to be 
present in these tissues. 

Squalene, an open-chain C3o polyolefin,  is a 
cholesterol precursor which undergoes enzymic 
polycyclizat ion to lanosterol in the animal cell 
(15). Since Loud and Bucher (16) presented 
evidence that only a fraction of tissue squalene 
undergoes transformation to cholesterol, it is 
not surprising that  a considerable amount  of 
squalene was found by TLC (Fig. 1) and GLC 
(Fig. 3) in the unsaponifiable matter  of bovine 
muscle and adipose tissue. 

As shown in Tables I and II, lanosterol is one 
of the predominant  steroids in the bovine 
tissues. This relatively high level of lanosterol 
may be at tr ibuted to a low rate of metabolic 
conversion (17,18). Dietschy and Siperstein (8) 
reported that a variety of extrahepatic tissues, 
not  including muscle and adipose tissue, con- 
tained lanosterol. Lanosterol has been detected 
in the skin (14,19,20) and pork fat (2). The 
enzymic transformation of lanosterol to choles- 
terol includes the removal of the methyl  groups 
at C-4 and C-14, the reduction of the isooctenyl 
side chain and the double bond transfer from 
the 8,9 to the 5,6 position (15). At present, the 
metabolic pathways are not clearcut. Avigan et 
al. (21) have suggested that the reduction of the 
24,25 double bond may be one of the first 
enzymic modifications of lanosterol in liver. 

As shown in Tables I and II, muscle and adi- 
pose tissue contain a considerable amount  of 
dihydrolanosterol.  Dihydrolanosterol  has been 
found in skin (19,20) and in liver (22). Another  
possible mode of lanosterol alteration is the 
oxidation of the methyl  groups (14,15,23). One 
of the metabolic products would be 4~-methyl- 
A8,2 4-cholestadien-3/~-ol (dehydromethostanol)  
(14). 

It is clear from Table I and II that only trace 
amounts of dehydromethostanol  are present in 
bovine muscle and adipose tissue. This steroid 
and the A7 analogue have been found in rat 
skin (14). Reduction of the 24,25 double bond 
of  dehydromethostanol  or removal of two 
methyl  groups from dihydrolanosterol  would 
lead to the formation of  Aa-methostenol  which 
could undergo a double bond shift to produce 
A T - m e t h o s t e n o l  ( 1 5 ) .  B o t h  AT- and  
Aa-methostenols have been identified as con- 
sti tuents of a number of rat tissues (8). The 
AS-isomer was first isolated from a preputial 
grand tumor  of the mouse by Kandutsch and 
R u s s e l l  ( 2 4 ) .  A c c o r d i n g  to  Wells and 
Neiderhiser (25), the AT-isomer was isolated 

f r o m  r a t  f e ce s .  In  ou r  s t u d y ,  o n l y  
AT_methostenol was present at a relatively high 
concentration in muscle and adipose tissue but 
trace amounts of the AS-isomer were also 
detected. 

Demethylat ion of A7-methostenol would 
result in the formation of AT-cholestenol (15). 
In  b i o s y n t h e t i c  s t u d i e s  on  cholesterol, 
AT-cholestenol has been found in rat skin 
(14,20,21), and several other types of rat 
tissues (8). In our study,  small quantities of 
AT-cho les teno l  were estimated for bovine 
muscle and adipose tissue (Table III and IV). 
AT-Cholestenol, as well as desmosterol, are con- 
sidered to be immediate precursors of choles- 
terol (15). 

R e s e a r c h  has  shown that desmosterol 
occurred in rat skin (14,26), chick embryo 
(27), rat liver (28), developing brain of the new- 
born rat (29), human, mouse and guinea pig 
(30), and nervous tissue of newborn rat (31). 
Avigan et al. (32) demonstrated that desmo- 
sterol accumulated in the liver to a high level 
when rats were fed triparanol,  an inhibitor of 
cholesterol biosynthesis (33). In our study, 
approximately 114 /.tg/100 g of desmosterol 
was determined for bovine muscle while about 
three times this amount  was found in the adi- 
pose tissue. 

Cholestanol and possibly ergosterol were 
identified as sterols in bovine tissues. Cho- 
lestanol is distributed widely in mammalian 
tissue (34-36). With liver homogenate of the rat 
and guinea pig, Shefer et al. (37) showed that 
cholesterol as well as mevalonate was converted 
into cholestanol. Dietschy and Siperstein (8) 
indicated that cholestanol was biosynthesized 
from acetate in a variety of rat tissues. Accord- 
ing to Rosenfeld et al. (38), cholesterol injected 
into a human was converted to cholestanol via a 
3-ke tonic  intermediate.  Shefer et al. (39) 
reported that conversion of 5ct-cholestane-3-one 
to cholestanol in rat liver was catalyzed by 
3-hydroxysteroid dehydrogenase. Mammalian 
tissues are apparently capable of synthesizing 
cholestanol using acetate as well as cholesterol. 
However, the physiological function of cho- 
lestanol in tissue is still little known. So far, 
ergosterol has not been isolated from animal 
tissues, but Pennock et al. (40) reported that 
avian yolk contained a small amount of this 
sterol. 

Several investigators have demonstrated the 
enzymic transformation of hormonal steroids in 
muscle in vitro. Sweat and Bryson (5) reported 
the enzymic oxidat ion and reduction of cortisol 
in bovine skeletal muscle. According to Lipman 
et al. (6), hydroxyla t ion of cortisol at C-6 
occurred during incubation with human skeletal 
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musc le .  The  m e t a b o l i s m  of  A 4 - a n d r o s t e n e - 3 ,  
17-dione i n c u b a t e d  w i th  rabbi t  musc le  was 
d e m o n s t r a t e d  by K o c h a k i a n  and  S t i d w o r t h y  
(41)  and  T h o m a s  an d  D o r f m a n  (7).  With  t he  
aid o f  TLC and GLC,  n o n e  o f  the  c o m m o n  hor -  
m o n a l  s te ro ids  were de t ec t ed  in ou r  invest iga-  
t ion.  

With  the  e x c e p t i o n  o f  ra t  skin,  few s tud ies  
have been  d i rec ted  t o w a r d  s te ro id  c o m p o s i t i o n  
o f  n o r m a l  in tac t  t i ssues .  Cho les te ro l  was 
r epo r t ed  to  be the  o n ly  s te ro id  f o u n d  in s e rum,  
liver, aor ta  and  bra in  o f  the  u n t r e a t e d  ra t  (29) .  
Similar  resul ts  are also d e m o n s t r a t e d  by  Horl ick  
(20) .  A p p a r e n t l y ,  cho les te ro l  is the  on ly  ma jo r  
s teroid  in m a m m a l i a n  t i s sues  and  o the r  s tero ids ,  
i f  p r e s e n t ,  p ro b ab ly  occur  in very small  
a m o u n t s .  The  resu l t s  o f  th i s  s t u d y  provide  sup-  
po r t  for  this  p r e s u m p t i o n .  
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Cholesterol Content of Human Parotid Saliva 
GERT M. JACOBSOHN and RAFAEL J. MONTIEL 1 Department of Biological Chemistry, 
Hahnemann Medical College, Philadelphia, Pennsylvania 19102 

ABSTRACT 

Free and esterifed cholesterol were 
determined in parotid fluid collected 
from 19 individuals by encapsulation of 
Stenson's duct in the oral cavity. Free 
cholesterol content averaged 16.7 + 7.1 
(SD) /ag/100 ml and cholesterol esters 
averaged 13.2 -+ 8.0 (SD)/.tg[100 ml. Two 
assays are described for the measurement 
of cholesterol in parotid saliva. Lipophilic 
material was extracted with ether-ethanol 
(3:1). In assay 1, the solid residue of the 
extract was separated into its components 
by  t h i n  layer chromatography. Sub- 
stances on the chromatogram were made 
to fluoresce and the spots were photo- 
graphed. Cholesterol was determined by 
densitometry of its black image on film. 
In assay 2, the ether-ethanol residue was 
subjected to quantitative gas chroma- 
tography. Both methods yield similar 
data. 

INTRODUCTION 

Paro t id  fluid is a clear, watery secretion 
which together with submaxillary and sub- 
lingual fluids constitutes whole saliva. The total 
volume of saliva is generally estimated at 
around 1500 ml per day. This is a considerable 
amount and should lend itself to investigations 
on the nature of its constituents as a test for 
biochemical dynamics throughout the organ- 
ism. The ease of saliva collection without 
causing discomfort to the subject and without 
stress makes it possible to collect serial samples 
over a prolonged period of time. Development 
o f  self-positioning devices for collection of 
parotid fluid by Shannon and Terry (1) allows a 
subject to collect his own saliva for monitoring 
sterol levels during times when professional per- 
sonnel may not be available. 

Information in the literature on the sterol 
content of saliva is scanty. Thirty years ago, 
Krasnow (2) reported a range of 2.4 to 50 
mg/100 ml of whole saliva. This is an appreci- 
able quantity which may be of import to cho- 
lesterol metabolism of the entire organism. 
However, the observed values are almost cer-  

IOn leave of absence from the Facultad de 
Medicina, Universidad del Zulia, Maracaibo, 
Venezuela. 

tainly too high since cholesterol was deter- 
mined by a color test performed on crude 
extracts. Saliva used in that study could have 
been contaminated with extra salivary digestive 
secretions and with food rests. It was therefore 
d e c i d e d  to  reexamine this problem with 
modern, highly sensitive techniques. Analysis 
by gas chromatography was sensitive to 40 ng 
of cholesterol. 

EXPERIMENTAL PROCEDURES 

Saliva Collection and Extraction 

Parotid fluid was collected from apparently 
healthy volunteers by means of a double-lumen 
teflon cup of the type described by Carlson and 
Crittenden (3) and by Curby (4). The device 
consists of a disc of 21 mm in diameter with 
two concentric chambers. The outer one is con- 
nected by thin polyethylene tubing to a syringe 
for applying suction and the inner one leads to 
a collecting vessel with similar tubing. The inner 
chamber was placed directly over the opening 
of Stenson's duct in the oral cavity and a 
vacuum was produced by aspiration of the 
syringe to keep the device in place. Flow of 
saliva was stimulated by Life Savers or lemon 
drops. In some cases two cups were used simul- 
taneously, one over each duct. The collection 
period lasted up to 1/2 hr and started no less 
than 2 hr postprandially, usually after break- 
fast, without previous smoking and after rinsing 
the mouth with water. A maximum of 50 ml of 
saliva per duct could be collected during the 
time period alloted. 

For free cholesterol determinations, each 
sample of 10 ml of freshly collected saliva was 
added to 50 ml of a mixture of 3 parts of ethyl 
ether and 1 part of ethanol. The mixture was 
shaken vigorously and was then separated. The 
organic phase was taken to dryness under nitro- 
gen in a water bath at a temperature not 
exceeding 50 C. The residues were transferred 
with ether to micro test tubes. These were pro- 
duced from glass tubing 3.4 mm I.D. and 3.5 
cm long and were supplied with a tooled 
o p e n i n g  to  accept  silicone rubber septa 
(Applied Science Labs., State College, Pa., Cat. 
No. W-10). A portion of the residues were 
assayed by photogrammetry or by gas chroma- 
tography. 

To determine total cholesterol, samples were 
extracted as before with ether-ethanol. After 
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evaporation of the volatile phase, 5 ml of 6% of 
potassium hydroxide in ethanol was added to 
the residues, and the mixture was heated in a 
boiling water bath for 30 min. After cooling to 
room temperature, the mixture was treated 
with 5 ml of water and extracted 3 times with 
10 ml portions of ether. The pooled ether 
extracts were washed 3 times with 10 ml of 
water and evaporated. The residues were trans- 
f e r r e d  to micro test tubes and assayed. 
Esterified cholesterol was calculated as total 
minus free cholesterol. All assays were done in 
duplicate or triplicate. In 3 instances not 
enough saliva was available for determining the 
esterified fraction. 

Photogrammetric Assay 

The procedure has been described previously 
for the determination of estrogenic steroids 
(5,6). The sterol residues were dissolved in 0.2 
ml of ethanol and 10 and 20 #1 samples were 
applied to lanes on thin layer chromatography 
plates. The plates had been prepared from silica 
gel H (E. Merck AG, Darmstadt) to a uniform 
thickness of 0.25 mm. The lanes were 1.5 cm 
wide and a maximum of 12 samples could be 
applied per plate. Samples of standard choles- 
terol of  0.15, 0.30, 0.60 and 0.90 pg were 
applied to 4 lanes. After drying briefly at room 
temperature, the plates were placed inside a 
solvent-saturated chromatography tank con- 
raining a mixture of 8.5% of ethanol in 
methylene chloride. When the solvent had 
ascended to a height of 15 cm from the origin, 
the plates were withdrawn and dried in air. 
They were sprayed with a 50% aqueous solu- 
tion of  sulfuric acid and heated to 110 C for 8 
to  10 min. Cholesterol became visible as 
purplish-blue spots which fluoresced yellow- 
green under ultraviolet light. In the system 
described, cholesterol has an Rf value of 0.57. 

The sprayed chromatograms were removed 
to a dark room in which the sole source of 
illumination was afforded by an ultraviolet 
lamp with maximum intensity at 360 m/a. 
Photographs were taken on Kodak Royal Pan 
sheet film of size 8 X 10 in. for an exposure 
time of 2 min at a lens opening of f/8.0 and 
through an orange Wratten filter number 16. 
The film was developed in Polydol diluted from 
stock solution with twice its volume of water. 
Film was put through a stop bath, fixed, thor- 
oughly washed and dried. The original lanes 
which had been engraved on thin layer plates 
could be seen lightly on the developed film. 
The lanes were cut and the dark spots corre- 
sponding to cholesterol were evaluated by 
means of a recording densitometer. 

Gas Chromatographic Assay 

Sterol residues from saliva were dissolved in 
50 #1 of ethanol and portions of 2 to 5 gl, 
depending on the concentration, were injected 
into the column. The gas chromatograph was a 
Glowall Model 320 fitted with a hydrogen 
flame ionization detector at an emf of 350 v. 
The temperature of the detector oven was 
260 C, the column oven was set at 250 C and 
the flash heater registered 260 C. The gas phase 
was argon at a flow rate of 30 ml/min. The 
column was made up of Gas Chrom Q ( 100-120 
mesh) coated with 3% by weight of OV-1 
(Applied Science Labs.) and had a length of 
180 cm and a diameter of 3.4 mm. Cholesterol 
emerged with a peak at 10.6 rain. No other 
peaks were present in the vicinity of the choles- 
terol peak. Linearity of response, measured by 
planimetry of peak areas, was obtained when 
cholesterol was injected in amounts of 0.04 to 
0.5 pg. The unknown samples fell into this 
range. 

RESULTS 

In Table I are shown data for 19 individual 
samples of parotid fluid. The range of values for 
free cholesterol was 5.9 to 33 /ag/100 ml and 
the esterified fraction ranged from 2.2 to 24.7 
#g/100 ml. In some instances the esterified frac- 
tion was not determined due to a lack of suf- 
ficient saliva. Values shown are uncorrected for 
losses of procedure but it is believed that these 
are minimal due to the much higher solubility 
of cholesterol in ether-ethanol (3:1) or ether 
compared to water. Assays by both gas chroma- 
tography and photogrammetry gave the same 
results and were used interchangeably. 

An example of a densitometric tracing of 
cholesterol isolated from saliva and assayed by 
photogrammetry is shown in Figure 1. The 
small, sharp peak corresponds to a line drawn 
on the film strip for reference. The developed 
films showed a clear background. Besides the 
cholesterol spot, a second much weaker spot 
appeared with an Rf value of 0.17. It was 
present in most samples examined but has not 
been identified thus far. Less polar material 
moved close to the solvent front where it 
formed a spot. This spot includes cholesterol 
esters since authentic cholesterol palmitate 
moved to the same region on the thin layer 
plate. It was not possible to measure both free 
and esterified cholesterol on the same plate due 
to interference of material at the solvent front 
with the esterified portion. When the area at 
the solvent front of a thin layer chromatogram 
of a previously unhydrolyzed saliva extract was 
eluted, hydrolyzed with 6% potassium hy- 
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T A B L E  I 

C h o l e s t e r o l  C o n t e n t  o f  P a r o t i d  F l u i d  
(.Ug/lOO ml) 

Free  Es te r i f i ed  
Sex A g e  c h o l e s t e r o l  c h o l e s t e r o l  

F 22  13.2  5 .8  
F 18 5 .9  
F 18 10 .3  24 .7  
F 18 15 .0  5 .4  
F 19 2 0 . 0  2 0 . 0  
F 18 2 3 . 0  2 2 . 0  
F 2 4  15.2  
F 19 15 .5  2 .2  
F 19 11 .0  
M 26  2 0 . 0  13.5  
M 36  16.5  2 3 . 0  
M 37 9 .0  2 3 . 0  
M 38  18.5 8 .0  
M 27  33 .0  4 .0  
M 41 12 .9  5 .6  
M 2 3  31 .5  6 .0  
M 41 9 .0  12 .0  
M 2 3  15 .4  15 .9  
M 2 8  21 .5  19.5  

A v e r a g e  16 .7  13.2  
S t a n d a r d  dev i a t i on  4"- 7.1 +- 8 .0  

droxide, extracted and chromatographed again, 
a s p o t  i d e n t i c a l  to cholesterol standard 
appeared. Repetition of the hydrolysis on 
material at the solvent front did not liberate 
additional sterol. 

The identity of salivary cholesterol was 
a s c e r t a i n e d  by comparison to authentic 
material. Standard cholesterol and the main 
components from salivary extracts ran the same 
distances on thin layer chromatograms. The 
color of the spots in visible and in ultraviolet 
lights after spraying with sulfuric acid was the 
same for standard cholesterol and salivary mate- 
rial, as were the fading characteristics over a 24 
hr period. Gas chromatograms of eluates from 
thin layer plates in the region of cholesterol 
coincided in retention time with authentic 
sterol. The system consisted of 0.8% of SE-52 
coated on Gas Chrom Q (7). An augmentation 
curve in which standard cholesterol was added 
to a salivary eluate so as to double the amount 
of sterol, showed a symmetrical increase in the 
peak corresponding to cholesterol. Three small, 
broad bands, estimated in total as no more than 
8% of the cholesterol peak, appeared after 19 
min. The gas chromatographic system does not 
separate cholestanol from cholesterol and it is 
possible that a small portion of this sterol may 
be present. 

Gas chromatography of saponified saliva 
extracts on a column of 3% OV-I on Gas 
Chrom Q showed a main peak with the reten- 
tion time of cholesterol. A smaller peak with an 
R t of 0.52 (cholesterol =1) was present in all 
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FIG. 1. Densitometric tracing of typical salivary 
cholesterol spot reproduced on f'tim. 

samples. Two minute peaks occurred at R t of 
0.64 and 0.83 and a small, broad band could be 
seen with an R t of 1.44. Unhydrolyzed extracts 
also showed the same peaks but with less inten- 
sity. The smaller peaks were frequently not 
detectable. 

D I S C U S S I O N  

The average cholesterol content of parotid 
saliva from 19 samples of healthy individuals 
was 16.7 -+ 7.1 (SD)/ag/100 ml. Similarly, cho- 
lesterol esters amounted to 13.2 _+ 8.0 (SD) 
/ag[ 100 ml. The relative ratios of free to esteri- 
fled cholesterol cannot be considered signifi- 
cant until a larger number of samples has been 
examined. Nor is it possible to state what 
portion of cholesterol originates from plasma 
and what portion is synthesized by the gland 
itself. A transfer of cholesterol from plasma is 
favored as a means of raising cholesterol con- 
centration in saliva. Precedence exists for the 
transfer of numerous substances, including cer- 
tain steroids which have been studied thus far. 
Katz and Shannon (8) observed that corti- 
costeroid levels in parotid fluid are in direct 
correspondence with the plasma concentration. 
They found further (op. cit.) that a portion of 
peripherally injected 4-androsten-3, 17-dione 
and 17/3-estradiol can be recovered from parotid 
fluid. By this example we expect that most, if 
not all, of the salivary cholesterol derives from 
plasma. 

Parotid fluid has not been assayed previously 
for quantitative cholesterol content. Mandel 
and Ellison (9) report presence of free and 
esterified cholesterol in parotid and submaxil- 
lary saliva by an unspecified identification 
method. Dirksen (10), working with extracts 
from whole and parotid saliva, identified cho- 
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lesterol  and its esters by paper chromatography.  
Ranges of  to ta l  cholesterol  concent ra t ion  of  2.0 
to  9.0 mg/100  ml and of  2.4 to 50 mg /100  ml 
of  whole saliva have been repor ted  by Krasnow 
and Obla t t  (2,11). These values appear exces- 
sively high, part icularly since no precaut ions  
were taken to  collect  saliva wi thout  contami-  
n a n t s .  The data were presented as total  
Lieberman-Burchard posit ive substances, with-  
out  exclusion of  nonsterol  impurities.  The  assay 
was pe r fo rmed  by concentra t ing  saliva col lected 
by spitting, to one quarter  of  its original 
vo lume,  mixing with plaster of  Paris and 
ext rac t ing  with chloroform.  The color  test  was 
pe r fo rmed  on the crude residue after  solvent 
evaporat ion.  

The  cholesterol  in parot id fluid exists in 
soluble form,  possibly as a complex  with  pro- 
tein. This is brought  out  by the low solubil i ty 
o f  cholesterol  in water.  Saad and Higuchi (12) 
found  that  cholesterol  dissolves to  the  ex ten t  of  
2.6 /ag/100 ml of  water  at 3 0 C .  It  can be 
assumed that  protein binding is responsible for 
the addi t ional  quan t i ty  of  cholesterol  in saliva. 
Human  salivary mucin  does no t  conta in  measur- 
able cholesterol  as an integral componen t  (13). 

The  possibility exists that  the collected 
saliva was con tamina ted  with sloughed of f  cells 
of  the  area of  contac t  be tween  col lect ing cup 
and oral surface. The l ikel ihood of  an i r r i ta t ion 
of  the  mucosa was considered low because of  
the smoothness  o f  the tef lon col lect ing devices. 
When saliva samples were examined  by phase 
contrast  microscopy,  an occassional squamous  
cell could be observed. The m a x i m u m  number  
of  cells that  could be present was calculated at 
less than 50/ml.  This is t oo  low to be of  con- 

cern in this work. Other  cells could not  be 
found.  The Life Savers or  l emon  drops used to 
s t imulate  the f low of  saliva did not  conta in  any 
detectable  sterols, as tested on  extracts  by thin  
layer and gas chromatography.  
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Variation in Plasma Lipids With Age and Sex in a 
Hypertriglyceridemic Rat 
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ABSTRACT 

A substrain of the Long Evans rat 
having the characteristics of a common 
h u m a n  lipid disorder, hypertriglycer- 
idemia, is described. These rats were 
found to be hypercholesterolemic, hyper- 
phospho l ip idemic  and normotriglycer- 
idemic during the first month of life 
w h e n  feeding predominantly on the 
higher lipid, lower carbohydrate content 
of their mothers '  milk. After weaning (22 
days of age), when a typical  higher carbo- 
hydrate and lower fat containing com- 
mercial laboratory feed was substituted 
for mother 's  milk, plasma cholesterol and 
phospholipid levels declined and triglycer- 
ide levels significantly increased. Electro- 
phoretic analysis of l ipoproteins revealed 
the presence of a p r e~  fraction and the 
absence of chylomicra, indicating that 
this rat is a type IV according to the 
Fredrickson classification system. Glu- 
cose tolerance curves remained elevated 
for a longer period of t ime and returned 
to normal more slowly in 1 year old com- 
pared to 2 month old males, indicating 
progressive alterations in glucose metabo- 
lism common in a Fredrickson type IV. 
After weaning, plasma phospholipid,  cho- 
lesterol and triglyceride levels were signif- 
icantly higher and body weight signif- 
icantly lower in the female than in the 
male. Studies on hematocrit  and hemo- 
globin variations with respect to age in 
both sexes indicated that the observed 
plasma lipid changes could not be attri- 
buted to hemoconcentration.  

INTRODUCTION 

In the study of the control  of common 
human lipid disorders, the development o f  
model animal systems is important .  In a pre- 
vious study with rats from an inbred colony of 
the Long Evans strain, it was noted that the rats 
were naturally normocholesterolemic but signif- 
icantly hypertriglyceridemic (1). In order for 
this substrain to be used in studying means for 
controlling hypertriglyceridemia, it appeared 
necessary to determine whether the hypertrigly- 
ceridemia was present for a significant period in 

the rat 's life cycle or whether it was a transient 
effect. In addition, the specific type of dyslipo- 
proteinemia accompanying the hypertriglyceri- 
demia required characterization. The results of 
some studies on the variation in blood lipids 
with age and sex and a characterization of the 
l ipoproteinemia are presented in this report. 

MATERIALS AND METHODS 

In these studies rats from an inbred hypertri-  
glyceridemic colony of the Long Evans strain 
were used. They were weaned at 23 days of age 
and maintained on a commercial rat diet 
(Purina Laboratory chow) and tap water ad 
libitum. For  each time period studied, a mini- 
mum of 10 rats of each sex were used. With rats 
less than 23 days of age, it was necessary to 
pool the blood of two (15 day old) to six (3 
day old) rats in order to obtain sufficient 
sample for analysis, and thus the data for these 
groups represent correspondingly more rats. 
After an 18 hr fast, the rats were anesthetized 
with sodium pentobarbital ,  50 mg]kg body 
weight, and exsanguinated via the dorsal aorta. 
The 3 and 15 day old rats were bled by decapi- 
tation. Blood was collected in tubes containing 
9 mg disodium ethylenediaminetetraacetic acid; 
the plasma was separated immediately a n d  
assayed. 

Plasma cholesterol, triglycerides and phos- 
p h o l i p i d s  were determined by previously 
described automated methods (2). Glucose 
tolerance tests were performed by gavage 
feeding 2 g glucose/kg body weight and deter- 
mining the blood true glucose levels at half 
hour intervals for the first 2 hrs and then at 
hourly intervals to 9 hrs. Blood samples for true 
glucose analysis were takefl from the tail in 50 
~1 heparinized capillary tubes, centrifuged, and 
the plasma assayed by an ultra-micro modifi- 
c a t i o n  o f  t h e  glucose oxidase-peroxidase 
method (3-6). Plasma lipoproteins were deter- 
mined by electrophoresis on acetate for 45 min 
at 350 v in tris-barbital sodium buffer, pH 8.8, 
ionic strength 0.028 which was 0.001 M in 
disodium ethylenediaminetetraacetate (7). The 
lipoproteins were visualized by oxidation over 
barium peroxide-sulfuric acid and staining with 
Shift 's stain (8). Quanti tat ion was accomplished 
b y  photodens i tomet ry  without preliminary 
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clearing. Studies with triglyceride loaded rats 
had shown that this method was capable of 
resolving lipoproteins into four bands with the 
mobilities of chylomicra, /3-1ipoproteins, pre- 
~-lipoproteins and a-lipoproteins. In some cases 
trail substance was noted. Hemoglobin was 
determined by the Unopette modification of 
the cyanmethemoglobin technique (9). 

Analyses for changes were performed on the 
data by use of appropriate estimates of error 
and Student t-tests (10). 

RESULTS 

The variation of plasma cholesterol and 
phospholipids with respect to age and sex is 
shown in Figure 1. At 3 days of age plasma 
phospholipids were 220 + 10.6 and 192 -+ 13.6 
mg/100 ml in females and males respectively. A 
significant rise occurred by 15 days, P < 0.01, 
in both sexes. The levels progressively decreased 
in both sexes until 60 days of age, P < 0.01. 
The male then remained essentially unchanged 
for the remainder of the I year study period. 
The female exhibited a small but significant rise 
in phospholipids after reaching puberty, P 
0.01, and this level was maintained to the end 
of the study period. The phospholipids were 
significantly higher in the female compared to 
the male from puberty to the end of the study 
period. 

The pattern of plasma cholesterol changes 

FIG. 2. Variation in plasma triglycerides with age 
and sex. 

was essentially the same as that for the phos- 
pholipids in both sexes. A significant rise over 
the 3 day level occurred by 15 days, P < 0.01. 
followed by a progressive significant drop until 
60 days of age, P < 0.01. No significant further 
changes occurred for the remainder of the 1 
year study period. The cholesterol level in the 
female was significantly higher than in the 
male, P < 0.05, after puberty. 

The variations in plasma triglycerides with 
respect to age and sex are depicted in Figure 2. 
At 3 days of age the levels were 192 -+ 28.7 and 
161 -+ 15.5 rag/100 ml in females and males 
respectively. No significant change occurred by 
15 days of age. By 23 days a very significant 
rise occurred in both sexes, P < 0.01. A peak 
value of 260 -+ 10.2 mg/100 ml was attained in 
the male at 30 days of age. This was followed 
by a small, not statistically significant, drop at 
2 months after which the level returned to and 
remained at the original peak level for the 
remainder of the 1 year study. The female 
reached a peak of 408 + 54.6 rag/100 ml at 2 
months of age followed by a significant decline 
at 3 months, P < 0.05. The triglyceride levels 
then rose progressively for the remainder of the 
study period and reached the initial peak level 
by 1 year. At all time periods beyond 23 days 
of age, the triglyceride levels in the female were 
significantly higher than in the male, P < 0.05. 

Since the triglycerides were elevated, it 
seemed desirable to determine the transport 
vehicle for the triglycerides. Electrophoretic 
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analysis of the lipoproteins at both 2 months 
and 1 year of age indicated the percentage of 
the total stain absorbed by the lipoproteins was 
distributed as follows: chylomicra absent, 14.2 
+ 3.1% ~-l ipoprotein,  22.9 + 5.3% pre- 
/3-1ipoprotein and 62.9 + 6.1% a-lipoprotein. No 
significant age or sex variation was observed. 
This would indicate that this rat is a type IV 
phenotype according to the Fredrickson classi- 
fication (11-12). 

A m o n g  the  a b n o r m a l i t i e s  that could 
accompany a Fredrickson phenotype IV are 
progressive alterations in glucose metabolism 
(13). In Table I are depicted the mean glucose 
tolerance curves at 2 months and 1 year of age, 
in the male. At 2 months of age, an essentially 
normal glucose tolerance curve was obtained in 
which the maximum glucose concentration was 
attained at 30 min followed immediately by a 
drop in blood glucose to normal levels by 3 hr. 
In the 1 year old animals there was a significant 
delay in the start of the drop, P < 0.01; the 
peak level remained for 1.5 hr. The drop in 
blood glucose was much slower and the level 
did not return to normal until the eighth hour. 
No significant difference was noted in the glu- 
cose tolerance test between males and females 
at 1 year of age. 

In order to determine whether at any time 
period the serum lipid values were falsely ele- 
vated due to hemoconcentration, hemoglobin 
and hematocrit values were determined (Fig. 3). 
The hemoglobin and hernatocrit levels were not 
related to sex. The initial dip in hematocrit at 
15 days followed by a rise until  2 months of 
age is essentially similar to that found in 
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FIG. 4. Variation in body weight with age and sex. 

humans (17). The decline was significant at P < 
0.01 as was the subsequent rise. 

In Figure 4 are shown the variations in body 
weight with age and sex. The body weight 
changes are essentially what might be expected, 
with the male significantly heavier than the 
female after 2 months of age, P < 0.01. 

DISCUSSION 

It was no ted  that the plasma triglycerides 
were significantly elevated after 23 days of age 
in both sexes and remained elevated to the end 
of the 1 year study period (Fig. 2). During the 
suckling period, when the rats were subsisting 
on the higher fat, lower carbohydrate content 
of mothers' milk, plasma triglyceride levels 
were significantly lower. At 23 days of age, 
when the plasma triglycerides began to rise, the 
rats had been weaned and were subsisting on a 
commercial laboratory chow containing 4.3% 
fat, 50.8% carbohydrate and 23.4% protein. In 
view of the elevated plasma triglycerides, the 
plasma lipoprotein patterns were studied in 
order to differentiate between the three pos- 
sible Fredrickson phenotypes associated with 
hypertriglyceridemia (11,12). The plasma lipo- 
p r o t e i n  p a t t e r n s  showed  a higher pre- 
/3-1ipoprotein content indicative of possible 
ca rbohydra t e  induced hypertriglyceridemia. 
The absence of definitive chylomicra bands 
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TABLE I 

Glucose Tolerance Curves for Male 
Hypertriglyeeridemic Rats at 2 Months 

and 1 Year of Age 

Age 

Time after 2 Months 1 Year 
glucose 8 Rats 9 Rats 

Administration, hr Plasma glucose Mg/100 MI 

0 86 + 8.8 a 
0.5 176 -+ 11 .0  
1.0 163 - 7.2 
1.5 
2.0 125 -- 4.6 
3.0 103 + 9.6 
4.0 93 + 6.2 
5.0 108 -+ 4.1 
6.0 
7.0 96 + 5.1 
8.0 
9.0 88 --+ 7.1 

104 -t- 4.4 
169 -+ 8.1 
168 -+ 6.9 
167 -+ 6.6 
150 + 5.8 b 
130 -+ 8.1 c 
122 -+4.4 b 
126 -+4.9 c 
1 2 8  -+ 6.0 
127 -+ 5.8 b 
102 -+ 6.1 
107 + 3.5 c 

aMean + standard deviation. 
bp ( 0 . 0 1  comparing 1 year with 
cp <[0.05 comparing 1 year with 

2 months. 
2 months. 

negated  the  possibi l i ty of  hyper t r ig lycer idemia  
being due to  a def ic iency in l ipoprote in  lipase 
(Fredr ickson  p h e n o t y p e  I or V). The data 
would  seem to indicate  tha t  this rat substrain is 
an exper imenta l  mode l  of  one  of  the  more  com-  
mon  h u m a n  lipid disorders ,  Fredr ickson  pheno-  
type  IV. 

Several pathological  s i tuat ions are k n o w n  to 
be c o m m o n  in the h u m a n  Fredr ickson type  IV 
individual,  i.e., diabetes ,  h y p o t h y r o i d i s m  and 
cirrhosis o f  the  liver (11-13).  In this s tudy,  glu- 
cose to lerance  curves showed a progressive 
increase (P < 0.01) in the t ime required for  
plasma glucose to  re turn  to  fasting levels, indi- 
cating progressive a l terat ions  in glucose me tabo-  
lism (Fig. 3). 

As in the human ,  this  strain of  rat seems to  
be responsive to the  carbohydra te - to - fa t  ratio in 
the diet.  Thus,  during the  suckling per iod where  
the rat io of  ca rbohydra te  to fat  in the rhilk is 
approx ima te ly  0:2 (15),  bo th  the serum choles-  
terol  and phosphol ip ids  are significantly higher 
and the tr iglycerides are significantly lower  

387 

than  af ter  weaning when  the  rats are consuming 
a diet  conta ining a ca rbohydra te - to - fa t  ratio of  
approx ima te ly  1 1 : 1. 

A rat substrain mode l  o f  possible carbo-  
hydra t e  inducible  hyper t r ig lycer idemia  could 
be a valuable tool  in evaluating ways o f  con-  
trolling this c o m m o n  human  lipid disorder.  
Studies in this direct ion are now in progress.  
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Regulation of Hepatic Carbohydrate Metabolism by F FA and 
Acetyl-CoA: Sequential Feedback Inhibition 
G. WEBER, M. A. LEA, and NANCY B. STAMM, Department of Pharmacology, 
Indiana University School of Medicine, Indianapolis, Indiana 46202 

ABSTRACT 

In recent years experiments in slices, 
perfused liver and in the whole animal 
demons t r a t ed  that liver carbohydrate 
metabolism can be controlled by free 
fatty acids (FFA).  Our investigations sug- 
gest that FFA and acetyl-CoA might pro- 
vide regulation of the rate and direction 
of opposing pathways of hepatic gly- 
colysis and gluconeogenesis by control- 
ling the activity of key enzyme systems. 
Long and short chain FFA were observed 
to selectively inhibit the key enzymes of 
glucose catabolism, glucokinase, hexo- 
kinase, phosphofructokinase and pyru- 
vate kinase. The long chain FFA were 
inhibitors two magnitudes stronger than 
octanoate.  The FFA were also able to 
inhibit lactate production in a fortified 
supernatant  fluid system. Acetyl-CoA 
inhibited hepatic glucokinase and pyru- 
vate kinase but did not affect liver hexo- 
k i n a s e ,  phosphof ruc tok inase ,  lactate 
dehydrogenase, glucose-6-phosphatase or 
f r u c t o s e - l , 6 - d i p h o s p h a t a s e .  The  
inhibition of glucokinase and pyruvate 
kinase was dependent on the dose and 
preincubation time with acetyl-CoA. The 
acetyl-CoA is the end product of the 
degradation of FFA which in turn is an 
end product of glucose catabolism; there- 
fore, the inhibition of the three key 
glycolytic enzymes by FFA and the sub- 
sequent reinforcement of the inhibition 
of glucokinase and pyruvate kinase may 
be called sequential feedback inhibition. 
The  regulatory role of phosphoenol- 
p y r u v a t e ,  NADH, ATP, alanine and 
oxaloacetate in the control of hepatic car- 
bohydrate  metabolism is discussed. 

INTRODUCTION 

Evidence has accumulated in recent years 
that hepatic carbohydrate metabolism can be 
regulated by lipid metabolites as indicated by 
experiments in liver slices, in perfused liver and 
in the whole animal (1-7). Our investigations 
suggest that along with several other signal 
molecules the free fatty acids (FFA)  (8-10) and 
acetyl-coenzyme A (acetyl-CoA) (11) provide 
regulation of the rate and direction of the 

opposing pathways of hepatic gluconeogenesis 
and glycolysis by controlling the activities of 
key enzyme systems (12). Figure 1 illustrates 
the two opposing pathways and compares the 
activities of the key gluconeogenic enzymes 
( g l u c o s e - 6 - p h o s p h a t a s e ,  f r u c t o s e - l , 6 -  
diphosphatase, phosphoenolpyruvate carboxy- 
kinase and pyruvate carboxylase) and the key 
g l y c o l y t i c  enzymes (glucokinase, phospho- 
fructokinase and pyruvate kinase). Considera- 
tion of  the activities of the opposing enzymes 
suggests that mechanisms must exist which are 
capable of rapidly inhibiting the activities of 
pyruvate kinase and the other two key glyco- 
lyric enzymes, glucokinase and phosphofructo- 
kinase. The inhibition of pyruvate kinase is 
especially necessary, since such a mechanism 
would facilitate gluconeogenesis and, through 
decreasing glycolysis, prevent recycling (8,10). 

An alteration in the amount of the glyco- 
lytic enzymes and of  the opposing gluconeo- 
genie enzymes may provide a change in the 
ratio which would result in an alteration in the 
overall potential and could change the direction 
o f  the opposing pathways. Indeed, under 
various gluconeogenic conditions there is an 
increase in the biosynthesis of gluconeogenic 

R A T E  L I M I T I N G  E N Z Y M E S  
ONE WAy RFACTIC*N~ ON BOTH SIDES OF MIETAI~)LIC POOl2t OF ~[VER~IBLE REACTIONS 
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FIG. 1. Comparison of the activities of key gluco- 
neogenic and glycolytic enzymes. Activities are 
expressed in//moles of substrate metabolized per gram 
wet weight/hr at 37 C. 
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enzymes and a decreaSe or no change in the 
glycolytic ones. However, these changes in 
gluconeogenic conditions, characterized by a 
decrease in insulin level (i.e., starvation and 
diabetes) or after glucocorticoid injection, 
require a number of hours or days for full 
development of the pattern (13). The acute 
adaptation requires a rapid change in the 
enzyme ratios which cannot be accomplished 
by alterations in the rate of biosynthesis and 
degradation of the enzymes. 

Such considerations directed our attention 
to the fact that under gluconeogenic conditions 
there is a rise in hepatic FFA and acetyl-CoA 
levels, and we investigated the possible mecha- 
nism of effect of these metabolites in carbo- 
hydrate metabolism. The investigation revealed 
that there is a network of metabolic signals, 
including FFA,  acetyl-CoA, L-alanine, NADH, 
ATP, oxaloacetate, phosphoenolpyruvate and 
other metabolites, which are able to inhibit 
certain of the key enzymes of glucose catabo- 

lism and thus inhibit glycolysis and facilitate 
gluconeogenesis (8-12). Since FFA may be rec- 
ognized as an end product of glucose break- 
down and acetyl-CoA as the end product of 
FFA breakdown, the ability of FFA and 
acetyl-CoA to inhibit glucose catabolism may 
be called sequential feedback inhibition. 

E X P E R I M E N T A L  P R O C E D U R E S  

Male Wistar rats weighing 100-200 g were 
kept in separate cages; Purina laboratory chow 
and tap water were always available. The ani- 
mals were killed by decapitation and exsan- 
guination. The preparation of liver homogenate 
and supernatant fluid was carried out as 
described previously (14). 

Most  o f  t he  chemicals and auxilliary 
enzymes were purchased from Sigma Chemical 
Company. Lactate dehydrogenase was also pur- 
chased from Boehringer Company and acetyl- 
CoA from P & L Biochemicals, Inc. In most 

TABLE I 

Inhibition of Glucokinase and Hexokinase by Fatty Acids 

Concentration of fatty acid (M) for 50% inhibition of enzyme activity 

Glucokinase Hexokinase 

Fatty Preincubation A s s a y  Preincubation Assay 
acid concentration concentration concentration concentration 

Octanoate 
Laurate 
Myristate 
Palmitate 
Elaidate 

5.0 X 10 -3 4 .0  X 10 -4 3.6 X 10 -2 2.9 X 10 -3 
5.0 X 10 -4 4 .0  X 10 -5 1.0 X 10 -3 8.0 X 10 -5 
1.4 X 10 -4 1.1 X 10 -5 2 .4  X 10 -3 1.9 X 10 -4 
9.4 X 10 -4 7.5 X 10 -5 a a 
3.0 X 10 -4 2 .4  X 10 -5 a a 

aNot determined 
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TABLE II 

Effect of Palmitate on Lactate Production 

Preincubation 
time, 
rain 

Lactate production after preincubation in different media a 

No palmitate 0.5 mM Palmitate 1.0 mM Palmitate 

0 105 - 15 92 + 19 79 + 16 
5 1 0 4 + 1 2  40 -I" 9 22 + 2 

15 7 7 + 1 3  27 + 7 19 4- 3 
30 68-+11 14-+ 4 8-+ 4 

aExpressed in pmoles lactate produced/hr per gram tissue. 

e x p e r i m e n t s  the  acetyl -CoA ob t a ined  f rom P & 
L was used,  since this  p r epa ra t i on  is c la imed to  
be 98% pure.  The  p repa ra t i on  of  so lu t ions  and  
suspens ions  of  F F A  was descr ibed previously  
(10) .  The  acetyl -CoA was dissolved in dist i l led 
water  and  ad jus ted  to  pH = 7.4,  or  i t  was dis- 
solved in glycylglycine buf fer ,  pH = 7.4. The  
assays of  the  liver enzym es  and  the  m e t h o d  for  
de t e rmin ing  lac ta te  p r o d u c t i o n  were c o n d u c t e d  
as descr ibed  previously  (8-12) .  

The  e n z y m e  d e t e r m i n a t i o n s  were carr ied ou t  
u n d e r  cond i t ions  giving zero order  kinet ics .  It 
was careful ly  es tabl i shed  t ha t  the  auxi l l iary 
e n z y m e s  a d d e d  to cata lyze the  coupled  
r e a c t i o n s  did no t  b e c o m e  l imi t ing in the  
e n z y m e  assay. The  F F A ,  acetyl -CoA,  or  phos-  
p h o e n o l p y r u v a t e  (PEP) was p r e i n c u b a t e d  wi th  
the  liver supe rna t an t  f luid at 37 C for  10 m i n  or 

P E N r O ~  p . O ~ p . ^ T E  P A r .  WAY 

o ! 

1 

, , ,  o ~  1 . . . . . .  :: . .  . . . . . . . . . . .  

FIG. 3. Feedback inhibition by fatty acids of 
hepatic enzymes involved in glucose catabolism. GK, 
Glucokinase; PFK, Phosphofructokinase; PK, Pyruvate 
Kinase ;  HK, Hexokinase; G6P DH, Glucose-6- 
Phosphate Dehydrogenase; 6-PG DH, 6-Phosphogluco- 
hate Dehydrogenase; IDH, Isocitrate Dehydrogenase; 
F - Ase, Fumarase; ME, Malic Enzyme; AC, Acetyl 
CoA Carboxylase; and CS, Citrate Synthase. 

added d i rec t ly  to  the  assay reac t ion  mix tu re ,  
unless o therwise  specified.  Sui table  con t ro l s  
were run  at the  same t ime  and  the  assays were 
carr ied ou t  in a Cary 11 recording spect ro-  
p h o t o m e t e r  and in a Gi l ford  Model  2000  
s p e c t r o p h o t o m e t e r .  

RESULTS A N D  DISCUSSION 

Effect of FFA on Key Glycolytic Enzymes 
and Lactate Production 

The i n h i b i t o r y  ef fec t  of  F F A  on hepa t ic  
py ruva te  kinase is i l lus t ra ted  in Figure 2. The  
shor t  chain  F F A ,  o c t a n o a t e ,  gave a K i = 2.5 X 
1 0 - 3 M ,  w h e r e a s  the  physiological ly  more  
c o m m o n ,  longer  chain  f a t t y  acids were two  
magn i tudes  more  effect ive  in t e rms  of  f inal  
F F A  concen t r a t i on .  The  c o n c e n t r a t i o n s  of  F F A  
in p r e i n c u b a t i o n  m i x t u r e  for  oc t anoa te ,  laura te  
a n d m y r i s t a t e  were 3.7 X 10 -2, 3.3 X 10 -4 and  
6.3 X 10 .4 molar  respect ively.  These  resul ts  
con f i rm  and  e x t e n d  our  previous  work  on  the  
i nh ib i t i on  of  liver py ruva t e  kinase by  F F A  

100  
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.~ 80 K i = 5.1 x 10 -3 M 
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~ 40 

1 

I I I I I I I 
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ACETYL CoA ( M x 10 -3 ) 

FIG. 4. Effect of addition of acetyl-CoA to assay 
reaction mixture of liver pyruvate kinase. The final 
concentrations of acetyl-CoA are shown. 
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(8,10). Further experimental details and consid- 
erations are provided in references 10, 12, 20 
and 21. 

The inhibition of glucokinase and hexo- 
kinase by fatty acids is reported in Table I. It 
may be seen that the long chain FFA are more 
effective than octanoate and they are all 
inhibitory to both enzymes of glucose phos- 
phorylation. These results are in line with our 
previous studies Which have also described the 
inhibition of hepatic phosphofructokinase by 
FFA (8-10). 

Extensive studies demonstrated that oc- 
tanoate did not  affect the key gluconeogenic 
and bifunctional enzymes examined (8,10). The 
inhibitory action of FFA on key glycolytic 
enzymes implies that lactate production should 
be blocked. Our studies indicated that this is so 
(9,10) and Table II illustrates the effect ofpal-  
mitate on lactate production. A 1.1 ml aliquot 
of 10% liver supernatant fraction was preincu- 
bated at 37 C with 1.3 ml of a solution con- 
taining 50 gmoles glycylglycine pH 7.4 and 
appropriate concentrations of palmitate to give 
concentrations of 0, 0.5 and 1.0 mM in the 
total volume of 2.4 ml. After stated preincu- 
bation times 0.4 aliquots from these mixtures 
were taken for determination of lactate produc- 
tion in the standard medium with a final volume 
of 1.0 ml. Each value is the mean and the stand- 
ard error of the mean of assays on three ani- 
mals. It may be seen that, depending on the pre- 
incubation time, a progressive inhibition of lac- 
tate production was registered. Previous work 
described the inhibition of lactate production 
by octanoate, myristate and laurate (9,10). 
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FIG. 5. Effect of acetyl-CoA on liver pyruvate 
kinase activity using a 10 min preincubation. In this 
dose response study, the final concentrations of 
acetyl-CoA are shown. 

The Act ion of F F A  as a Metabolic Switch 

These results suggest a working hypothesis 
for the action of FFA in the regulation of car- 
bohydrate metabolism. When in gluconeogenic 
conditions the FFA level is increased, this func- 
tions as a rapid inhibitor of the key glycolytic 
enzymes and as a stimulus for gluconeogenesis. 
The source of FFA from the periphery is 
chiefly the adipose tissue from which the 
l i p o l y t i c  hormones, epinephrine, glucagon, 
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FIG. 6. Affinity of liver pyruvate kinase to the substrate, phosphoenolpyruvate, in presence and 
absence of acetyl-CoA (10-min preincubation was used). 
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FIG. 8. Reciprocal plot showing the inhibition of 
liver glucokinasc by acctyl-CoA. 

FIG. 7. Effect of preincubation time on hepatic 
pyruvate kinase activity in presence and absence of 
acetyl-CoA at 37 C. 

ACTH, growth hormone and the glucocorti- 
coids may cause a release of FFA into the 
plasma. The balance of these hormones with 
the anti-lipolytic hormone, insulin, is crucial in 
determining the FFA levels in liver and plasma. 

The enzymatic findings and those obtained 
in the lactate-producing systems suggest an 
overall action for FFA in the regulation of car- 
bohydrate metabolism which is illustrated in 
Figure 3. This Figure draws attention to the 
fact that FFA may be considered an end prod- 
uct in the metabolism of glucose. Our earlier 
observations (8,10) and the current work sug- 
gest that FFA may function as a feedback 
inhibitor by inhibiting the key enzymes of 
glycolysis and of the direct oxidative pathway 
(8-10,12). The selectivity of FFA action is also 
supported by our studies with enzymes of the 
Krebs cycle where octanoate inhibited iso- 
citrate dehydrogenase and fumarase, but did 
not affect malate dehydrogenase and the malic 
enzyme. These results agree with reports on the 
i n c r e a s e  in gluconeogenesis  and on the 
decreased functioning of the Krebs cycle in the 
presence of a rise in the FFA concentration 
(1-7). 

Effect of AcetyI-CoA on Key Glycolytic Enzymes 

Since acetyl-CoA is the end product of FFA 
metabolism and its level increases under gluco- 
neogenic conditions (15,16), it seemed possible 
that it may exert an inhibitory action on cer- 
tain of the key glycolytic enzymes. A further 
indication for a role in metabolic control was 
also suggested by the fact that acetyl-CoA was a 
required cofactor in the activation of pyruvate 

carboxylase (17) which may be considered as 
the first step in the final common path of glu- 
coneogenesis. Recent work showed that acetyl- 
CoA indeed was inhibitory to liver and muscle 
pyruvate kinase and it also inhibited hepatic 
glucokinase (11,12). The present work confirms 
and extends these studies. Figure 4 shows that 
when acetyl-CoA was added to the assay mix- 
ture it inhibited hepatic pyruvate kinase with a 
K i = 5.1 X 10-3M. When the liver supernatant 
fluid was preincubated with acctyl-CoA, this 
coenzyme was two magnitudes more effective 
as an inhibitor of liver pyruvate kinase, giving a 
K i = 3.0 X 10-SM (Figure 5). Concentrations 
above 0.15 mM resulted in an almost complete 
inhibition of this enzyme activity. 

Mechanism of  Inhibition of  Liver Pyruvate 
Kinase by Acetyl-CoA. The nature of inhibition 
was studied using the preincubation system (10 
min). Results indicated that the inhibition by 
acetyl-CoA did not cause a marked change in 
the affinity of hepatic pyruvate kinase to its 
substrate, phosphoenolpyruvate, and that it was 
not a competitive type of inhibition (Fig. 6). 

Effect of  Preincubation Time on Liver Pyru- 
rate Kinase Activity Without and With Acetyl- 
CoA. It was of interest to determine the 
sequence of events when acetyl-CoA was added 
to the supernatant fluid, since preincubation 
was more effective for this inhibitory mecha- 
nism. Figure 7 shows that at 37 C the pyruvate 
kinase activity decreased to near 50% in 60 
min. In contrast, when acetyl-CoA (1.3 X 
10-aM) was included in the preincubation mix- 
ture, the enzyme activity decreased to 30% in 1 
min and by 10 min it was barely measurable. 
Thus, the inhibitory action of acetyl-CoA 
requires very little time for the interaction. This 
mechanism is under further investigation. 
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TABLE III 

Inhibition of Glucokinase Activity by Acetyl Coenzyme A 

393 

Acetyl coenzyme A Glycose phosphorylated Per cent 
in assay (mM) /dmoles inhibition 

0.00 104 0 
0.02 84 19 
0.04 76 27 
0.08 49 53 
0.12 43 59 
0.16 35 66 
0.20 26 75 

Inhibition of Glucokinase Activity by 
Acetyl-CoA. Table III shows that increasing 
concentrations of acetyl-CoA in the 10 min pre- 
incubation mixture caused a progressive inhi- 
bition of liver glucokinase activity, yielding a K i 
= 7.5 X 10-SM (11). A 0.25 ml aliquot of 10% 
liver supernatant fraction was preincubated for 
10 min at 37 C with 0.25 ml 0.5 M glycylgly- 
cine pH 7.4 and appropriate concentrations of 
acetyl coenzyme A. From this mixture, 0.1 ml 
aliquots were taken for assay of glucokinase 
activity in a final volume of 2.5 ml. 

Mechanism of the Inhibition of Glucokinase 
by Acetyl-CoA. We explored the mechanism of 
inhibition by using the preincubation system, 
and investigated the affinity of liver glucokinase 
to the substrate, glucose, in the absence and in 
the presence of acetyl-CoA (0.2 mM). Such 
studies are illustrated in Figure 8 which shows 
that the inhibition of hepatic glucokinase by 
acetyl-CoA is affected through a noncompeti- 
tive mechanism. 

Selectivity of the Inhibitory Action of 
Acetyl-CoA. As in the case of the FFA, in order 
to assume a physiological role for the inhibitory 
action of acetyl-CoA it is necessary to establish 
a selectivity of action. Our investigations 
showed that in the concentration range where 
acetyl-CoA was inhibitory to liver glucokinase 
and pyruvate kinase no inhibition was observed 
against liver hexokinase, phosphofructokinase, 
lactate dehydrogenase, glucose-6-phosphatase 
and fructose 1,6-diphosphatase (1 1,12). Thus, 

two key gluconeogenic enzymes and lactate 
dehydrogenase, an enzyme which plays a part 
in gluconeogenesis, are not affected, which is in 
accord with the role we postulate for acetyl- 
CoA in inhibiting glycolysis and stimulating glu- 
coneogenesis. The fact that fiver phospho- 
fructokinase was not inhibited by acetyl-CoA 
indicates a higher selectivity for the action of 
acetyl-CoA than for that observed for FFA 
because the latter also inhibited hexokinase and 
phosphofructokinase in the same concentration 
range in which it was inhibitory for glucokinase 
and pyruvate kinase (11,12). The absence of an 
inhibition of liver hexokinase indicates that the 
auxilliary enzyme used in this assay and in the 
glucokinase assay, namely yeast glucose-6- 
phosphate dehydrogenase, was also not inhi- 
bited by acetyl-CoA. Similarly, the auxilliary 
enzyme used in the pyruvate kinase assay, 
namely, rabbit muscle lactate dehydrogenase, 
was also not subject to inhibition by acetyl- 
CoA (11,12). 

Possible Physiological Significance of the 
Inhibitory Effects of Acetyl-CoA. Since acetyl- 
CoA activates pyruvate carboxylase (17), a 
simultaneous inhibition of the antagonistic 
enzyme, pyruvate kinase, provides a rapid 
mechanism by which metabolic channeling can 
be accomplished with economy and speed 
(11,12). As a result acetyl-CoA may be able to 
provide at least three regulatory functions at 
the enzyme activity level. These are: activation 
of a key enzyme of gluconeogenesis, pyruvate 

TABLE IV 

Inhibi t ion of Glucokinase by Phosphoenolpyruvate 

Phosphoenolpyruvate Glucose phosphorylated Per cent 
in assay (mM) (/t~noles/hr/gram t issue inhibit ion 

0.0 132 0 
0.8  105 20  
1.6 86 35 
2 .4  51 61 
3.2 29 78 
4 .0  16 88 
4 .8  8 94  
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carboxylase: prevention of the recycling of PEP 
by inhibiting a glycolytic enzyme, pyruvate 
kinase; and blocking the utilization of pyruvate 
by inhibition of the enzyme, pyruvate oxidase. 
The concentration range of hepatic acetyl-CoA 
for these effects appears to be in the physio- 
logical order of magnitude which for acetyl- 
CoA is 20-60/aM (15,16); the affinity of pyru- 
rate carboxylase to acetyl-CoA is K m = 19/aM 
(17) and for the inhibitory action of acetyl- 
CoA on pyruvate kinase the K i = 30/aM. 

Acetyl-CoA is the end product of the degra- 
dation of FFA which in turn arises as an end 
product of glucose catabolism; therefore, the 
inhibition of the three key glycolytic enzymes 
by FFA and the subsequent reinforcement of 
the inhibition of glucokinase and pyruvate 
kinase by acetyl-CoA may be called sequential 
feedback inhibition. 

Phosphoenolpyruvate: I nhibitor of Glueokinase 

In an'investigation of the possible effects of 
positive and negative signals by metabolites, the 
action of PEP on glucokinase was examined. 
When the supernatant fraction of liver was pre- 
incubated for 10 min with increasing concen- 
trations of PEP, a progressive inhibition of 
glucokinase activity was observed (Table IV). 
Under these conditions an almost complete 
inhibition was observed with a PEP concentra- 
tion of 4.8 mM and a K i = 2.1 mM was found 
(11,12). A 0.5 ml aliquot of 10% rat liver super- 
natant fraction was preincubated at 37 C for 10 
min with 1.0 ml of a solution containing 50 
/amoles glycylglycine pH 7.4 and different con- 
centrations of phosphoenolpyruvate. From this 
mixture 0.2 ml aliquots were taken for assay of 

FIG. 10. Sequential inhibition of hepatic key 
glycolytic enzymes by FFA and acetyl-CoA. 

glucokinase activity in a final volume of 2.5 ml. 
Mechanism of  Action of  PEP on Hepatic 

Glucokinase. The affinity of glucokinase to its 
substrate, glucose, was examined in presence 
and absence of PEP. Using a preincubation 
system of 10 rain the concentration of PEP was 
1.07 mM. When PEP was added directly to the 
enzyme assay mixture, it was given in a concen- 
tration of 20 mM. The results indicated that the 
affinity of glucokinase to glucose (K m = 2.8 X 
10-2M) was the same in the presence and in the 
absence of PEP. These experiments demon- 
strated that the inhibition of liver glucokinase 
by PEP was of the noncompetitive type 
(11,12). 

Effect of  Preincubation Time With Phos- 
phoeno lpyruva te  on Hepatic Glucokinase 
Activity. It was of interest to determine the 
sequence of events when PEP was added to the 
supernatant fluid, as preincubation was more 
effective for the inhibitory mechanism. Figure 
9 shows that when the liver supernatant fluid 
was preincubated with distilled water (pH = 
7.4) at 37 C the glucokinase activity decreased 
to approximately 40% in 30 min. However, 
when PEP (40 mM) was included in the pre- 
incubation mixture, the glucokinase activity 
declined to less than 40% in 5 min. It appears 
that the inhibitory action of PEP requires only 
a few minutes, and that the effect is a progres- 
sive one with incubation time. 

Possible Physiological Significance of  the 
Inhibition of  Glucokinase by PEP. The effective 
concentration of PEP for the inhibition of these 
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FIG. 11. Affinity of liver pyruvate kinase to its 
substrate, phosphoenolpyruvate, in presence and 
absence of different concentrations of L-alanine. 

enzymes is several magnitudes higher than the 
level of PEP in the liver. It is likely that for the 
action of PEP to be of physiological signifi- 
cance it must work in a cooperative manner 
with other inhibitors of glucokinase, such as 
F F A  and acetyl-CoA, the levels of which 
increase in gluconeogenic conditions. Then 
PEP may act on a partially inhibited enzyme 
and a much lower PEP concentration may be 
effective. It is interesting that there is a selec- 
tivity in the effects of PEP because liver hexo- 
kinase is not affected. 

Current View on the Postulated Roles of Lipid 
Metabolites and Other Metabolites on Regulation of 
the Direction of Carbohydrate Metabolism in Liver 

The results presented, along with the pre- 
vious data obtained in our laboratories, provide 
an explanation, in part at least, for the stimula- 
tory effect of FFA and acetyl-CoA on hepatic 
gluconeogenesis. Under gluconeogenic condi- 
tions, the resulting rise in FFA and the subse- 
quent one in acetyl-CoA should inhibit the key 
glycolytic enzymes. Since FFA is an end prod- 
uct of glucose catabolism, and in turn acetyl- 
CoA is an end product of FFA degradation, we 
termed this regulatory mechanism sequential 

FIG. 12. Regulation of pyruvate kinase and the 
other key glycolytic enzymes, glucokinase and phos- 
phofructokinase. The array of activators controlling 
pyruvate kinase and the inhibitors regulating the 
various key glycolytic enzymes are shown. 

feedback inhibition (Fig. 10). 
The inhibition of pyruvate kinase is of 

physiological significance because this gly- 
colytic enzyme is many times more active than 
the opposing gluconeogenic enzyme, pyruvate 
carboxylase (Fig. 1). Therefore,' it is relevant 
that several inhibitors of liver pyruvate kinase 
activity have been observed (Fig. 12). The 
amount of liver pyruvate kinase will decrease 
with the decline of insulin level on which the 
biosynthesis of this enzyme appears to depend, 
in part at least (8,18). The activity of liver 
pyruvate kinase is inhibited by NADH (10,19), 
ATP (10), L-alanine (12) (see Fig. 1 I), FFA 
(8-10) and acetyl-CoA (11,12). Thus, there is 
an array of inhibitors which may provide 
cooperative or cumulative inhibition on pyru- 
rate kinase and on other key enzymes of 
glycolysis ,  glucokinase and phosphofructo- 
kinase, depending on the nature and extent of 
the gluconeogenic conditions (see Fig. 12). 
Once phosphoenolpyruvate is formed, it should 
signal the process of gluconeogenesis and 
should decrease phosphorylation by inhibiting 
the activity of glucokinase, which enzyme has 
already been informed by FFA and acetyl-CoA 
that gluconeogenesis was in process (20,21). 
Thus, the gluconeogenic pathway will predomi- 
nate over glycolysis in the liver. 
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SHORT COMMUNICATIONS 

Human c~-2 Lipoprotein Bands Visualized by 
Cellulose Acetate Electrophoresis 

Separation of human serum lipoproteins by 
cellulose acetate electrophoresis has been pre- 
viously described ( 1,2). During investigations of 
human lipoprotein metabolism, the cellulose 
acetate electrophoretic pattern of certain sub- 
jects was found to contain a double band in the 
ct 2 region, as shown in Figure I. This consisted 
of a component comparable to the pre~ lipo- 
proteins of paper electrophoresis (1-3) and a 
slower moving ~t l component not previously 
described. 

Plasma lipoproteins were separated on cellu- 
lose acetate using barbital buffer pH 8.6, ionic 
strength 0.075 with 1% albumin and 0.001 M 
EDTA. Five microliters of plasma from fasting 
sub j ec t s ,  some with known hyperlipopro- 
teinemias, was applied to cellulose acetate strips 
(Gelman Sepraphore IIl, 6 ft x l in.; Gelman 
Inst. Co., Ann Arbor, Mich.), pre-soaked in buf- 
fer at 4 C. Electrophoresis was run at 250 v for 
90 min at room temperature and stained in Oil 
Red O with 70% methanol at 37 C for 8-12 hr. 
They were rinsed in a 5% solution of acetic 
acid, photographed while wet with a Poloroid 
Land Camera MP-3 and then cleared in 15% 
acetic acid-methanol solution. 

Individual fractions for electrophoresis were 
prepared in the Beckman Model L ultracentri- 

fuge (4). The fractions separated were: o < 
1.006g/ml (chylomicrons), o < 1.006g/ml 
(pre-~ lipoproteins), o > 1.006 g/ml & < o 
1.063 /ml. (/~-lipoproteins) and > o 1.063 g/ml. 
(a-lipoproteins). These individual fractions were 
subjected to cellulose acetate electrophoresis. 
In addition, ~t-lipoproteins were prepared by 
adding 0.15 ml l M manganese chloride and 6 
mg of sodium heparin to 3 ml of plasma. The 
supernatant was removed after centrifugation at 
2000 rpm for 15 min at 4 C. This supernatant 
contains lipoproteins immuno-chemically iden- 
tical to a-lipoproteins (5). Plasma specimens 
were also studied after they had been stored at 
4 C for various lengths of time or had been sub- 
jected to several ultracentrifugations. 

All subjects showing a slower moving 0t l 
band had moderately elevated plasma choles- 
terol (range 280-350 mg/100g and normal to 
m o d e r a t e l y  elevated triglycerides (75-380 
mg/100g. The slower migrating a ] component 
was not seen in 100 subjects with plasma cho- 
lesterols < 250 mg/100g and was rarely seen in 
subjects with carbohydrate inducible hyperlipo- 
p ro te inemia  (type IV Fredrickson classifi- 
cation). 

The slower moving component of the ct 
bands was isolated in the preparative ultracen- 

FIG. 1. Cellulose acetate electxophorcsis sa'ips showing slower moving ct I bandsin two subjects: A. 
Cholesterol, 258 rag/100 g; Triglyceridcs, 126 mg/100 g; B. Cholesterol, 348 mg/100 g, Triglyeerides: 
103 mg/100 g. II. Elcctrophorcsis strips showing separation of the ~2 and slower moving O~ 1 band by 
preparative ultracentrifugation: A. o <  1.063; B. O> 1.063/ml. IlI. Electrophoresls of the supernatant 
after the low density lipoprotcin removal by precipitation with manganese chlofide-heparin solution: 
A. Supernatant showing Cq bands; B. Control showing 0. 2 and slower a 1 component. 
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trifuge at o > 1.063 g/ml while the pre-~ com- 
ponent was isolated at o < 1.006 g/ml as 
expected (Fig. 1). When low density lipopro- 
reins were precipitated with 1 M manganese 
chloride and sodium heparin, the slower moving 
component of the a bands remained in the 
supernatant as shown in Figure I. Storing 
plasma at 4 C did not noticeably increase the 
intensity of the fast components nor did 
repeated ultracentrifugation. 

These preliminary studies show that the 
slower moving component of the ~x band has 
different physical characteristics from the a 2 
band as determined by these two techniques. 
The 0~ 2 component is identified as the pre-~ 
lipoproteins of paper electrophoresis while 
slower cz 1 has some of the characteristics of a 
or high density lipoproteins. These differences 
could be due to different lipid-peptide ratios or 
to the presence of different peptides in each 
component.  

Studies are under way to further delineate 
the characteristics of this faster band and its 

relationship to other lipoproteins in the high 
and very low density spectrum. 
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Methyl Octadecadienoates as Protectors Against Inactivation 
of Alkaline Phosphatase by 7-Radiation 

ABSTRACT 

M e t h y l  cis,  c is - ,  cis ,  t r a n s -  and  
t r ans ,  t r a n s - 9  ,1 2 - o c t a d e c a d i e n o a t e s  
p r o t e c t  a l k a l i n e  phosphatase from 
inactivation by 7-rays. The three isomers 
are equally efficient. 

Polyunsaturated fatty acids or their deriv- 
atives are quite sensitive to high energy radia- 
tions (1) and react readily with many free radi- 
cals. Therefore, it might be anticipated that 
these lipids could modify the effects of ionizing 
radiations on other sensitive compounds. We 
used alkaline phosphatase to test this and found 
that methyl linoleate and its trans isomers pro- 
tect it from damage by ")'-rays. 

A solution of alkaline phosphatase was pre- 
pared by dissolving 1 mg of dry enzyme prepa- 
ration (Type II, Sigma Chemical Co., St. Louis) 
in 50 ml of 0.02 phosphate buffer of pH 7.5. 
Five to ten milliliters of the enzyme solution 
were emulsified with 1% to 5% of methyl 
c i s , c i s - ,  c i s ,  t r a n s -  or  t r a n s , t r a n s -  
9,12-octadecadienoate, using 5% propylene 
glycol to stabilize the emulsions. Stable emul- 
sions were obtained by blending the compo- 

nents for 3 min in an Omni Mixer in an atmos- 
phere of nitrogen. Controls without methyl 
esters, but containing 5% propylene glycol, 
were prepared in the same manner. 

The samples were irradiated within 20 hr of 
their preparation. They were kept at 3 C except 
during irradiation which was performed at 22 C 
with 50 or 500 kilorads of 7-rays from a 137Cs 
source at a dose rate of 412 kilorads/hr. Non- 
irradiated duplicates of all samples were kept at 
room temperature while the samples were 
irradiated, but were otherwise treated iden- 
tically and were analyzed in parallel with the 
irradiated specimens. Alkaline phosphatase was 
determined by the spectrophotometric method 
of Bessey et al. (2) as standardized by Sigma 
Chemical Co. (1963). The samples containing 
lipids were not optically transparent and the fat 
was removed prior to analysis by a single 
extraction with petroleum ether. To assure 
uniformity, all samples, whether they contained 
added lipids or not, were subjected to this 
extraction. 

In preliminary experiments it was estab- 
lished that enzyme solutions stored for eight 
days at 3 C lost 19% of their original activity. 
Emulsification of the enzyme solution and 
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trifuge at o > 1.063 g/ml while the pre-~ com- 
ponent was isolated at o < 1.006 g/ml as 
expected (Fig. 1). When low density lipopro- 
reins were precipitated with 1 M manganese 
chloride and sodium heparin, the slower moving 
component of the a bands remained in the 
supernatant as shown in Figure I. Storing 
plasma at 4 C did not noticeably increase the 
intensity of the fast components nor did 
repeated ultracentrifugation. 

These preliminary studies show that the 
slower moving component of the ~x band has 
different physical characteristics from the a 2 
band as determined by these two techniques. 
The 0~ 2 component is identified as the pre-~ 
lipoproteins of paper electrophoresis while 
slower cz 1 has some of the characteristics of a 
or high density lipoproteins. These differences 
could be due to different lipid-peptide ratios or 
to the presence of different peptides in each 
component.  

Studies are under way to further delineate 
the characteristics of this faster band and its 

relationship to other lipoproteins in the high 
and very low density spectrum. 
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Methyl Octadecadienoates as Protectors Against Inactivation 
of Alkaline Phosphatase by 7-Radiation 

ABSTRACT 

M e t h y l  cis,  c is - ,  cis ,  t r a n s -  and  
t r ans ,  t r a n s - 9  ,1 2 - o c t a d e c a d i e n o a t e s  
p r o t e c t  a l k a l i n e  phosphatase from 
inactivation by 7-rays. The three isomers 
are equally efficient. 

Polyunsaturated fatty acids or their deriv- 
atives are quite sensitive to high energy radia- 
tions (1) and react readily with many free radi- 
cals. Therefore, it might be anticipated that 
these lipids could modify the effects of ionizing 
radiations on other sensitive compounds. We 
used alkaline phosphatase to test this and found 
that methyl linoleate and its trans isomers pro- 
tect it from damage by ")'-rays. 

A solution of alkaline phosphatase was pre- 
pared by dissolving 1 mg of dry enzyme prepa- 
ration (Type II, Sigma Chemical Co., St. Louis) 
in 50 ml of 0.02 phosphate buffer of pH 7.5. 
Five to ten milliliters of the enzyme solution 
were emulsified with 1% to 5% of methyl 
c i s , c i s - ,  c i s ,  t r a n s -  or  t r a n s , t r a n s -  
9,12-octadecadienoate, using 5% propylene 
glycol to stabilize the emulsions. Stable emul- 
sions were obtained by blending the compo- 

nents for 3 min in an Omni Mixer in an atmos- 
phere of nitrogen. Controls without methyl 
esters, but containing 5% propylene glycol, 
were prepared in the same manner. 

The samples were irradiated within 20 hr of 
their preparation. They were kept at 3 C except 
during irradiation which was performed at 22 C 
with 50 or 500 kilorads of 7-rays from a 137Cs 
source at a dose rate of 412 kilorads/hr. Non- 
irradiated duplicates of all samples were kept at 
room temperature while the samples were 
irradiated, but were otherwise treated iden- 
tically and were analyzed in parallel with the 
irradiated specimens. Alkaline phosphatase was 
determined by the spectrophotometric method 
of Bessey et al. (2) as standardized by Sigma 
Chemical Co. (1963). The samples containing 
lipids were not optically transparent and the fat 
was removed prior to analysis by a single 
extraction with petroleum ether. To assure 
uniformity, all samples, whether they contained 
added lipids or not, were subjected to this 
extraction. 

In preliminary experiments it was estab- 
lished that enzyme solutions stored for eight 
days at 3 C lost 19% of their original activity. 
Emulsification of the enzyme solution and 
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TABLE I 

Activity of Irradiated Alkaline Phosphatase Solutions 

399 

Dose Storage Methyl ester added 

Kilorads Days Methyl ester Cone. Activity,% a 

No methyl 
ester added 

Activity a 

Experiment 1 

50 2 cis, cis 
50 2 cis, trans 
50 2 trans, trans 
50 8 cis, cis  
50 8 cis, trans 
50 8 trans, trans 

500 2 cis, cis 
500 2 cis, trans 
500 2 trans, trans 
500 8 cis, cis  
5 O0 8 cis, trans 
5 O0 8 trans, trans 

Experiment 2 

50 2 cis, cis 
50 2 cis, cis  
50 2 cis, cis 
50 2 cis, trans 
50 2 trans, trans 
50 8 cis, cis 
50 8 cis, cis  
50 8 cis, cis 
50 8 cis, trans 
50 8 trans, trans 

Experiment 3 

50 2 cis, cis 
50 2 cis, cis  
50 2 cis, cis 
50 2 cis, trans 
50 2 trans, trans 
50 8 cis, cis 
50 8 cis, cis 
50 8 cis, cis 
50 8 cis, trans 
50 8 trans, trans 

2 76}  
2 76 8 
2 76 

2 83 1 2 84 2 
2 59 
2 51 } 
2 59 1 
2 45 
2 44 } 
2 39 0 
2 27 

1 ,3} 
3 28 
5 86 
5 87 
5 79 
1 11 } 
3 39 
5 79 
5 58 
5 70 

1 43} 
3 48 
5 52 
5 80 
5 125 
1 37 } 
3 6 
5 42 
5 44 
5 39 

Mean 57.12 

S.D. 25.63 

P < 0.001 

47 

7 

8.62 

15.80 

aExpressed as per cent of activity of corresponding nonirradiated sample. 

e x t r a c t i o n  of  the  l ipids wi th  p e t r o l e u m  e the r  
resul ted  in a 16% loss of  act iv i ty .  

The  da ta  in Table  I were o b t a i n e d  f rom 
th ree  sets of  e x p e r i m e n t s  p e r f o r m e d  several 
weeks  apar t .  The  ini t ial  act ivi t ies  of  the  e n z y m e  
so lu t ions  used for  each of  these  e x p e r i m e n t s  
were 2.12,  1.46 and  4.63 Sigma un i t s /ml .  
Because of  these  var ia t ions  resul t ing  f rom 
fac tors  o t h e r  t h a n  i r rad ia t ion ,  the  act ivi t ies  of  
the  i r rad ia ted  samples  in Table  I have been  
expressed as per  cen t  of  the  co r r e spond ing  non -  
i r rad ia ted  bu t  o the rwise  iden t ica l  samples.  

T h e  t a b l e  s h o w s  the  e n z y m e  act iv i ty  

remain ing ,  a f t e r  i r rad ia t ion ,  in 32 samples  con-  
t a in ing  m e t h y l  esters  and  in e ight  con t ro l s  to  
wh ich  no  l ipids were added.  When  the  values 
for  these  two  g roups  are poo led  separa te ly  
regardless  of  dose,  pos t - i r r ad ia t ion  storage t ime  
and  k ind  and  c o n c e n t r a t i o n  of  added  m e t h y l  
ester ,  t he  average ac t iv i ty  of  the  samples  con-  
t a in ing  added  l ipids (57 .12 )  is very  s ignif icant ly  
d i f fe ren t  (P < 0 . 0 0 1 )  f rom the  act iv i ty  of  the  
samples  c o n t a i n i n g  n o  ester  (8 .62) .  The  pro-  
t e c t i on  fac to r ,  a quan t i t a t ive  measure  of  pro-  
t e c t i o n  due to  lipids, is given by  the  ra t io  of  the  
act iv i ty  of  an  i r rad ia ted  sample  con ta in ing  l ipid 
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to  the  act iv i ty  of  t he  co r respond ing  i r rad ia ted  
sample  w i t h o u t  lipids. The  overall  average pro-  
t e c t i on  fac to r  d e t e r m i n e d  on  this  basis is 5.56 
(57 .12 /8 .62 ) .  

Increas ing the  dose  10-fold to  500  k i lorads  
or  t he  pos t - i r r ad ia t ion  storage per iod  to  eight  
days resul ted  in s ignif icant  f u r t he r  decreases  in 
e n z y m e  act ivi ty.  In b o t h  cases the  p r o t e c t i o n  
fac tors  were increased,  ind ica t ing  t h a t  the  l ipids 
were more  effect ive  p ro t ec to r s  u n d e r  the  more  
dras t ic  condi t ions .  

In  t w o  sets o f  e x p e r i m e n t s  t%,  3% and  5% 
cis, cis-linoleate were e m p l o y e d  to  s tudy  the  
ef fec t  o f  l ipid c o n c e n t r a t i o n  on  e n z y m e  pro-  
t ec t ion .  A l t h o u g h  in all cases highest  p r o t e c t i o n  
is associa ted wi th  the  5% c o n c e n t r a t i o n ,  the  
d i f fe rences  b e t w e e n  the  th ree  c o n c e n t r a t i o n s  
were no t  s ta t is t ical ly  s ignif icant .  Also,  there  
was no  d i f fe rence  b e t w e e n  the  th ree  isomers  
s tud ied .  

The  p r o t e c t i o n  m e c h a n i s m  is no t  k n o w n .  
The  p o l y u n s a t u r a t e d  m e t h y l  esters m a y  react  
wi th  the  highly oxid iz ing  HO" and  HOO" free 
radicals  which  are the  major  p r imary  p roduc t s  
f r o m  i r rad ia t ion  of  aqueous  solut ions .  The  
p r o d u c t s  may  be nonrad ica l s  or  less react ive 
free radicals  incapab le  of  oxidiz ing the  ty ros ine  

res idue  bel ieved to  be associated w i t h  the  ac- 
t iv i ty  of  alkal ine p h o s p h a t a s e  (3).  
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Studies on the Role of Phospholipids in the 
Triglyceride cycle: I. Phospholipid Synthesis in Liver and 
Plasma of Ethionine-Treated Rats 1 

C. A. OLMSTED, Department of Biological Sciences, Louisiana State University 
in New Orleans, Lake Front, New Orleans, Louisiana 70122 

ABSTRACT 

A single administration of dl-ethionine 
to rats was found "to initiate a rapid 
accumulation of triglyceride in the liver 
while plasma and liver phospholipid (PL) 
levels decreased. As measured by the 
incorporation of intravenous NaH2P320 4 
at several time intervals after a single 
administration of ethionine, the drug 
decreased the specific activity ( S A ) o f  
liver and plasma phospholipid phosphorus 
(PLP). At early time intervals after the 
injection of ethionine this occurred to a 
greater extent in the plasma than in the 
liver. Hence, the relative specific activity 
(RSA)  of plasma to liver PLP was 
decreased initially by ethionine. As a 
measure of the exchange of PL between 
plasma and liver, this change in the RSA 
indicates decreased mobilization of PL 
from the liver to the plasma following 
ethionine inhibition of PL synthesis by 
the  l iver .  S u b s e q u e n t l y ,  the RSA 
increased, that is, an increased mobiliza- 
tion of PL occurred under conditions of 
f a s t i ng  several hours after ethionine 
administration. Thus, it appeared that 
remobilization of liver PL tends to occur 
following the hepatic triglyceride accu- 
mulation brought about by inhibition of 
PL synthesis in the liver. However, 
remobilization of liver PL occurred also 
in male rats given ethionine and in fasted 
rats which did not show accumulation of 
hepatic triglyceride. These data suggest 
that phospholipid turnover and transport 
play an active role in the triglyceride 
cycle which is activated by fasting and 
d u r i n g  the recovery phase following 
ethionine administration. 

INTRODUCTION 

A continual mobilization of nonesterified 
fatty acids (NEFA) from adipose tissue to the 
liver has been demonstrated (1,2) and appears 
to provide substrate for oxidation and for re- 
synthesis of fatty acids into triglycerides (TG) 

Ipresented at the 58th Annual AOCS Meeting, 
New Orleans, May 1967. 

and other lipid moieties (3). The NEFA are 
synthesized into liver TG which are transported 
to the blood in the form of lipoproteins; this, 
plus the subsequent uptake of lipoproteins into 
adipose tissue and other organs has been desig- 
nated as the triglyceride cycle (4-6). The com- 
position of lipoprotein molecules varies with a 
number of physiological and pathological con- 
ditions (7) but all contain TG, phospholipids 
(PL), NEFA, cholesterol and sterol esters in 
addition to the protein portion of the complex. 

Because plasma PL is an important constit- 
uent of lipoproteins, a study of the synthesis 
and exchange of liver and plasma PL seemed to 
be of importance in relation to nutritional and 
other factors which alter liver lipid mobili- 
zation. The uptake of inorganic radiophosphate 
(NaH2P3204) into liver and plasma PL was 
measured in male and female rats following a 
single administration of ethionine. The per cent 
incorporation and the specific activity (SA) of 
plasma and liver PL was measured and the ratio 
of the SA of plasma PL phosphorus (PLP) to 
liver PLP, designated as the relative specific 
activity (RSA), was used as a measure of liver 
PL mobilization. 

EXPERIMENTAL PROCEDURES 

Animal Care and Ethionine and 
Radiophosphate Dosages 

Animals. Male and female Sprague-Dawley 
rats, fed Purina Laboratory Chow and given 
water ad libitum, were used throughout this 
investigation. The rats were 3 to 6 months of 
age at the time of use for each experiment, and 
were selected and paired on the basis of weight. 
Fed rats, and rats which had previously been 
fasted for a specified period of time, were used 
to  control nutritional status. Initial body 
weight of control and experimental groups did 
not vary more than 10% in each of five experi- 
ments. 

Eth ion ine  Dosage. To obtain maximal 
effects, and to establish a more quantitative 
relation between dose and the time of bio- 
chemical changes in livers and plasma of ani- 
mals used in this study, the d/-ethionine was 
administered by giving a single, intraperitoneal 
injection. The ethionine dosage, 1 g/kg body 
weight, was administered in a volume ranging 
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TABLE I 

Effect of dl-Ethionine on Total Liver Lipids and Total Phospholipids 
of Liver and Plasma of Fasted Female Rats 

Exp.  
no.  

Time Time after No. of Total liver 
fasted ethionine rats lipids 

Phospholipids 

Liver Plasma 

II 

(hr) (hr) g % -I- SD 

16 0 4 6.66 4- 0.47 
20 0 4 6.53 4- 0.71 
24 0 4 5.96 4- 0.37 

16 4.5 4 8.60 4- 0.85 
20 9 4 11.74 4- 1.64 
24 12 4 11.28 4- 1.06 
24 0 6 5.12 4- 0.32 

27 3 2 5.10 4-0.54 
24 5 2 6.62 4- 0.31 
30 6 2 8.41 4- 0.46 

mg-P/g +- SD mg % 4- SD 

1.43 4- 0.02 8.06 4- 0.30 
1.38 4-0.03 7.62 4"0.30 
1.28 4- 0.06 6.75 4" 0.90 

1.45 4-0.04 7.37 "t-0.60 
1.17 4- 0.12 5.00 4- 0.70 
1,14 +--0.14 4.87 4" 1.40 

1.37 4-0.09 3.10 +0.50 

1.26 4- 0.09 2.87 4- 0.67 
1.33 4- 0.05 1.90 4- 0 
1.17 4- 0.11 2.37 4- 0 

f rom 7-10 ml of  2.5% (w/v) solut ion of  dl- 
ethionine  in 0.154 M NaC1 at 35 C. Al though 
this concent ra t ion  is a saturated solut ion,  the 
e th ionine  solutions were prepared by weight 
rather than by saturation.  Contro l  rats received 
a single int raper i toneal  inject ion of  normal  
saline equal  in vo lume to the  volume of 
saturated dl-ethionine given to corresponding 
exper imenta l  groups. 

The dosage used corresponds to that  used in 
o ther  studies on e th ionine  in rats except  that  
here it was administered as a single dose rather 
than divided over  a period of  t ime as done by 
Simpson et al. (14). 

R a dio p h osphate Administration. Inorganic 
r a d i o a c t i v e  phosphorus  was injected intra- 
venously as a high specific activity solut ion of  
N a H 2 P 3 2 0  4 in 1,0 ml of 0.154 M NaC1 con- 
taining 100 gtC of the  radiophosphate .  

Experimental Design. In the first series of  
exper iments ,  measurements  were made on total  
liver lipids and on to ta l  phospholipids o f  liver 
and plasma in 36 female rats under  condi t ions  
of  fasting and e th ionine  administrat ion.  In the 
second series of  exper iments ,  the 3-hr uptake of  
radiophosphate  in to  liver and plasma phospho-  
lipids was measured in addi t ion to the total  
liver lipids and total  phospholipids of  liver and 
plasma in 22 female rats and 16 male rats. In 
each exper iment  the animals were killed at 
several t ime intervals after e th ionine  adminis- 
t ra t ion,  and after  fasting in corresponding con- 
t rol  groups. 

Chemical Analyses 

Plasma Phospholipids. Plasma phosphol ipids  
were ext rac ted  using alcohol  and ether  as 
previously described (8). The resultant  precipi- 
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ta t ion  of  plasma proteins  provided by the 
a lcohol-e ther  ex t rac t ion  procedure  was found 
t o  e f f e c t  a c o p r e c i p i t a t i o n  of inorganic 
phosphorus ;  less than 1 X 10-6 % of inorganic 
radiophosphate  added to plasma was found  in 
t h e  phosphol ipid  f ract ion after  using this 
method .  Aliquots  of  the fi l trate were dried and 
wet ashed with 70% perchloric  acid ! for the 
de te rmina t ion  of  the phosphol ipid  phosphorus  
(pLP3 1) by the me thod  of  King (9) and other  
a l i q u o t s  w e r e  removed  for radiochemical  
analyses. 

Liver Lipids. Two gram port ions  o f  liver 
were homogenized  prior to lipid ex t rac t ion  
using alcohol  and ether.  The extracts  were 
fi l tered through Whatman No. 1 fil ter paper 
and al iquots  were taken for gravimetric deter- 
mina t ion  of to ta l  lipids, for PLP31 deter- 
mina t ion  by the me thod  of  King (9), and for 
radiochemical  analyses. 

It appears that  the technique  used for 
homogen iza t ion  divided the liver tissue so 
f inely that  liver pro te in  precipi ta t ion in the 
a l c o h o l - e t h e r  c o p r e c i p i t a t e d  i n o r g a n i c  
phosphorus  in much the same way as was 
observed in the case of  plasma. Dissolving the 
liver lipid extracts  in pe t ro leum ether  after 
drying under  ni t rogen and washing of  the ether  
solut ion with weak aqueous  solutions of  non- 
radioact ive sodium phosphate  and with  water 
did not  change the specific activity of  the 
phosphol ip id  phosphorus  in either the liver or 
the plasma lipid extracts .  

Radiochemical Analyses 

Per cent In/ected Dose (%ID). The activity in 
each sample was referred to the injected dose 
(ID) as a standard, and the  cpm of  each fract ion 
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T A B L E  II 

E f f e c t  o f  d l - E t h i o n i n e  o n  T o t a l  Liver  L ip ids  a n d  o n  T o t a l  P h o s p h o l i p i d s  
o f  Liver  a n d  P l a s m a  o f  Male and F e m a l e  Ra t s  
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E x p t .  
rio. 

T ime  
f a s t e d  

T ime  a f t e r  Sex N o .  o f  T o t a l  l iver 
ethionine  rats lipids 

P h o s p h o l i p i d s  

Liver  P l a sma  

(hr )  

2 4  
4 8  

III 24  
4 8  
4 8  

3 
6 

24  
IV 

3 
6 

24  

3 
6 

2 4  
V 

3 
6 

24  

(hr )  g % -+ SD 

0 F 2 4 . 9 6  + 0 . 4 1  
0 F 2 6 .44  4- 0 .13  

6 F 2 7.91 -+0 .46  
2 4  F 2 1 3 . 4 7  -+ 0 . 0 5  
2 4  M 2 6 .44  4- 1 .35 

0 F 3 6 . 1 0  4- 0 .03  
0 F 2 5 .50  -+ 0 . 0 9  
0 F 2 5 .50  -+0 .44  

3 F 3 6 .30  -+ 0 .05  
6 F 2 8 .50  --- 0 . 4 4  

2 4  F 2 1 8 . 6 0  + 2 . 4 0  

0 M 3 5 .70  4- 0 .35  
0 M 2 5 .10  4- 1.24 
0 M 2 5 .00  -+ 0 . 4 4  

3 M 3 5 .50  -+0 .30  
6 M 2 5 .20  • 0 .09  

24  M 2 6 . 8 0  -+ 0 .71  

mg-P /g  + SD m g  % -+ SD 

1 .32  -+ .14  3 .31 -+.11 
1 .20  -+ .13 4 . 2 0  -+.17 

1 . 1 7 - + . I 1  2 .31 -+.11 
0 . 9 3  -+ .03  1.81 -+.12 
1 .20  -+-04 1 .43  -+ .22 

1 .15 4" .05 6 .65  -+ .68  
1 .06  -+ .08  5 .87  -+ .03  
1 .05  -+ .03  6 .15  -+ 0 

1 .16  -+ .06  5 .07  4" .06  
1 .12  -+ .02 4 . 5 8  -+.15 
0 .85  -+ .07  1 .72 -+.21 

1 . 1 5 - + . 1 3  5 . 8 6 - + 0 . 8 4  
1 . 0 9 - - - . 1 1  6 . 3 7 - + 1 . 1 1  
1 .15 -+ .06  3 .81 -+0 .02  

1 .02 -+ .05 6 .34  -+ 1 .18  
1 .19  -+ .03  5 .30  -+ 1 .06  
1 .15 -+.11 3 .24  -+0 .49  

expressed as a per cent of the ID either per 
gram of liver, or per milliliter of plasma. 

Specific Activity (SA). The SA of PLP was 
calculated as the ratio of PLP 32 cpm per mg 
PLP31 and was expressed as a per cent of the 
ID. Calculation of this data as a %ID was done 
to enable the subsequent calculation of relative 
specific activity. Thus, 

SA = PLP 32 cpm]mg pLp31,/ID X 100 

Relative Specific Activity (RSA). RSA is 
expressed as the ratio of the SA of plasma to 
liver PLP, and is represented by the following 
relation, 

RSA = SA plasma PLP/SA liver PLP 
The RSA calculated from SA of plasma and 
liver PLP as a %ID, therefore, is used as a 
measure of plasma PLP turnover (23). 

DATA AND RESULTS 

Total Liver Lipids and Plasma Phospholipid Levels 

Total Liver Lipids. Total liver lipids 
increased to about one and one half times con- 
trol values as early as 4 112 hr after a single 
injection of dl-ethionine and continued to rise 
up to and including the 12th hour after 
ethionine administration (Table I). The control 
values for nonethionine animals were in the 
range of 4.96 to 6.66 g%, while the increase in 
total liver lipids ranged from 11.74 and 11.28 
g% at 9 and 12 hr to maximum values of 13.47 

and 18.60 g% 24 hr after ethionine in female 
animals (Tables I and II). Ethionine did not 
bring about an increase in total liver lipids in 
male rats except for a slight rise in the 24 lax 
postethionine period (Table II). 

At 24 kr after a single administration of  
dl-ethionine there appears to be a slight dif- 
ference in the extent of total liver lipid 
accumulation in female rats fed at the time of 
ethionine administration (18.60 g%) compared 
to the female rats that were prefasted at the 
time of ethionine administration (13.47 g%). 
Some consideration of these data is mentioned 
in the discussion. 

Plasma Phospholipids. Plasma phospholipids 
were found to decrease with increasing time 
after ethionine to a greater extent than the 
decrease which was caused by fasting alone. In 
male rats only a slight lowering of plasma PL 
was observed following ethionine administra- 
tion (Table II). The extent of the decrease in 
plasma PL in female rats given ethionine 
appears to be greater in animals that were fed 
up to the time of the ethionine administration, 
however the data are not conclusive on this 
point because of the limited numbers of ani- 
mals. Further importance of these findings is 
discussed in connection with the specific 
activity of plasma phospholipids after radio- 
phosphate administration. 

Liver Phospholipids. A decrease in liver 
phospholipids is seen in female rats given a 
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single injection of dl-ethionine. There were no 
significant differences in liver phospholipid 
levels in ethionine-injected male rats (Tables I 
and II). 

The range of liver PLP was from 1.15 to 
1.43 mg-P/g liver in female rats in the fed and 
fas ted  conditions. At  6 and 24 hr after 
ethionine, the values ranged from 0.85 to 1.06 
mg-P/g liver. 

Phospholipid Labeling Experiments 
Liver. The per cent of injected radiophos- 

phate incorporated into phospholipids per gram 
of liver was less in both male and female rats 
given ethionine than i t  was in control  rats 
which had only been fasted for the corre- 
sponding periods of t ime (Table III). This 
decrease was observed as early as 3 and 6 hr 
after ethionine administration. After longer 
postethionine periods, the per cent ID rose 
above the 3 and 6 hr values, but the values were 
still below those for the nonethionine, fasted 
control  rats. 

The SA of liver PLP was lower in the 
ethionine treated rats than in their controls. 
Fasting by itself caused some increase in the SA 
of liver PLP in both male and female rats. It is 
especially noteworthy that the SA of liver PLP 
was lower in ethionine-treated rats than in their 
c o r r e s p o n d i n g  controls  even though the 
amounts of liver PLP decreased considerably 
after ethionine administration. 

Plasma. The per cent injected radiophos- 
phate incorporated into phospholipids per milli- 
liter of plasma was much less in both male and 
female rats given ethionine than it was in con- 
trol rats which had only been fasted for the 
corresponding periods of t ime (Table III). The 
decrease, amounting to as much as one tenth  of 
the control  values, was observed as early as 3 
and  6 hr  a f t e r  ethionine administration. 
Following the trend in the liver, the per cent ID 
was elevated somewhat at the longer post- 
ethionine intervals, but  the values were still 
lower than the corresponding control  values. 
Fasting by itself caused some increase in the per 
cent ID of plasma PL in both male and female 
rats. 

The SA of  plasma PLP was lower in the 
ethionine-treated rats than in their controls 
except in the fed female rats 24 hr after 
e t h i o n i n e .  Fasting by itself caused some 
increase in the SA of plasma PLP in both male 
and female rats. The higher SA of plasma PEP 
in fed female rats 24 hr after ethionine can be 
accounted for, in part,  by the decrease in total  
plasma PL at this time. As in the case of the 
liver, it is noteworthy that the SA of plasma 
PLP was lower in ethionine-treated rats than in 

their  corresponding controls even though the 
amounts of plasma PLP were decreased con- 
siderably by ethionine. 

Relative Specific Activity (RSA). The 
decrease in the SA of PLP brought about by 
ethionine was greater in plasma than in liver at 
early time intervals after ethionine. Calculation 
of the RSA shows that ethionine reduced the 
values to about one half the control  values 3 hr 
after the drug administration. Some increase in 
the RSA was observed at 6 hr after ethionine 
administration. After  prolonged fasting, and at 
the 24 hr interval after ethionine, there was a 
tendency for the RSA to increase considerably , 
approaching unity. 

Thus, it appeared that  there was a decrease 
in the appearance of newly-labeled phospho- 
lipids in the plasma immediately following 
ethionine administration, i.e., at 3 hr, and that  
there was a subsequent increase at longer 
postethionine intervals, namely 6 and 24 hr. 
This seems to indicate a remobilization under 
these conditions not  unlike the increased mobi- 
lization of lipids occurring after fasting. Cor- 
respondingly, in the fed animals, the RSA of 
plasma to liver PLP is very low, indicating, in 
both males and females, that  the liver is mo- 
bilizing relatively small amounts of phospho- 
lipid to the plasma. 

Since there is a significant difference in the 
RSA found for 24 hr fasted female control  rats 
in Experiment III (1.02 + 0.06) and in Experi- 
ment IV (0.41 + 0.18) differences in the age, 
weight and previous nutri t ional  history of the 
animals in these two groups would appear to 
have important  bearing on these data. Uni- 
formity of the animals was maintained in each 
of the experimental  groups, but this did not  
insure uniformity between groups. Hence, the 
data are more relevant to the differences found 
at the several time intervals after ethionine, and 
after fasting, than to the other conditions of 
the experiments.  

DISCUSSION 

The inhibition of liver and plasma phospho- 
lipid synthesis, as measured by the 3 hr uptake 
of labeled orthophosphate,  can be related to 
the action of ethionine as an antimetaboli te of  
methionine (10,11). The decreased availability 
of  choline brought about by ethionine admini- 
s t r a t i o n  would by itself account for the 
decreased formation of phospholipids seen in 
this study. The decrease in the synthesis of 
phospholipids was greatest at the early intervals 
after ethionine. Since ethionine is very rapidly 
excreted after administration (12,13), it  is pos- 
sible that the effects of ethionine on phospho- 
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lipid synthesis are operant only when the level 
of circulating ethionine is high. Certainly the 
blocking effects would be greatest during this 
time. Important in this regard is the fact that 
ethionine was administered as a single dose 
rather than in multiple doses as in some 
previous studies (10,11,14). 

It is important to note that most of the cir- 
culating lipids of plasma are present as lipopro- 
teins (7,15) and that liver PLP is regarded as the 
immediate precursor of the plasma PIP (16,17) 
which is principally choline-containing phos- 
pholipid (18). Rees and Schotlander (19) have 
shown that serum NEFA increases, and serum 
PL decreases in both male and female rats at 
6,13 and 24 hr after the administration of 
d/-ethionine, while liver PL show little or no 
change and total liver lipids increase markedly. 
Olmsted (20) made similar observations on 
these parameters, except NEFA, and showed 
further that the liver glycogen was reduced to a 
trace and blood glucose fell to values below 20 
mg%. Dole  (21) demonstrated a relation 
between feeding glucose and decreased NEFA 
levels in serum. While the increase in serum 
NEFA brought about by ethionine (19) or 
b r o u g h t  about by the low glucose after 
ethionine (20), may enhance the availability of 
NEFA as a substrate for liver lipoprotein for- 
mation, ethionine also blocks the formation of 
phospholipids and, therefore, faulty mobili- 
zation of lipoprotein would account for the 
rapid increase in liver triglyceride under these 
conditions. 

The condition of a rapidly increasing liver 
triglyceride content brought about by the single 
administration of d/-ethionine was accompanied 
in the present study by a decrease in the con- 
centration of phospholipids in the liver and 
plasma. Inspite of these decreased levels of PL, 
the SA of liver and plasma PLP was lower after 
ethionine. Because the SA of plasma PLP 
decreased more than the SA of liver PLP at the 
early time intervals after ethionine, the relative 
specific activity (RSA) decreased also indicating 
a decreased transport of liver PL to the plasma 
(22,23). Some notable exceptions to these com- 
bined findings are important to consider. These 
are the increase in the RSA at later time inter- 
vals after ethionine administration and during 
f a s t i ng  and, in addition, the changes in 
ethionine-treated male rats which did not get a 
fatty liver. Changes in all of these conditions 
are consistent with the view that increased 
p h o s p h o l i p i d  transport from the liver is 
associated with increased mobilization of lipids 
t h r o u g h  the  triglyceride cycle. Work by 
Zilversmit et al. shows increased RSA for PLP 
under conditions where the uptake of radio- 

phosphate into plasma and liver PL is increased 
such as following pancreatectomy (23) and 
after phlorizin poisoning (24). 

The data presented here are adequate to 
make conclusions regarding the SA of fiver and 
plasma PLP and the RSA of these as a function 
of time after ethionine administration, and as a 
function of time after fasting. That is, the con- 
ditions were uniform within each of the experi- 
ments and a time-course of events after the 
single administration of ethionine can be 
followed. Further, these events are consistent in 
each of the experiments regarding the effects of 
ethionine and fasting on these parameters. 
However, it would not be justifiable to compare 
the fasted females with the fed females, nor the 
males with the females, unless replicate experi- 
ments were done under each of these con- 
ditions. Thus, the fact that there is a marked 
variation in the RSA value for the 24 hr fasted 
female rats in Experiments III and IV points 
out the importance of uniformity of previous 
nutritional history of the animals on the results 
of these experiments. Since there was uni- 
formity in this regard within each of these 
experiments, the major conclusions are based 
on the changes as a function of time after 
fasting and after ethionine administration in 
each of the individual experiments. 

The concept of remobilization of liver PL 
following a period of inhibition, and the 
increased mobilization of liver PL during fasting 
suggests a role for phospholipids in the trigly- 
ceride cycle. Zilversmit has shown that the ratio 
of specific activities of plasma to fiver PLP is a 
better measure of plasma PL turnover than the 
SA of plasma PLP as a function of time or even 
the ratio of plasma PIP to plasma acid soluble 
phosphorus specific activities, since the con- 
version of radiophosphate into fiver PLP could 
be changed without altering the release of 
phospholipids to the plasma (23). 
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Studies on the Role of Phospholipids in the 
Triglyceride Cycle: II. Turnover of Plasma 
Phospholipids in Ethionine-Treated Dogs 1 

C. A. OLMSTED, Department of Biological Sciences, Louisiana State University 
in New Orleans, Lake Front, New Orleans, Louisiana 70122 

ABSTRACT 

The disappearance of native labeled 
p l a s m a  phosphol ip ids  (nPLP 32) was 
abruptly halted in the plasma of normal 
m o n g r e l  dogs  s h o r t l y  after giving 
dl-ethionine by intraperitoneal injection. 
In  o t h e r  dogs ,  chronic feeding of 
ethionine over a period of three days 
prior to these measurements prolonged 
the turnover time of plasma phospho- 
lipids. This impairment in the turnover of 
plasma PL brought about by ethionine 
administration occurs regardless of sex 
differences in lipid metabolism or other 
physiological differences relating to the 
nutritional status of the animal. The 
amount of nPLP 32 found in the liver at 
t h e  end of the turnover experiments was 
also measured. These data suggest that 
phospholipid transport  from plasma to 
liver is not impaired by ethionine. The 
possible significance of an ethionine- 
induced choline deficiency which impairs 
transport  of triglycerides and phospho- 
lipids from the liver to plasma is con- 
sidered in regard to the role of phospho- 
lipids in the triglyceride cycle. 

INTRODUCTION 

The findings of the preceeding paper (1) sug- 
gest that increased mobilization of liver phos- 
pholipids takes place under conditions favoring 
transport  of lipids via the triglyceride cycle 
such as after fasting and after or during 
r e c o v e r y  from inhibition of phospholipid 
synthesis by ethionine. Ethionine is known to 
block choline synthesis and to decrease protein 
s y n t h e s i s  in the liver (10). Even though 
ethionine blocked the synthesis of liver and 
plasma phospholipids, turnover measurements 
indicated that the transport  of liver PL to  
plasma was only temporari ly blocked after a 
s i ng l e  administration of dl-ethionine. The 
mechanism responsible for the release of liver 
PL to the plasma is unknown but may be 
dependent  upon the levels of circulating NEFA, 
or  glucose, or both,  or upon the availability of 

1presented in part at the 58th Annual AOCS 
Meeting, New Orleans 1967. 

choline in the liver for the synthesis of specific 
lecithins. 

Since the turnover of plasma phospholipids 
appeared to be initially depressed by ethionine 
in the rat, it became of importance to investi- 
gate the effects of ethionine on the turnover of 
plasma phospholipids by a direct method of 
measurement. The disappearance of labeled, 
native plasma phospholipids (nPLP32) was 
therefore measured in male and female dogs be- 
f o r e  and  a f t e r  t he  a d m i n i s t r a t i o n  of 
dl-ethionine. 

EXPERIMENTAL PROCEDURES 

Animal Treatment and Ethionine Administration 

Animals and Diet. Normal, healthy mongrel 
dogs were used throughout this investigation 
and were fed daily with a balanced ration of  
dry, kibbled dog food (Purina Dog Chow) and 
water. 

E t h i o n i n e  Admin i s t ra t ion .  Dosages of 
dl-ethionine, 1 g/kg body weight, were given 
either orally in gelatin capsules embedded in a 
small amount of raw meat, or by intraperi- 
toneal injection through a 13 G needle in a 
slurry with warm water. At autopsy, at the 
times indicated by the data, following intraperi- 
toneal administration of ethionine, the peri- 
toneal fluid appeared to be in excess of normal 
amounts probably as a result of the osmotic 
gradient established by the presence of the 
ethionine. 

Experimental Design 

A total  of eight mongrel dogs were used in 
two experiments. The turnover time and turn- 
over rate of plasma phospholipid (PL) was cal- 
c u l a t e d  from the disappearance of intra- 
venously injected nPLP 32 (3-5). The effect of 
chronic feeding of ethionine for three days was 
determined by plasma PL turnover measure- 
ments in two female and two male dogs in 
Experiment 1, in which one female and one 
male dog served as nonethionine controls. In 
Experiment 2, the effect of acute (single) 
ethionine administration on plasma PL turnover 
was measured in t w o  female and in two male 
dogs; in this experiment each dog served as its 
own control with several measurements before 
and after ethionine administration. 
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TABLE I 

Turnover of Plasma PLP 32 After Chronic Ethionine Feeding 

409 

Ethionine Plasma Turnover time 
Dog Sex dosage volume (tt) 

Total liver 
lipids 

S. A. of 
liver PLP 
as % ID 

(g/day) (ml) (% Bw)a (hr) 
1 F 1.0 242 5.5 11.9 
2 F 0 468 4.7 7.5 
3 M 1.0 409 5.7 52.8 
4 M 0 512 5.2 10.0 

(g %) 

11.2 
5.6 
5.8 
6.9 

0.100 
0.047 
0.071 
0.057 

a% BW, Total plasma volume as a per cent of body weight. 

Labeling of Plasma Phospholipids 

Two normal female dogs were used as 
donors for nPLp32. Each donor was injected 
intraperitoneally with 2 mC of pa2-ortho- 
phosphate (NaH2P3204) in 1.0 ml of 0.154 M 
NaC1. Twenty-four hours after radiophosphate 
administration the dogs were lightly 
anesthesized with pentobarbital, and blood was 
withdrawn completely from the femoral artery. 
After separating the oxalated plasma by centri- 
fugation, the plasma, containing nonpurified 
nPLP 32, was injected intravenously into the 
recipient experimental dogs without further 
treatment since it was shown (2) that the 
activity remaining in the acid-soluble fraction 
under similar conditions did not contribute sig- 
nificantly to the total activity by synthesis to 
phospholipid p32 of liver and plasma. 

Injection of nPLP 32 and Tissue Sampling 

To measure the turnover of plasma PL, 
recipient dogs received 40-55 mt of whole 
plasma containing nPLp32 presumed to be in 
its native state, i.e., complexed with lipopro- 
reins. This was injected intravenously into an 
e x p o s e d  femoral vein under pentobarbital 
anesthesia. At various times after the injection 
of nPLp32 5 ml samples of arterial blood were 
withdrawn for analysis. Liver samples were 
obtained at the termination of the experiments. 

Chemical and Radiochemical Analyses 

Total fiver lipids and liver phospholipids 
were extracted and measured as previously 
described (1), as were the analyses of phospho- 
lipid p32 (PLP 32) a n d  phospholipid phos- 
phorus (PLP31). Phospholipids were separated 
from the plasma by using trichloracetic acid 
precipitation as described by Zilversmit and 
Davis (6). The precipitates, in which all of the 
phosphorus is PLP, were dissolved in a few 
drops of 10% NaOH and suitable aliquots were 
taken for the determination of pLp32 and 
PLP 31. Plasma PL was calculated as PLp3] x 
25 and expressed as mg %. 

Calculation of Turnover Time and Turnover Rate 

Turnover Time. The turnover time (tt) of 
plasma PL is expressed in minutes and was cal- 
culated from the relationship set forth by 
Zilversmit (3): 

t t = 1.44 t�89 

where the half life (t�89 was determined from a 
plot of log cpm/ml plasma pLp32 as a function 
of time following intravenous injection of 
nPLP32. 

Turnover Rate. The turnover rate (p) of 
plasma PL was calculated from the relationship 
set forth by Zilversmit (3): 

p = r/t t 

where r is the PL concentration in the total 
circulating fluid volume (F) which was calcu- 
lated by extrapolation of the curve of log 
cpm/ml of plasma PLP 32 back to zero time 
(to). By the method of isotope dilution, 

F :  (x/f)to/X i 

where X i is the total nPLP 32 activity injected 
at to, and where (x/f) is the amount of PLP 32 
cpm/ml at any time, t. Therefore, (x/f)t o is the 
amount of nPLP 32 at the extrapolated zero 
time, and hence, 

r = F �9 (mg PL/ml) 

It has been shown that plasma nPLP 32 ex- 
change with the red blood cells is negligible (7), 
and the values for plasma volume so obtained in 
this study were in agreement with values ob- 
tained by dye dilution (8) and by tagged red 
cell methods (9). 

DATA AND RESULTS 

Chronic Feeding of dI-Ethionine 

Two dogs fed ethionine for three days prior 
to the measurement of the disappearance of 
in t ravenous ly  injected nPLP 32 showed an 
increased turnover time with values ranging 
from 4.4 to 42 hr greater than the corres- 
ponding control values (Table I). It should be 
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T A B L E  II 

T u r n o v e r  Of P lasma P L p 3 2  Before  and  A f t e r  d / -E th ion ine  A d m i n i s t r a t i o n  

T i m e  T u r n o v e r  T u r n o v e r  S.A. o f  
P l a sma  a f t e r  t i m e  rate Tota l  l iver  l iver PLP  

Dog  Sex v o l u m e  e t h i o n i n e  ( t t )  (p)  l ipids as % ID 

(ml)  %BW a (min )  ( m i n )  ( m g / h r )  (g %) 

1 F 322 7.3 0 225 6.85 . . . . . .  
. . . . . .  43 oo 0 4 .86  0 .067  

2 F 564 6.9 0 239  14 .90  --- "'" 
. . . . . .  305 o0 0 5.29 0.121 

3 M 448  6.4 0 214  14 .30  --- ""  
. . . . . .  125 2 1 9 0  0 .02  4 .95 0 .052  

4 M 584 5.6 0 214  11.70 --- -- 
. . . . . .  299  oo 0 5.96 0 .046  

a%BW, Tota l  p l a s m a  v o l u m e  as a per  cen t  o f  b o d y  w e i g h t .  

pointed out, since only two female and two 
male dogs were used in this study, that the only 
conclusion to be made concerns the prolonged 
turnover time of plasma phospholipid following 
ethionine administration. Although a significant 
increase in total liver lipids is observed in the 
female dog fed ethionine, it would not be justi- 
fiable to make further conclusions regarding 
other differences seen here in the male and 
female dogs. The specific activity (SA) of liver 
PLP measured at the end of this experiment, is 
considered in the discussion. 

Single Administration of dI-Ethionine 

In both male and female dogs given a single 
intraperitoneal injection of d/-ethionine there 
was an abrupt cessation of the disappearance of 
intravenously injected nPLp32. The turnover 
time calculated from this data was between 3% 
and 4 hr (214 to 239 min) in all four dogs prior 
to  the administration of ethionine; corre- 
spondingly, the turnover rate varied from 6.8 to 
14.9  mg PL/hr. The turnover time after 
ethionine increased to 2190 rain in one dog to 
an infinitely long period in the three other 
dogs ;  cor responding ly ,  the turnover rate 
decreased to 0.02 mg PL/hr in one dog and was 
zero in the other three dogs. Total liver lipids 
were not found to be unusually high even 5 hr 
after the ethionine administration (Table II). 

It is important to note that the decreased 
pLp32 cpm as a per cent of the injected dose 
(% ID) showed an abrupt cessation immediately 
a f t e r  the  administration of ethionine. In 
addition, there was a tendency for the PLP 32 
cpm as % ID to increase somewhat during the 
first few measurements after ethionine. In none 
of the measurements after ethionine was the 
PLp32 cpm as % ID lower than pre-ethionine 
measurements. The SA of liver PLP measured at 
the end of this experiment is considered in the 
discussion. 

DISCUSSION 
The turnover time of plasma PL was pro- 

longed in two dogs when measured three days 
after daily ethionine feeding compared to two 
other dogs which had not been fed ethionine. 
However, since ethionine feeding and related 
nutrit ional conditions alter the physiological 
state of the animal in a variety of ways over a 
period of several days, it would seem that more 
data would be required to establish the nature 
of  any differences in turnover time pro- 
longation seen in these two animals. These con- 
ditions are obviated in the other experiments in 
which the acute effects of a single admini- 
stration of d/-ethionine were observed during 
short time intervals following ethionine admini- 
stration since each of the four animals served as 
their own controls, with several measurements 
made before and after the administration of 
ethionine. From these data there is little doubt 
that the turnover of plasma PL is impaired by 
the administration of dl-ethionine, and that this 
occurs regardless of sex differences in lipid 
metabolism or other physiological differences 
relating to the nutritional status of the animal. 

I m m e d i a t e l y  a f t e r  the  intraperitoneal 
a d m i n i s t r a t i o n  of ethionine there was a 
tendency for the PLP 32 cpm as % ID to in- 
crease somewhat during the time of the first 
few measurements. It is believed that this may 
have occurred as a result of some hemoconcen- 
tration brought about by the high concen- 
tration of ethionine in the peritoneal cavity. It 
was noted that the peritoneal fluid seemed to 
be in excess at the termination of these experi- 
ments. One dog (female dog 1, Table II) in 
which only three post-ethionine measurements 
were made, died 43 min after ethionine admini- 
stration due to hemorrhage and this effect was 
not seen in that animal. The data in Figure 1 
show that the PLP 32 cpm as %ID leveled off 
afterwards, and that in no instance was the 
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FIG. 1. The disappearance of nPLP 32 from plasma of male and female dogs before and after the 
administration of dl-ethionine. The broken lines (--) represent an approximation of the zero time 
extrapolations for log cpm of PLP 32 as %ID used for the measurement of total circulating plasma 
volume. 

PLP 32 cpm as %ID lower than pre-ethionine 
values. The abrupt cessation o f  the utilization 
of plasma PL following ethionine admini- 
stration is apparent in every case. 

The female dog fed ethionine for three days 
accumulated more total liver lipid than its con- 
trol and more than either the male control dog 
or the male dog fed ethionine. In male and 
f e m a l e  dogs given a single injection of 
ethionine, the total liver lipid content was not 
unusually high even 5 hr after ethionine admini- 
stration. A greater amount of nPLp32 was 
taken up by the livers of the two animals fed 
ethionine than by their controls. Similar data 
are presented for this measurement after the 
single, acute, administration of ethionine, but 
not all of the data are comparable because of 
the differing times after nPLP 32 injection. It 
does appear, however, at 5 hr after ethionine 
(Table II, dog 2 and dog 4) that the liver of the 
female dog took up more nPLP 32 than the liver 
of the male dog. Although more data would be 
desirable regarding these points, the present 
findings suggest increased uptake of nPLP 32 by 
the livers of ethionine-treated animals and 
shows that this occurred to a greater extent in 
females than in males in both of the experi- 
ments presented here (Tables I and II). Such 
appearance of greater amounts of nPLP 32 in 
the liver might be due to a greater uptake, or a 
decreased utilization, or both. The data of the 
preceeding paper (1) indicate that mobilization 

from the liver to plasma is initially decreased 
and then is increased at later time intervals after 
ethionine administration, and that this may be 
a function of circulating ethionine concen- 
tration. That an increased exchange of liver and 
plasma PL is related to accumulation of liver 
triglyceride and to the cyclic events of lipid 
mobilization is suggested by such findings. Thus 
it would appear that conditions favoring in- 
creased hepatic triglyceride turnover might act 
as a stimulus to mobilization of liver phospho- 
lipid, but further work is needed to firmly 
establish this point. 

It is not unreasonable to believe that phos- 
pholipids participate in the redistribution of 
fat. Phospholipids carried by the blood exist as 
part of the lipoprotein complex. The data of 
this and the previous study strongly suggest 
that the inability of the ethionine-treated ani- 
mal to mobilize this lipid from the liver to the 
plasma and utilize the lipid peripherally results 
in its accumulation by the liver. 

The fact that ethionine stopped the disap- 
pearance of nPLP 32 abruptly would indicate 
that some immediate effect of ethionine was 
responsible for the lack of phospholipid mobili- 
zation. The decreased cellular levels o f  choline 
immediately following ethionine administration 
might account for this occurrence, and since 
ethionine blocks the choline synthesis which is 
required for plasma phospholipid synthesis and 
mobilization from the liver to the plasma, one 
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might ask the question: "Is choline essential for 
the cellular transfer mechanisms of phospho- 
lipid transport?" Ollvecrona (11) calculates that 
all of the triglyceride appearing in the liver 
following ethionine administration could come 
from the NEFA of plasma, thus supporting the 
hypothesis that the increased mobilization of 
lipid to the liver during the time when phospho- 
lipid synthesis is depressed results in the 
accumulation of liver during the time when 
phospholipid synthesis is depressed results in 
the accumulation of liver TG because of the 
inability of the liver to mobilize lipoproteins, 
the latter being dependent upon de novo PL 
synthesis. 
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Endocrine Control of Fat Mobilization in the Isolated 
Fat Cells of Cold-Exposed Rats 

DONALD G. THERRIAULT, ROGER W. HUBBARD and OONALD B. MELLIN, 
Biochemistry-Pharmacology Laboratory, U.S. Army Research Institute 
of Environmental Medicine, Natick, Massachusetts 01760 

ABSTRACT 

Adipose tissue in rats maintained at 
normal ambient temperature grows by a 
mixture of cell proliferation and lipid 
deposition in the early growth stage of 
the rat. In the mature rat, the tissue 
grows  primarily by lipid deposition, 
m i t o t i c  a c t i v i t y  be ing significantly 
decreased. When the rat is acclimated to 
5 C, growth of adipose tissue is less than 
that of rats maintained at normal ambient 
temperature. Furthermore, growth of adi- 
pose tissue in the 5 C rat occurs through a 
mixture of cell proliferation and lipid 
deposition throughout the body weight 
range studied. The differences in tissue 
growth were taken into consideration in 
m e a s u r i n g  the stimulatory effect of 
norepinephrine on lipolysis and reesterifi- 
cation of isolated fat cells. The results 
indicate that the cell size affects the 
lipolytic response; the larger the cell the 
less sensitive it is. Fat cells from cold- 
acclimated rats are more sensitive to the 
lipolytic action of norepinephrine, inde- 
pendent of differences in cell size. On the 
o t h e r  h a n d ,  reesterif icat ion is not 
affected by cell size, nor by exposure of 
the rat to cold 

INTRODUCTION 

It has been shown by several investigators 
that the metabolic activity of adipose tissue is 
affected by the age of the rat as well as by his 
previous environmental history. Benjamin et al. 
(1) reported that the in vitro rates of acetate 
and palmitate incorporation into the mixed 
lipids by adipose tissue, as well as the rate of 
free fatty acid release under the stimulus of epi- 
nephrine, decreased with increasing age. Gries 
and Steinke (2) studied the in vitro metabolism 
of 1-14C-glucose by adipose tissue into t4CO2 
and total J4C lipids, employing both adipose 
tissue segments and isolated fat cells. They 
found that the basal glucose metabolism and 
response to insulin decreased with increasing 
body weight of the animal. There is also evi- 
dence to suggest that the lipolysis system in 
adipose tissue is more active in cold-acclimated 
rats than in animals maintained at normal 
ambient temperature. Hannon and Larson (3) 
have shown that the epididymal fat tissue from 

cold-acclimated rats is considerably more sensi- 
tive to the free fatty acid mobilizing action of 
norepinephrine than is similar tissue from con- 
trol rats. Mitchell and Longwell (4) also found 
that tissue from cold-acclimated rats released 
more than three or four times the amount of 
free fatty acids during incubation than did 
tissues from rats acclimated to a warmer envi- 
ronment.  

The question raised by these experiments is 
whether the results represent a true change in 
metabolic activity of the tissue or are due to an 
artifact resulting from some other phenome- 
non. Recent studies by Salans et al. (5) indicate 
that the cellularity of the tissue sample is of 
prime importance in evaluating the metabolic 
activity of adipose tissue. They studied the 
incorporation of glucose into CO 2 and trigly- 
cerides by adipose tissue from individuals with 
adipose cells of widely different sizes. When the 
activity was expressed per unit of lipid, the 
various functions proceeded at different rates in 
these tissues. However, when activity was 
expressed per ceil, these observed differences 
disappeared and tissues with cells of widely dif- 
ferent sizes metabolized glucose at similar rates 
per cell. In contrast, the insulin responsiveness 
of the tissue was found to be closely related to 
the size of the adipose cells in the tissue frag- 
ments. The larger the mean cell size in a tissue 
sample, the less responsive it was to insulin. 
Since the previous authors expressed metabolic 
activity per unit weight of adipose tissue, it is 
not possible to determine whether the change 
in activity which they report was due to differ- 
ences in cell size, number or cell function. 

Of the several aspects of tissue physiology 
yet to be elucidated is the extent to which age 
will affect the number and size of fat cells in 
adipose tissue. Nor is it known how chronic 
cold exposure affects growth of adipose tissue. 
Though it is generally concluded that a low 
body fat content is an inevitable consequence 
of prolonged exposure to cold (6-8), it is not 
known whether this is due to a decreased depo- 
sition of fat within the tissue or a decreased 
tissue growth. In order to properly evaluate the 
effect that the growth of the animal, or its 
acclimation to a cold environment, may have 
on the metabolic activity of adipose tissue, it is 
essential to understand how these conditions 
affect growth of the tissue. It is the purpose of 
this investigation to follow changes within adi- 
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FIG. 1. Growth curve for rats kept either at 25 C or 5 C. The area within the individual curves 
includes the values for 95% of the population. There were 60 rats in each group. The rats were 
weighed each day for the first five days and then twice per week thereafter. 

pose tissue taking place during growth. This was 
done in rats maintained at normal ambient tem- 
perature or acclimated to 5 C. Since adipose 
tissue is diffusely dispersed throughout the 
organism, it does not lend itself readily to quan- 
titative isolation. For that reason, the present 
investigation was limited to a study of the 
epididymal fat pad. It has specific and discrete 
boundaries throughout all ranges of enlarge- 
ment, thus rendering its quantitative removal 
possible at different ages and degrees of fat 
accumulation. In order to generalize from these 
results, it is necessary to assume that the 
epididymal fat pad is representative, at least 
qualitatively, of all white adipose tissue. 

M A T E R I A L S  A N D  M E T H O D S  

Animals 

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. Each group of rats was weighed 
each day for the first five days and then twice 
per week thereafter. Animals were kept in the 
cold chamber at least 6 weeks and up to 14 
weeks. The control animals at 25 C were killed 
at intervals from 1 week to 12 weeks after 
being placed in the environmental chamber. 
They had free access to tap water and Purina 

Chow until they were killed by decapitation. 
Both epididymal fat pads were immediately 
excised, blotted and weighed. One pad was used 
for tissue lipid analysis while the contralateral 
pad served for the preparation of isolated fat 
ceils. 

Preparation of Isolated Fat Cells 

Isolated fat cells were prepared by a modifi- 
cation of Rodbell 's (9) procedure. Each gram of 
tissue was added to 6 mm of Krebs-Ringer 
phosphate buffer, pH 7.4, prepared without cal- 
cium, containing 4% bovine serum albumin and 
3 mg/ml bacterial collagenase (Worthington 
Biochemical Co.). The mixture was incubated 
at 37 C in a shaking water bath for 75 min. The 
mixture was then strained through a plastic 
mesh into a clean polyethylene vial and incu- 
bated an additional 15 min to insure uniformity 
in cellular disaggregation. The fat cells were 
floated to the surface by centrifugation in an 
International Clinical Centrifuge, Model CL, for 
30 sec at 600 rpm. The ~ediment and infra- 
natant solution were removed by aspiration and 
the cells washed with Krebs-Ringer phosphate 
buffer containing 4% albumin. 

Histological examination of the cells after 
staining with methylene blue revealed the pres- 
e n c e  o f  mainly unilocular fat cells. The 
recovery of cells from the intact tissue, based 
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FAT MOBILIZATION IN ISOLATED FAT CELLS 

TABLE I 

Effect of Environmental Temperature on Epididymai 
Fat Pad Lipid Content a 

415 

Weight 25 C 5 C 

Rat weight, g 420 + 14 b 423 - 8 
Epididymal fat pad weight, g 4.81 -I- 0.21 3.06 -+ 0.24 
Gram triglyceride per 100 gbody weight 1.04 -+ 0.11 0.64 -+ 0.08 

aRats were maintained at 5 C for eight weeks. 
bThere were eight rats in each group. Values are the means + S. E. 

on triglyceride analysis of the tissue and cells, 
was 87.4 + 1.8%. 

Lipid Analysis 

The intact tissue was homogenized in a glass 
tissue grinder with methanol. Sufficient chloro- 
form was then added to make the solvent mix- 
tare chloroform-methanol (2:1 v/v). The mix- 
ture was further homogenized and filtered 
through a glass fiber filter pad using positive 
nitrogen pressure. Extraction of the residue was 
repeated three separate times with chloroform- 
methanol (2:1). The lipid extracts were com- 
bined in a round bottom flask, and the solvent 
removed by rotary evaporation in vacuo at 
15 C. The residue remaining after evaporation 
of the solvent was dissolved in 10 ml chloro- 
form. The chloroform solution was washed 
with H20 to remove nonlipid material, and ali- 
quots of the washed chloroform solution used 
for gravimetric determination of lipid. 

The fat cell suspensions were centrifuged 
and the infranatant solutions removed by aspi- 
ration. The cells were washed once with Krebs- 
Ringer phosphate buffer, centrifuged and the 
buffer removed. The cells were quantitatively 
transferred with methanol into 15 ml glass- 
stoppered centrifuge tubes. Extraction of the 
lipid was carried out as described above with 
the  exception that the lipid extract was 
recovered by centrifugation and decantation. 

DNA Determination 

The pellet containing the DNA from the 
lipid extracted fat cells was washed with cold 
2% perchloric acid and centrifuged. The super- 
natant was discarded and the pellet resuspended 
in 2.0 ml 2% perchloric acid, capped with alu- 
minum foil and heated in a water bath at 90 C 
for 45 min. The tube was allowed to cool, cen- 
trifuged, and the supernatant containing the 
DNA decanted into a clean glass-stoppered 
centrifuge tube. The remaining pellet was 
extracted again and the extracts combined. 
DNA was determined spectrophotometricaUy 
after reaction with indole according to Ceriotti 
(10). 

Lipolysis and Reesterification 

Lipolysis and reesterification were deter- 
mined simultaneously with the fat cell sus- 
pension using the balance method described by 
Vaughan (11). The fat cells containing between 
1-3.5 mg DNA were incubated in 4 ml Krebs- 
Ringer phosphate buffer pH 7.4 (without cal- 
cium) containing 4% albumin, 1 mg/ml glucose 
and 3 nmoles/ml norepinephrine. Incubation 
was carried out at 37 C in a shaking water bath. 
After 30 min the reaction was stopped by the 
addition of 5 ml Dole's acid extraction mixture 
(12). Appropriate zero time controls as well as 
blanks containing everything but fat cells were 
run concurrently. 

The total fatty acid content of the incu- 
bation flasks was measured by the procedure 
of Rodbell (9). The DNA content of the cells 
was then calculated by multiplying the DNA- 
triglyceride ratio of the original cell suspension 
by the total triglyceride measured in each flask. 

Free fatty acids in the system were separated 
by an alkali extraction of the hexane solution. 
The aqueous phase was then acidified and the 
fatty acids reextracted with hexane. The free 
fatty acids in hexane solution were determined 
by the titration method of Dole and Minertz 
(12). 

The free glycerol produced by lipolysis of 
triglycerides was measured fluorometrically, 
using a micromodification of the enzymatic 
method of Vaughan (11), in which NADH 
formation was measured with an Aminco- 
Bowman spectrophotofluorometer. The wave 
length of the incident light was 360 m/a and the 
transmitted light was measured at 465 m/a. 

RESULTS AND DISCUSSION 

When the rat is exposed to a cold environ- 
ment, it must maintain body temperature. This 
is accomplished by an immediate increase in 
metabolic rate (13,14) which is accompanied 
by an increased mobilization of free fatty acids 
(15,16). However, this increased caloric expen- 
diture is not accompanied by an increased 
caloric intake, consequently a normally growing 
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FIG. 2. Epididymal fat pad mass as a function of rat weight. The area within the individual curves 
includes the values for 95% of the population. 

animal will cease to grow (Fig. 1). As time prog- 
resses in the cold, the animal does increase his 
food intake and growth is resumed (7). It can 
be seen in Figure 1 that even with an almost 
doubling of food intake, the rate of growth in 
the cold is considerably less than that of ani- 
mals maintained at normal ambient tempera- 
ture. The decrease in groWth in cold-acclimated 
rats is due, at least in part, to a lesser amount of 
adipose tissue as is illustrated in Table I. Care 
was taken to compare animals of similar weight. 
This required that the groups be of different 
chronological age. The animals maintained at 
5 C were older than those kept at 25 C. Even 
under  these conditions, where one would 
expect the older animals to deposit more fat, 
rats kept in the cold had smaller, epididymal fat 
pads than their controls at 25 C. When the 
amount of triglycerides in the epididymal fat 
pads in each group is compared, it becomes 
obvious that rats maintained at 5 C are leaner. 
These results are in agreement with those 
reported by Page and Babineau (7). These 
authors compared adipose tissue content in rats 
of similar chronological age, but of different 
weight. 

Since the mass of adipose tissue is known to 
increase steadily during growth (17) we fol- 
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lowed the growth of the epididymal fat pad as a 
function of the rat's growth at the two environ- 
mental temperatures. The results are graphically 
illustrated in Figure 2. In rats weighing 100-250 
g, maintained at 25 C, there was a linear 
relationship between the weight of the epi- 
didymal fat pad and the weight of the animals. 
However, when the animals grew beyond this 
weight, there was a disproportionate growth of 
the fat pad. The contribution of adipose tissue 
to the total body weight became much greater 
as the rats grew larger in size. This is not true of 
rats acclimated to 5 C. In this group the linear 
relationship between the mass of epididymal fat 
pad and body weight was maintained over the 
entire range of rat weights studied. The contri- 
bution of adipose tissue to total body mass 
remained constant. 

Enlargement of adipose tissue mass may 
result from either cellular proliferation, or the 
deposition of increasing amounts of lipid within 
preexisting tissue. The concept that adipose 
tissue undergoes cellular changes during states 
of excessive lipid deposition has been suggested 
or demonstrated by several investigators. The 
composition of adipose tissue has been shown 
to change with growth, with an increase in the 
proportion of lipid and a concomitant decrease 
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in the nitrogen content (17,18). At least two 
other studies have shown that the DNA content 
of specific fat depots in the rat increased 
following excessive lipid deposition (19,20). 
Although mitotic activity has also been demon- 
strated in adipose tissue utilizing the method of 
autoradiography (21), it remains to be demon- 
strated which cell type undergoes mitotic divi- 
sion during these states. Rodbell (9) has shown 
that a high proportion of the DNA content of 
adipose tissue can be accounted for in the 
stromal portion that had been separated during 
the preparation of isolated fat ceils from epi- 
didymal fat pads. The DNA in the whole tissue 
was about four times greater than the amount 
of DNA contained in the fat ceils alone. There- 
fore, measurement of the DNA content of the 
intact epididymal fat pad is inappropriate when 
one wishes to measure the number of fat cells 
in the tissue. Since we were interested not in 
the total cellularity of the tissue, but rather in 

the number and size of the fat cells in the tis- 
sue, a different approach was attempted. 

It is, of course, possible to determine the 
DNA content of adipose cells prepared by 
digestion of the tissue with collagenase. Advan- 
tage was taken of the similarity of the contra- 
lateral epididymal fat pads in a given animal 
(20). The complete fat pads were excised and 
weighed. One pad was used to determine the 
total triglyceride content of the tissue, while 
isolated fat cells were prepared from the contra- 
lateral fat pad. Both DNA and triglyceride con- 
tent of the isolated fat cells were determined. 
Assuming that all the triglyceride in the tissue 
was present as fat cell triglyceride, and knowing 
the ratio of DNA-triglyceride in fat cells, it was 
possible to calculate the total DNA in the intact 
tissue originating from the fat cells exclusively. 
The total DNA content of the tissue obtained 
in this way was used as an index of the number 
of fat cells. The generally accepted value of 7 x 
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TABLE II 

Adipose Tissue Composition of Rats Maintained at 25 C or 5 ca 

Unit of 
Composition measure 25 C 5 C 

Rat weight g 326 -+24 b 317 +-14 

Cell composition 
DNA-triglyceride //g/g 109 + 10 206 --+ 17 
Triglyceride-cell mg x 10 "5 6.43 -+ 0.51 3.41 + 0.35 

Tissue composition 
Epididymal fat padweight g 2.95 • 0.11 2.04 + 0.08 
Total triglyceride g 2.66 + 0.15 1.80 + 0.10 
DNA in fat cells /dg 2.90 -+ 18 3.70 - 15 
Number of fat cells x l O  7 4.14-+ 0.28 c 5.29 + 0.30 

aRats were maintained at 5 C for six weeks. 
bThere were 24 rats in each group. Values are the means + S. E. 
c7 x 10 -6/rig DNA per cell. 

10 "6 mg DNA-cell  (22) was used to  calculate 
the n u m b e r  of  cells in the tissue. The validity of  
this ex t rapo la t ion ,  where po lyp lo idy  is no t  a 
factor  of  in te r fe rence ,  has been  discussed by 
Vendre ly  (23). Since tr iglycerides make up as 
much  as 90% of  the  tota l  weight  of  the fat  cell, 
the average tr iglyceride con ten t  o f  the  cells was 
used as a measure of  cell size. 

T a b l e  II contains  the tabula ted  results 
ob ta ined  f rom rats mainta ined ei ther  at 25 C or  
5 C. Again, as in Table I, the  ep id idymal  fat pad 
weight as well as the  tota l  t r iglyceride c o n t e n t  
of  the  fat pads  in the  group main ta ined  at 5 C 
are  significantly smaller than  their  controls  at 
25 C. This decreased pad weight  is ref lected in 
the smaller size of  the  fat cells ob ta ined  f rom 
the  cold-accl imated rats. However ,  when  the  
tota l  DNA in the  tissue originating exclusively 
f rom fat cells is de te rmined ,  the  epididy~ 'a l  fat 
pads f rom the cold-accl imated rats have a 
greater  a m o u n t  of  DNA and consequen t ly  a 

larger n u mb er  of  fat cells than  do rats main-  
ta ined at 25 C. This would  indicate  that  fat cell 
prol i fera t ion is accelerated in animals exposed  
to  cold. However ,  it should  be no ted  that  the  
two  groups of  animals differ in chronological  
age, the  cold-accl imated rats being slightly older  
than  those  kep t  at normal  ambien t  t empera-  
ture.  

In order  to  de te rmine  the  effect  that  age has 
o n  f a t  cell prol i fera t ion and growth,  we 
measured cell n u mb e r  and cell size as a func t ion  
of  the  rat 's  g rowth  at the  t w o  envi ronmenta l  
tempera tures .  The results  are i l lustrated in 
Figures 3 and 4. If  we cons ider  the rats main-  
ta ined at normal  ambient  t empera tu re ,  we see 
that  the  ad ipocy te  co n t en t  progresses rapidly 
during the  initial g rowth  stage be tween  100-250 
g (Fig. 3). Cell enlargement  is also taking place 
(Fig. 4) but  at a rate considerably  less than  cell 
prol i ferat ion.  It should be n o t e d  that  this is the  
same weight range in which a linear relat ionship 

TABLE III 

Effect of Body Weight and Environmental Temperature 
on the Norepinephrine Stimulated Lipolysis and 

Reesteri f icat ion o f  Isolated Fat Cells a 

Mieromoles fatty acid per pg DNA per 30 rain 
Unit of 
measure 25 C 5C 

Rat weight g 268 -+ 6 b 406 - 6 249 • 5 
Number of rats 23 12 35 
Triglyceride-cell mg x 10 -5 4.74 -+ 0.28 9.56 • 0.39 3.12 -+ 0.35 
Lipolysis 570 -I- 7c 411 -+14 817 -+17 
Reesterification 210 ---14 d 197 -+ 8 240 •  

n =16 n =15 n = 11 

406  • 4 
13 

5 .10 • 0 .10  
855 • 117 
229 • 16 

n = 8 

aAdapted from Hubbard, et al. 
bMean + S. E. of at least three exper iments  with n replications. 
CNet glycerol produced x 3 (1-3.5/Jg adipocyte DNA per vial). 
dNet  glycerol x 3 produced-net FFA released. 
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FIG. 4. Relationship between adipocyte size and body weight of the rat. Each point is the mean + 
SEM of six separate experiments. All determinations were carried out in triplicate. 

between tissue weight and body weight are 
shown (Fig. 2). As the animal grows larger, cell 
proliferation is drastically reduced (Fig. 3), 
whereas cell size increases at an even greater 
rate (Fig. 4). As seen in Figure 2, it is in this 
weight range that a disproportionate growth of 
adipose tissue was noted. It would appear that 
young growing animals maintained at normal 
ambient temperature regulate adipose tissue 
mass primarily by mitotic activity, though some 
enlargement of preexisting cells does take place. 
However, in the older mature rat, adipose tissue 
mass is regulated almost solely by the deposi- 
tion of lipid within preexisting cells, mitotic 
a c t i v i t y  having almost disappeared. These 
results do not agree with those reported by 
Peckham et al. (20) nor with those of Zingg et 
al. (19). Both reports conclude that the total 
fat in the fat depot is a function of the number 
of cells. In fact, Peckham et al. reported that 
not only was the DNA content of the depot 
clearly shown to increase with increase in fat 
deposition, but the reversal of this process, a 
decrease of DNA content with reduction in fat 
content, was demonstrated. It should be noted, 
however, that the total cellularity of the tissue 
was measured by these authors and not the 
number of fat ceils. Since the major portion of 
tissue DNA comes from cells other than fat 

cells (9), it is conceivable that they were 
measuring changes in the stromal, vascular and 
fibrous tissue which is present in the intact 
depot but not in the isolated fat cells. 

Examination of Figures 3 and 4 reveals that 
mitotic activity in the adipose tissue of cold- 
acclimated rats continues at an accelerated rate 
throughout the weight range measured. There is 
little cell enlargement, tissue growth being due 
primarily to cell proliferation. In animals 
exposed to cold, there is a definite increase.in 
cell proliferation, resulting in tissue containing 
a much larger number of cells. On the other 
hand, the amount  of lipid deposited per cell is 
significantly less in cold-acclimated animals, 
resulting in adipose tissue which, though it con- 
tains more fat cells, is much smaller in mass 
than that from the control animal maintained 
at normal ambient temperature. 

In most studies with adipose tissue or the 
isolated fat cells obtained from the tissue, meta- 
bolic activity has been expressed per unit 
weight of the tissue or cells. The number of 
cells involved in the metabolic reactions being 
investigated were not taken into account. As is 
evident from the preceding results, when a com- 
parison is to be made between two groups of 
animals which have been subjected to different 
conditions, such a consideration is of prime 
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impor t ance .  If,  for  example ,  a compar i son  were 
to  be made  b e t w e e n  two  rats  m a i n t a i n e d  at nor-  
mal  a m b i e n t  t e m p e r a t u r e ,  bu t  dif fer ing widely 
in b o d y  size, 1 g of  adipose t issue for  the  
smaller  ra t  would  have m a n y  more  me tabo l i z ing  
cells t h a n  1 g of  t issue f rom the  heavier  ra t .  The  
same may  be said in compar ing  the  act iv i ty  of  
t issue f rom cold-exposed  rats  wi th  t ha t  of  rats  
kep t  at  n o r m a l  a m b i e n t  t empera tu re .  Adipose  
t issue f rom a 400  g ra t  exposed  to cold would  
have more  cells t h a n  an equiva lent  a m o u n t  of  
t issue f rom a ra t  m a i n t a i n e d  at 25 C. In  such 
s tudies  it is impera t ive  t h a t  the  act iv i ty  be 
expressed in some un i t  re la ted  to  cell n u m b e r  
r a the r  t h a n  to  t issue mass.  In Table  III are t abu-  
la ted  the  resul ts  f rom expe r imen t s ,  in wh ich  the  
ef fec t  of  added  n o r e p i n e p h r i n e  on  l ipolysis and 
r e e s t e r i f i c a t i o n  of  isola ted fat  cells was 
measured .  The  ra ts  were  kep t  e i the r  at  5 C or 
25 C. Animals  of  d i f fe ren t  weight  w i th in  each 
e n v i r o n m e n t a l  t e m p e r a t u r e  were s tudied,  In 
th is  way it is possible  to  compare  the  ef fec t  of  
b o d y  weight  as well  as e n v i r o n m e n t a l  t empera -  
tu re  on  these  activit ies.  It can be seen t h a t  
ne i the r  rat  b o d y  weight ,  fat  cel l  size, n o r  expo-  
sure of  the  an imal  to  cold affect  the  norepi -  
n e p h r i n e - s t i m u l a t e d  rate  of rees ter i f ica t ion .  
F u r t h e r  e x a m i n a t i o n  of  the  resul ts  ind ica tes  
t h a t  adipose  tissue f rom young  rats  (268  g) 
m a i n t a i n e d  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  is 
more  sensit ive to  the  l ipolyt ic  act ivi ty  of  
n o r e p i n e p h r i n e  t h a n  t h a t  f r om the  o lder  ra ts  
(406  g). This  could  be re la ted  to  the  d i f ference  
in cell size be tween  t he  t w o  groups.  If  so, it is a 
response  similar to  t h a t  r epo r t ed  by Salans et  
al. (5) ,  who  showed  t h a t  the  insul in  responsive-  
ness of  adipose  t issue was d e p e n d e n t  u p o n  fat  
cell size. The  larger the  fat  cells, t he  less insul in  
sensit ive was the  t issue. On the  o t h e r  hand ,  
these  resul ts  do no t  agree well w i th  those  
r epo r t ed  by  Ben jamin  et al. (1) ,  wh ich  showed  
a th ree fo ld  decrease in es te r i f ica t ion  and  l ipoly-  
sis in older  ra ts  as c o m p a r e d  to  y o u n g  ones.  
The i r  results ,  however ,  did no t  take  in to  consid-  
e ra t ion  the  n u m b e r  of  me tabo l i z ing  cells, bu t  
ra ther ,  were expressed  per  un i t  weight  of  tissue. 
It  is n o t e w o r t h y  t h a t  adipose  tissue f rom cold- 
acc l imated  rats  is more  sensit ive to  the  l ipolyt ic  
ac t iv i ty  of  no rep ineph r i ne .  Tha t  th is  is no t  due 
to  d i f ferences  in  cell size is evident  w h e n  we 
compare  l ipolysis in t h e  y o u n g  ra ts  m a i n t a i n e d  
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  wi th  l ipolysis in 
adipose  t issue f rom ra ts  exposed  to  cold.  The  
fa t  cell size in  adipose  t issue o b t a i n e d  f rom 

these  an imals  is no t  apprec iab ly  d i f fe ren t ,  yet  
l ipolysis  in the  cold-accl imated  rats  is consider-  
ably grea ter  t h a n  t h a t  in  the  ra ts  kep t  at  25 C. 

ACKNOWLEDGMENT 

Technical assistance by William Matthew, John 
Ayers and David Dubowick. 

REFERENCES 

1. Benjamin, W., A. Gellhorn, M. Wagner and H. 
Kundel, Am. J. Physiol. 201, 540-545 (1961). 

2. Gries, F. A., and J. Steinke, J. Clin. Invest. 46, 
1413-1421 (1967). 

3. Hannon, J. P., and A. M. Larson, Am. J. Physiol. 
203, 1055-1061 (1962). 

4. Mitchell, C. E., and B. B. Longwell, Proc. Soc. 
Exptl. Biol. Med. 11 7, 593-597 (1964). 

5. Salans, L. B., J. L. Knittle and J. Hirsch, J. Clin. 
Invest. 47, 153-165 (1968). 

6. Babineau, L., and E. Page, Can. J. Biochem. 
Physiol. 33, 970-979 (1955). 

7. Page, E., and L. Babineau, Can. J. Med. Sci. 31, 
22-40 (1953). 

8. Depocas, F., Brit. Med. Bull. 17, 25-31 (1961). 
9. Rodbell, M., J. Biol. Chem. 239, 375-380 (1964). 

10. Ceriotti, G., Ibid. 214, 59-70 (1955). 
11. Vaughan, M., Ibid. 237, 3354-3358 (1962). 
12. Dole, V. P., and H. Minertz, Ibid. 235, 2595-2599 

(1960). 
13. Hsieh, A. C. L., L. D. Carlson and G. Gray, Am. J. 

Physiol. 190, 247-251 (1957). 
14. Depocas, F., Can. J. Biochem. Physiol. 38, 

107-114 (1960). 
15. Gilgen, A., R. P. Maickel, O. Nikodijevic and B. B. 

Brodie, Life Sci. 1, 709-715 (1962). 
16. Paoletti, R., R. P. Maickel, R. L. Smith and B. B. 

Brodie, in "Proceedings of the First International 
Pharmacology Meeting," Vol. 11, Edited by E. C. 
Howing  and P. Lindgren,  The MacMillan 
Company, New York, 1963, p. 29-41. 

17. DiGirolamo, M., and D. Rudman, Endocrinology 
82, 1133-1141 (1968). 

18. Gellhorn, A., and W. Benjamin, in "Handbook of 
Physiology: Adipose Tissue," Edited by A. E. 
Renold and G. F. Cahill, Jr., American Phys- 
iological Society, 1965, p. 399-405. 

19. Zingg, W., A. Angel and M. D. Steinberg, Can. J. 
Biochem Physiol. 40, 437-442 (1962). 

20. Peckham, S. C., C. Entenman and H. W. Carroll, J. 
Nutr. 77, 187:197 (1962). 

21. Hellman, B., and C. Hellerstrom, Acta. Path. 
Microbiol. Scand. 51,347-352 (1961). 

22. Leslie, i., in "Nucleic Acids," Vol. 2, Edited by E. 
Chargaff and J. N. Davidson, Academic Press, 
Inc., New York, 1955, p. 1-50. 

23. Vendrely, R., in "Nucleic Acids," Vol. 2, Edited 
by E. Chargaff and J. N. Davidson, Academic 
Press, Inc., NewYork, 1955, p. 155-180. 

24. Hubbard, R. W,, D. G. Therriault, H. P. Voorheis 
and W. T. Matthew, Bull. New Jersey Academy 
Sci. Special Symposium Issue, 52~ (1969). 

[ Received J a n u a r y  9, 1969]  

LIPIDS,  VOL.  4, NO.  6 



Mass Spectrometry of Long-Chain Aliphatic Aldehydes, 
Dimethyl Acetals and AIk-l-Enyl Ethers 1 
KIRSTEN CHRISTIANSEN 2, V. MAHADEVAN 3, C. V. VISWANATHAN and R. T. HOLMAN, 
The Hormel Institute, University of Minnesota, Austin, Mlnnesota 55912 

ABSTRACT 

Mass spectra of long-chain saturated 
and unsaturated aliphatic aldehydes, 
dimethyl acetals and alk-l-enyl methyl 
ethers are reported and discussed. Using 
deuterium labeled aldehydes, knowledge 
about the mass spectral fragmentation is 
obtained. The m/e M-44 ion is formed by 
a rearrangement different from the 
mechanism postulated previously for 
short-chain aldehydes. A series of hydro- 
ca rbon  f ragments  with even mass 
numbers of 68 + 14n (n=0,1,2...) ap- 
pear in the spectra of all three series 
of compounds. 

INTRODUCTION 

Aldehydogenic lipids occur widely in nature, 
and the aldehydes can be released from them 
by hydrolytic techniques and analyzed as such 
(I). In the course of analysis of fatty acids, 
a ldehydogen ic  lipids are subjected to 
methanolysis, whereby dimethyl acetais of the 
aldehydes are formed. The dimethyl acetals are 
converted to the corresponding alk-l-enyl 
methyl ethers (2,3) during gas chromatography, 
which leads to some confusion in the analysis 
of these compounds. The characterization of 
aldehydes, dimethyl acetals and alk-l-enyl 
methyl ethers by mass spectrometry was, there- 
fore, undertaken to permit identification of 
these substances in natural mixtures. 

To this end, the mass spectra of dodecanal, 
t e t r adecana l ,  hexadecana l ,  octadecanal, 
9-octadecenal, 9,12-octadecadienal, 9,12,15- 
octadecatrienal and the corresponding dimethyl 
acetals and alk-l-enyl methyl ethers were 
recorded. The fragmentation mechanisms and 
rearrangements were elucidated by means of 
deuterium labeling and high resolution mass 
spectrometry done at the mass spectrometry 
laboratory of Purdue University using an A.E.I. 
MS-9/mass spectrometer, 

Ipaper No. 4 in a series. Mass Spectrometry 
of Llplds. For llI ,  see Arkiv Kemi 29, 179 
(196S), 

2permanent address: Institute of Biochemistry 
C, University of Copenhagen, Radm~ndsgade 71, 
2200 Copenhagen N, Denmark. 

3Veterans Administration Hospital, Minneapolis, 
Minn. 55417. 

EXPERIMENTAL PROCEDURES 

The mass spectra were obtained on a Hitachi 
Perkin-Elmer RMU-6D instrument. The samples 
were introduced through the liquid inlet system 
heated  to 125-175C. The spectra were 
recorded at high ionization potential (70 or 80 
eV) and at the lowest ionization potential 
which produced a spectrum (nominally 6 to 12 
eV). The relative abundance of ions at each 
mass (m/e) was normalized to the most in- 
tense or base peak set at 100. 

Preparation of Aldehydes, Dimethyl Acetal$ and 
AIk-l-enyl Methyl Ethers 

The aldehydes used in this study were pre- 
pared by oxidation of the methane sulfonate of 
the corresponding alcohols with dimethyl sul- 
foxide  as described previously (4). The 
dimethyl acetals were obtained from the corre- 
sponding aldehydes (5). The alk-l-enyl methyl 
ethers were obtained by thermal loss of 
methanol from the corresponding dimethyl 
acetals during preparative gas liquid chroma- 
tography (GLC) (3). The purity of the com- 
pounds checked by either gas liquid or thin 
layer chromatography was better than 99%, but 
both cis and trans isomers were present. How- 
ever, mass spectra of the isomers are not dis- 
tinguishable. 

Vic-dideuterated Aldehydes. All members 
of the series of isomeric cis methyl octa- 
decenoates (6) were deuterated using deutero- 
hydrazine as described previously (7). The 
deuterated compounds were purified by prepar- 
ative thin layer chromatography on silica gel 
plates impregnated with AgNO 3 using petro- 
leum ether-diethyl ether-acetic acid (90: 10: 1). 
The deuterated esters were reduced to the cor- 
responding alcohols with LiAIH4, and were 
further converted to the aldehydes. 

4, 4"d 2"Heptadecanal. l,l-d~-Tetradecanol 
was obtained by reduction of methyl tetradeca- 
noate with LiA1D 4 (99%, Bio-Rad Laboratories, 
Richmond, California). The alcohol was con- 
verted to the bromide using phosphorus tribro- 
mide (8). The Grignard reagent of the bromide 
was reacted with trimethylene oxide (9) to give 
the 4,4-d2-heptadecanol, which was further 
converted to the aldehyde. 

2,2-d2-OctadecanaL Octadecanal, deuterium 
oxide and deuterium chloride were shaken at 
room temperature for 12 hr. The reaction mix- 
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TABLE I 

Relative Intensities a of Principal Peaks in the Mass Spectra 
of Long-Chain Aliphatic Aldehydes 

Carbon number, 
number and pos i t ion  

o f  double bonds: 12:0 14:0 16:0 18 :0  18:1609 18:2c06 18:3(,03 
Molecular weight: 184 212 240 268 266 264 262 

role  
M 0 ,2  0 .4  0.2 0 .3  2.2 4 .0  3.7 
M-18  2 .6  2,$ 1.9 3.1 3.3 . . . . . .  
M-28  1.$ 1.3 0 .4  0 .9  . . . . . . . . .  
M-44  7 .3  9 .0  1.1 0 .9  . . . . . . . . .  
M-46  3 .7  S.6 1.1 0 .9  . . . . . . . . .  

68  26  49  21 21 18 24  13 
82 30  75 26  29  18 18 8.4 
96  14 44  13 1s  12 12 5.1 

110  $.$ 15 3.6 4 .0  3.6 7 .0  1.4 
124  1.8 8.7 1.6 1.8 1.8 3 .0  .... 
138  3,7 7.2 .... 0 .9  1.5 2 .0  .... 
152  .... 2 .3  . . . . . . . .  1.1 1 .0  .... 

41 100  76  100  84  100  100  100  
43  93  98  85 100  58  39  27  
$7  4 8  100  4 0  54 27  11 6.5 

aExpressed  as per cent  o f  base peak.  

ture was taken to dryness in vacuo and a fresh 
portion of deuterium oxide and deuterium 
chloride was added. The mixture was again 
shaken for 12 hr and the whole procedure 
repeated. The2,2-octadecanal was isolated from 
the reaction mixture by extraction with dry 
petroleum ether followed by preparative gas 
liquid chromatography. 

5, $-d 2-Octadecanal. 4,4-d2-Heptadecanol 
was reacted with methane sulfonyl chloride 
(10), The mesylate formed was reacted with 
potassium cyanide to give 4,4-d2-heptadecanyl 
cyanide (11)  which,  af ter  methanolic 
hydrolysis, gave methyl 5,5-d2-octadecanoate 
(11). The aldehyde was obtained by oxidation 
of the methane suifonate of the corresponding 
alcohol, as described above. 

TABLE II 

D e u t e r i u m  Content of Some F r a g m e n t s  
of Labeled Octadecanalsa 

Posi t ions  o f  d e u t e r i u m  label ing b 

Mot wt  1-d I 2 ,3-d 2 4,4-d 2 S,5-d 2 

M-18 94  20  '/2 71 
M-19 6 47  25 25 
M-20 - -  33 3 4 
M-44 18 - 2 0  - 8 0  - 5 0  
M-45 82 - 80 - 20 - 60 

aThe estimate of the  d e u t e r i u m  c o n t e n t  o f  the  
f ragments  is rough,  as s o m e  u n c e r t a i n t y  is unavo idab le  
because  o f  smal l  i so topic  impur i t i e s ,  u n k n o w n  i s o t o p e  
e f f ec t s  and, in the  case o f  the  M-44  ion,  in t er ference  
f r o ~  ne ighbor ing  ions.  

~  as per cent .  

The deuterated aldehydes were purified just 
before the mass spectral analysis by preparative 
gas chromatography. The chemical purity was 
more than 99% and isotopic purity about 90% 
except for 2,2-d2-octadecanal (60%). 

RESULTS 

Aldehydes 

All the saturated aldehydes gave small but 
recognizable molecular ion currents. In Figure 1 
the mass spectra of tetradecanal at 80 eV and at 
low voltage are shown. The fragments M-18, 
M-28 and M-44, which were observed in the 
mass spectra of short-chain aldehydes (12), 
were also present in the mass spectra of long- 
chain aldehydes but with relatively low inten- 
sity (Table I). These peaks were, nevertheless, 
the only peaks in the high mass region of the 
spectra apart from M-46, which is discussed 
below. As the chain length increased, the most 
prominent peak observable in the high mass 
region of the spectrum was M-18 (C 18H34 high 
resolution spectrometry), which presumably 
was due to loss of water from the molecular 
ion. In the spectrum of 2,3-d2-octadecanal, 
47% of the M-18 fragment was replaced by a 
peak at M-19. The spectrum of 1-dl-hexa- 
decanal  showed no M-19 peak, and the 
spectrum of 2,2-dz-octadecanal showed that 
the hydrogen atoms at position 2 are involved. 
This suggests that the H20 is split off from an 
enol form of the aldehyde (Table II). The elimi- 
nation of water could be via the reactions indi- 
cated in Scheme I. In all the spectra of the 
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i somer i c  vic-dideuterated aldehydes from 
3,4-d 2- to 17,18-d2-, the M-18 is very intense, 
but  measurable amounts of M-19 are present. 
The intensity of M-19 decreases as the position 
of the deuterium atoms is moved closer to the 
end of the hydrocarbon chain. From the 
spectra of 4,4-d2-heptadecanal and 5,5-d2-octa- 
decanal, it is apparent that the hydrogen in 
positions 4 and 5 contributed 25% each to the 
elimination (Table II). The elimination of water 
could be via the reactions indicated in Scheme 
I: 

O 

[R-CHe-CHe-CH2-CH2 -CH2-~-H] ~ 
t /OH 

[R-CH2-CH2-CH2-CH2-CH -C~. H I + 

Clt CH 2 / \  / \ 
(CH2) n ~H CH 2 CH2-R 

CH > O H  CH2 ///CH-OH 

-H20 -ROH 

R 
CH CH 2 

/ \ 
(CH2) n CH \ / /  \ 

CH CH 

m/e = 82 

The formation of the ion M-44 was postu- 
lated to involve a 13-cleavage and a hydrogen 
transfer from the 7-position to the oxygen, 
similar to the McLafferty rearrangement but 
with a different charge distribution (13). This 
mechanism cannot explain the formation of the 
ion M-44, C16H32 (high resolution mass spec- 
t romet ry ) .  The spectrum of 4,4-d2-hepta- 
decanal showed mainly an M-44 peak; only 20% 
of this peak is shifted to M-45 and from the 
spectrum of 5,5-d2-octadecanal, it is apparent 
that 60% of the deuterium was lost. The spectra 
of  1-dl-hexadecanal and 2,3-d2-octadecanal 
both have rather intense M-45 peaks, suggesting 
that the neutral fragment expelled is C2H3DO 
the same elementary composition as the frag- 
ment formed in a McLafferty rearrangement. A 
sugges ted  mechanism produces a neutral 
oxygen fragment and a hydrocarbon ion. 

R .~c/O '~ 
*CH HC. 

. I 
I H 2 H-~C 

. = c  c ~ " \ c ~  
H 2 

M- 44 

HO H 
\ c /  

II 
CIt 2 

wO 

c~: 

50  

n.I  

I._ 

0 

CHs(CH2)I~ ~;'H 
80 eV 

C H = C H  

3 C I IE  (C H 2) . 

, I 1 ~  M,-,e 

. L. .L !,.. .. .,. 
I 0 0  150 2 0 0  m/~ 

_J 

LW 
n ~ 

~CH=GH 

CH2-CH 2 

88 

6 . . . .  5b  " ' 

82  

96 LOW VOLTAGE 

I10 M - 4 4  

1124138 t 
~ ~ M-18 

6 o  . . . .  ,5o . . . .  20o'~' 

FIG. 1. Mass spectra of tetradecanal at high and 
low voltages. 

According to Gilpin and McLafferty (12), the 
intensity of the peak decreases with increasing 
chain length of the aldehyde. Unfortunately, no 
spectra of deuterated short-chain aldehydes are 
ava i lab le  to ascertain the transfer of a 
7-hydrogen to the oxygen atom as postulated 
(12). In the long-chain aldehydes, it appears 
that the hydrogen which rearranged is m o r e  
from the ~- than from the 7-position. 

A peak at M-46 is observed in the spectra of 
the long-chain saturated aldehydes. The elemen- 
tary composition of the peak is C16H30 deter- 
mined by high resolution mass spectrometry. 
The loss of 46 mass units may correspond to 
loss of 18 + 28 (H20 + CH2=CH2), expulsions 
frequently observed in other compounds such 
as alcohols (14). 

In the spectra of the saturated aldehydes, 
hydrocarbon peaks are prominent and are 
usually the base peaks. Besides the normal 
series of hydrocarbon fragments, a series of 
peaks with even mass number was apparent (68 
+ 14n, where n = 0,1,2 . . . )  (Fig. 1). The exact 
elementary compositions have been determined 
through high resolution studies of octadecanal, 
confirming this series to be CsH8, C6HIo, 
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C8H12 , etc. From the spectra of a complete 
series of isomeric vic-dideutero aldehydes, it is 
evident that the carbon atoms involved in this 
series of fragments are the carbon atoms near 
the functional group (Table III). For  instance, 
the peak 82 (n=l )  is the most prominent peak 
in the series, is often the base peak in the low 
voltage spectrum (Fig. 1), and includes carbon 
atoms 1-6 (Table III). At low ionization voltage 
this series of peaks became more intense, sug- 
gesting that they might arise from a primary 
decomposit ion of the molecular ion of low 
energy requirement. These ions most likely 
have a ring structure. The spectra of the 
deuterated compounds show that one of the 
hydrogens at position 2 is lost (Table III), sug- 
gesting a mechanism similar to the one pro- 
posed for the formation of m/e M-18, whereby 
in a 4 center reaction the enol form of the alde- 
hyde in a ring transition state expels ROH 
(Scheme I). The most intense peaks in the series 
68 + 14n are 68, 82 and 96, which may be due 
to the higher probabilities of  forming 5- 6- and 
7-membered rings. The spectra of the gem- 
dideutero and the vic-dideutero compounds 
indicate that  an exchange of hydrogens from 
p o s i t i o n  2 wi th  hydrogens mainly from 
positions 4, 5 and 6 has taken place. A similar 
exchange of hydrogens was also observed in the 
spectra of deuterated methyl esters. (15). 

In contrast to saturated aldehydes, unsatu- 
rated aldehydes had molecular ion peaks of  
measurable intensity (4% in the high voltage 
s p e c t r u m ,  and 100% in the low voltage 
spectrum of linoleyl aldehyde) (Table I). The 
increase in intensity of  molecular ions with 
increasing unsaturation of the molecule has 
been observed for fat ty acid methyl esters (16) 
and for monoglycerides (17). The mass spectra 
of unsaturated aldehydes do not  exhibit promi- 
nent peaks corresponding to the same frag- 
mentations in saturated aldehydes. No peaks at 
m / e  -- M-18, M-28, M-44 or M-46 were 
observed, except for the peak m/e = M-18 in 
the spectrum of  oleyl aldehyde. The base peak 
in the spectra of the three unsaturated alde- 
hydes was m/e -- 41, probably corresponding to 
t h e  u n s a t u r a t e d  h y d r o c a r b o n  fragment 
(CH2=CH-CH2) +. In the spectra of the unsatu- 
rated aldehydes, the low molecular weight 
portion of  the spectrum dominated. In oleyl, 
linoleyl and linolenyl aldehydes, the series 68 + 
14n was also present, but the intensity of these 
peaks was not as high as in the saturated alde- 
hydes. The intensities of these ions decreased as 
unsaturation increased, whereas two series of 
fragments of unsaturated hydrocarbons 66 + 
14n and 64 + 14n increased as unsaturation 
increased. 
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Dimethyl Acetals 

In the spectra of long-chain dimcthyl acetals, 
molecular peaks are not observable, and the 
peak of highest mass is M-31 (Fig. 2 and Table 
IV), which can be the loss of OCH 3 from the 
molecular ion. This fragmentation was observed 
in the spectra of short-chain homologs (17,18), 
but is evidently not a favored reaction when the 
chain length increases. The cleavage which is 
favored in the long-chain dimethyl acetals 
involves loss of methanol to give an ion with a 
vinyl ether structure, M-32. 

/ ( ~ H  3 -OCH~ R CH 2 CH2-CH=~CH 3 
R~CH2-CH2-CH'~'OCH3 ~ R-CH2-CH=CH O~H 3 

Loss of 64 mass units from the molecular 
ion of a long-chain acetal is another fragmen- 
tation which has not been reported previously 
to be a significant mode of fragmentation for 
short-chain acetals (18,19), but which domi- 
nates in longer chain acetals. This fragment 
originates from the above-mentioned vinyl 
ether ion through the loss of one more mole of 
methanol to form an unsaturated hydrocarbon 
ion of even mass number. The three fragments 
corresponding to m/e = M-ROH and M-2ROH 
of dimethyl acetais (R=CH3) are also characte;~- 
istic for other acetals, such as 1,1-diethyoxy-, 
1 , 1 - d i p r o p o x y - ,  1 , 1 - d i i s o p r o p o x y - ,  
1,1-dibutoxy- and 1,l-dipentoxy hexadecane. 
For unsymmetrical acetals, such as 1-methoxy, 
1-butoxy hexadecane, M-OCH3, M-OC4H 9, 
M-CH3OH, M-C4H9OH and M- (CH3OH and 
C4H9OH) were all observed. 

In the spectra of short-chain acetals, the 
peak m/e = 75 (CH30-CH-OCH3)+ is usually 
the base peak, but in the spectra of long-chain 
acetals  this peak is less intense (except 
dimethoxy dodecane and dimethoxy tetra- 
decane, see Table IV). Moreover, the formation 
of this ion was found to be influenced by pres- 
sure. In the spectrum of 1,1-dimethoxy hexa- 
decane, the intensity of this peak was,varied 
from 99% to 25% when the pressure decreased 
from 1.3 x 10-s to 7.0 x 10-7 Torr. 

The base peak in all the spectra of the satu- 
rated acetals was m/e = 71. This peak can result 
from the hydrocarbon ion (CsH11) +, or it may 
have a vinyl ether structure. 

R-CH2-CH2-CH,,~H -+OCH 3 - R - - ~  CH2-CH-CH~2H 3 

I~e = 71 

The suggestion for the latter possibility ~is 
based on the fact that the peak m/e = 71 also 
is the base peak in the spectra of the alk-l- 
enyl methyl ethers examined (Fig. 2). 
Moreover, in the spectra of l,l-diethoxy 

0 

-- 71 

OE 

§ 

,O-CHa 
CH3(CH2)I~C H 

O-CH 3 

CH~ CH 2 i-ICH?CH-()'CH3 

!. J 2,T ~ 
50 I00 1.%0 200 250 

50 

CH3(CH2) ITCH=CH-O-CH 3 

70 eV 
82 

I00 150 200 

FIG. 2. Mass spectra of 1,1-dimethoxy tetradecane 
and 1-methoxy-l-tetradecene. 

hexadecane, the base peak is not 71 but 85. 
As do the spectra of the aldehydes, the 

spectra of dimethyl acetals showed the series of 
even-numbered mass peaks, 68 + 14n. For- 
mation of this series of ions could be through a 
4 center reaction similar to the postulated 
mechanism for the formation of the same series 
of peaks in the spectra of the aldehydes. 

IOCH 
[R-CH2_ CH~-CH2-CH2-CH2-CH 31 + 

"~.OCH3 

HgC ~ '~ )" CH ~ H2~ -I + II 7+~HC 
H2C'~ C 7C" -Roe% "2C~c JC" 

H2 H2 m/r = 82 

Similar to the saturated compounds, the 
unsaturated acetals also give peaks at m/e = 
M-31, M-32 and M-64 (Table IV). The peak m/e 
= 71 is also the base peak in the spectra of 
unsaturated dimethyl aeetals. In the  low mass 
region "the spectra were more compleX than for 
saturated compounds. Most of the peaks can be 
accounted for as saturated and unsaturated 
hydrocarbon fragments. The intensities of the 
series 68 + 14n are low and decrease in the 
order oleyl, linoleyl and linolenyl dimethyl 
aeetals. 

The peak m/e = 108 was very intense in the 
high voltage spectra of linoleyl and linolenyl 
dimethyl acetais. In the spectrum of methyl 
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T A B L E  lV 

Re la t ive  In t ens i t i e s  a o f  Pr inc ipa l  Peaks  in the  Mass Spe c t r a  o f  D i m e t h y l  Ace ta l s  

Carbon number, 
number and position 
of double bonds of 

the aldehyde moiety 12:0 14:0 16:0 18:0 18:1G99 ! 8:2r 18:3(,03 

Molecular weight: 230 258 286 314 312 310 308 

m/e 
M . . . . . . . . . . . . . . . . . . . . .  
M-31 1.7 0 .8  0.4 0 .4  0.7 1.8 1.8 
M-32 2.1 2 .0  1.6 1.3 2.0 8.0 8.3 
M-64 0.9 0 .8  1.2 1.3 1.7 0 .4  0 .5  

71 100 100 100 100 85 100 100 
75 47 15 3.S 1.6 0 .9  --- 0 .7  
68 9.0 11 13 14 15 10 7 
82 14 19 22 25 24 7.7 5.4 
96 5.7 7.8 9.4 10 18 5.5 4 .3  

110  2.1 2.0 2.4 2 .0  6 .6  3 .8  2.0  
124 0.8 0 .8  1.2 1.0 4-.1 1.4 0 .9  
138 1.1 0 .8  . . . . . .  4.2 0 .8  0 .6  
152 . . . . . . . . . . . .  3.6 0.4 O.S 

aExpressed as per cent of base peak. 

linolenate, this peak was interpreted as the 
hydrocarbon fragment (C8H12) + (16), corre- 
sponding to the member of the series 66 + 14n, 
in which n = 3. Another series of unsaturated 
hydrocarbon peaks with mass numbers of 91 + 
14n was also observed. 

Most of the ions in the spectra of the 
dimethyl acetals can be explained as fragments 
der ived from the corresponding alk-l-enyl 
ethers. This may be due to a primary con- 
version of the acetal to the corresponding vinyl 
ether by electron impact or by heat. Thermal 
degradation is indicated by formation of vinyl 
methyl ethers from dimethyl acetals in a hot 
gas chromatographic column (2,3), and from 
1-alkoxyalkyl acetates (20). Spectra obtained 
by using the direct inlet system and lower 
source temperatures still revealed no differences 
between the spectra of the dimethyl acetals and 
the 1-alkenyl ethers. That is, the degradation of 
the dimethyl acetals to the alkenyl ethers could 
not be avoided under the conditions of the 
mass spectrometer. 

AIk-l-enyl Methyl Ethers 

In order to distinguish between the mass 
spectral fragmentations of dimethyl acetals and 
their  corresponding alk-l-enyl ethers, mass 
spectra of the latter were also studied. No sig- 
nificant differences were observed between the 
spectra of these two series of compounds 
having 16 or 18 carbon atoms (Fig. 2). How- 
ever, a peak at m/e = 75 is present in the 
spectra of l , l -dimethoxy-dodecane and-tetra- 
decane, but is absent in the spectra of the corre- 
sponding methyl vinyl ethers. The chain length 

LIPIDS, VOL. 4, NO. 6 

of these compounds has great influence on the 
pattern of fragmentation (18), and the 
observation of Rapport and Norton (21), that 
the difference in ionization energy between 
a c e t a l s  and u n s a t u r a t e d  ethers may be 
diminished for compounds having long hydro- 
carbon chains, is confirmed by this mass 
spectral study. 

in all three types of compounds (aldehydes, 
dimethyl acetals and alk-l-enyl ethers), the 
same series of peaks with even mass number 68 
+ 14n was observed. This series has not been 
reported previously to occur in spectra of any 
other types of lipid derivatives. Ryhage and 
Stenhagen (22) have reported another even- 
numbered series, 84 + 14n, in the spectra of 
dibasic acids. It is, therefore, likely that this 
series of  ions (68 + 1410 is characteristic for the 
three types of compounds examined here, and 
that this series can serve to distinguish aldehyde 
derivatives from methyl esters in mass spectro- 
metric analysis. 
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The Lipids of Mitochondria of Human Gray and White Matter 
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Department of Pathology, Stanford University School of Medicine, 
and Veterans Administration Hospital, PaiD Alto, California 94304 

ABSTRACT 

Mitochondrial enriched fractions were 
obtained separately from gray and white 
matter of human and bovine brains. The 
preparations differed in that choline and 
ethanolamine glycerophosphatides were 
present in higher concentration in mito- 
chondria than in gray or white matter 
from which they were derived. The fatty 
acid composition also was at variance, 
palmitic, palmitoleic and linoleic acids 
being present in considerably higher con- 
centration in the mitochondria of white 
matter than in the corresponding homo- 
genate, and fatty acids of C2s and C26 
chain length being absent. A deficiency of 
po lyunsa tu ra ted  fatty acids and the 
lowest linoleic acid were found in a prep- 
aration obtained from a multiple sclerosis 
brain, a lesser deficiency was noted in the 
preparation from an emaciated individual. 

INTRODUCTION 

Lipids are an intrinsic part of the mito- 
chondrial membrane (1) and are essential for 
the function of these organelles (2-5). Data on 
mitochondrial lipid composition of rat and 
guinea pig brain have been reported by several 
authors (6-12). Corresponding data on mito- 
chondria obtained separately from gray and 
white matter of brain from either human or 
experimental animals, however, are wanting. 
This study was undertaken to obtain such data 
on mitochondria from brains free of disease as 
well as from individuals who had died from 
multiple sclerosis (MS). 

MATERIALS AND METHODS 

Brain tissue was obtained at autopsy, and 
white and gray matter were carefully dissected. 
Age, cause of death, status of nutri t ion and 
death-autopsy interval are given in Table I. 
White matter grossly free of lesions was selected 
from the two MS brains. For purpose of com- 
parison, mitochondria were prepared also from 
gray and white matter of two bovine brains 
kept on ice during transport and processed 2 hr 
after slaughter. 

The tissue was homogenized with 9 vol (v/w) 
of 0.32 M sucrose and centrifuged at 13,000 x g 
for 45 min; the pellet thus obtained was sus- 
pended in 0.88 M sucrose, layered with 0.32 M 
sucrose, centrifuged at 104,000 x g for 60 min, 
in the cold, and the resulting pellet separated 
from the interphase which contained the crude 
myelin. The former, with addition of 0.32 M 
sucrose was again centrifuged at 900 x g for 10 
min; the supernatant representing the crude 
mitochondrial fraction was further purified 
according to De Robertis et al. (13). Purified 
myelin was prepared as reported earlier (14). 
For determination of lipids, extraction was 
carried out according to Folch et al. (15). The 
individual lipids were separated by TLC and 
their amounts determined (16). Recovery of 
cholesterol and phospholipids ranged between 
9 5 - I 0 0 % ,  t h a t  of  galactolipids between 
90-100%. Lipid extracts were analyzed for 
gangliosides by the procedure of Suzuki (17). 
Quantification of unsubstituted fatty acids was 
carded out by GLC according to Homing et al. 
(18). Quantitative control results obtained with 
National Heart Institute fatty acid standards 
(A,B,D and F) agreed with the composition 

TABLE I 

Age, Diagnosis, Nutritional Status and Death-Autopsy Interval of Brain Specimens 

Status of Interval-death 
Specimen Age Sex Diagnosis nutrition to autopsy 

67-13 45 M Myocardial infarct, severe 
arteriosclerosis Emaciated 13 hr 

6F-365 41 M Generalized arteriosclerosis; 
left adrenal hyperplasia Well nourished 6 hr 

6F-206 26 M Carcinoma of testes Normal. Well 
nourished a 

68-98 56 M Carcinoma of lung Well nourished 3 hr 
St. (MS) 63 M Multiple sclerosis Well nourished 5 hr 
NH. (MS) 43 F Multiple sclerosis Undernourished a 

aUnknown 
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FIG. 1. Electron micrograph of human gray matter mitochondria. Thin sections stained with 
uranyl acetate and lead citrate. (X 23,000, reduced approximately 17%) 

given wi th  a relative er ror  o f  less t han  3% for  
major,  and  of  less than  5% for  minor  compo-  
nents .  All analyses were done  in dupl icate  
excep t  those  on  the sulfat ides o f  mi tochondr ia l  
p repara t ions .  The TLC procedure  did no t  
resolve the  cardiolipin comple te ly  f rom the  
EGP f rac t ion  when  appl ied to  the h u m a n  

material ,  t he re fo re ,  these  f rac t ions  were  pooled .  
In the  case of  bovine brain mi tochondr i a l  prep-  
arat ions,  cardiol ipin was comple te ly  separa ted  
and a m o u n t e d  to  abou t  4% of  the  to ta l  phos-  
pholipids.  In order  to  s tudy the  fa t ty  acid com-  
pos i t ion  o f  the  galactolipids o f  mi tochondr i a ,  
mi tochondr ia l -enr iched  f ract ions  f rom larger 

TABLE II 

Lipid Composition of Mitochondria and of Corresponding Whole Gray Matter 
(in mole % of total lipids)a 

Lipid Total 
phos- SGP+ plasma- Sphingo- Galacto- 

Specimen Cholesterol phorus IGP CGP EGP logens myelin liplds SDH b 

Mitochondria 
67-13 33.5 63.3 7.1 25.1 24.9 c 6.2 3.2 0.79 
6F-365 31.8 64.9 6.9 26.3 23.9 c 5.6 3.2 c 
St. (MS) 33.5 61.0 8,6 24.6 22.4 10.1 5.4 5.5 1.60 
Bovine 30.9 65,8 4.3 27.0 27.0 10.9 7.5 3.3 1.61 
Gray matter, homogenate 
67-13 36.4 57.8 8.8 21.4 19.4 9.9 8.3 5.8 0.33 
St. (MS) 37.5 56.8 10.5 22.7 18.9 10.4 4.7 5.6 c 
NH. (MS) 35.8 57.8 8.2 22.4 20.3 9.7 6.9 6.4 c 
Bovine 34.9 58.3 9.4 21.9 18.0 9.9 9.0 6.8 0.71 

aTotai lipids, 100%. 
bMoles of dye reduced per 1 hr/kg protein. 
CNot done. 
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FIG. 2. Electron micrograph of human white matter mitochondria. Thin sections stained with 
uranyl acetate and lead citrate. (X 23,000, reduced approximately 17%) 

amounts of tissue of an additional brain (68-98) 
were prepared as described. Amounts were 
obtained from white matter sufficient to allow 
separation of sulfatides and cerebrosides by 
two-dimensional TLC (16). The amount of 
galactolipids recovered from gray matter mito- 
chondria was insufficient for this and, there- 
fore ,  the combined  cerebroside-sulfatide 
(galactolipid) fraction was processed. The 
unsubstituted and 2-hydroxy fatty acids were 
separated and quantified by GLC as reported 
earlier (19). 

For estimation of suecinie dehydrogenase 
activity (SDH) the tetrazolium dye reduction 
method of Glick and Nayyar (20), as modified 
by Laatsch et al. (21), was used and phospha- 
tase activity was estimated by using p-nitro 
phenyl phosphate as substrate (Sigma substrate 
104 colorimetric, Sigma Chemical Company, 
St. Louis, Mo). Protein content was determined 
according to Lowry et al. (22). 

Histologic sections prepared on aliquots 
fixed with formalin, embedded in paraffin and 
stained with H & E, phosphotungstic acid, or 
Luxol blue, were screened for admixture of 
other tissue, particularly, myelin. In three 
ins tances ,  mitochondrial-enriched fractions 
were fixed in buffered osmium tetroxide, 

embedded in Araldite, and ultrathin sections 
were prepared therefrom for electron micro- 
scopy (EM) study. 

RESULTS 

Morphology of the mitochondria (Fig. 1,2) 
was similar to that illustrated by Lf~vtrup (7) on 
rat preparations. The heterogeneity of appear- 
ance may be, in addition to post-mortem 
changes, due to different derivation of the 
mitochondria. Myelin admixture as seen in the 
light and EM preparations was minimal in mito- 
chondrial fractions of gray matter and was esti- 
mated at less than 10% of total material in 
those of white matter. The amount of mito- 
chondria recovered from the brain as estimated 
by protein determination was, on an average, 
9% for gray and 1% for white matter. These 
data reflect greater ceUularities of the former, 
and compare to 5.26% of total protein for 
mitochondrial preparations from whole guinea 
pig brains (23). 

Comparison of the lipid composition of the 
mitochondrial-enriched fraction with that of 
gray matter from which it was obtained (Table 
II) revealed that the concentration of choles- 
terol in the former was lower, and that of total 
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TABLE III 

Lipid Composition of Mitochondrla and of Corresponding Whole White Matter 
(in mole % of total lipids) a 

Lipid Total 
phos- SGP+ plasma- Sphingo- Galacto- 

Specimen Cholesterol phorus IGP CGP EGP logens myelin lipids SDH b 

Mitochondria 
67-13 40.7 47.8 7.2 15.6 18.5 c 6.5 11.5 0.36 
6F-206 41.1 43.3 7.8 15.5 13.4 e 6.6 15.6 c 
6F-365 44.3 47.2 9.4 15.0 16.0 c 6.8 8.5 0.34 
St. (MS) 37.2 42.7 7.4 14.6 15.0 8.7 5.7 20.1 1.70 
NH. (MS) 36.6 48.8 8.0 16.8 16.8 c 7.1 14.6 c 

Bovine 37.5 59.5 6.5 21.2 21.7 c 10.1 3.0 2.16 
White Matter, Homogenate 
Controls d 

N=7 41.7 37.5 9.1 9.4 13.7 11.5 5.3 20.1 0.04 
St. (MS) 39.2 41.7 8.9 11.3 13.9 13.7 7.6 19.2 c 
NH. (MS) 43.1 40.3 9.5 9.3 13.8 13.7 7.7 16.5 c 
Bovine 44.0 40.4 9.6 9.4 13.1 13.1 8.3 15.6 0.09 

aTotal lipids, 100%. 
bMoles of dye reduced per 1 hr]kg protein. 

CNot done. 
dN, number of specimens analyzed. 

p h o s p h o l i p i d s ,  c h o l i n e  g lyce rophospha t ide  
(CGP) and e thano lamine  g lyce rophospha t ide  
(EGP) higher,  than  in whole  gray mat ter .  
Plasmalogens were present  in a concen t r a t i on  
similar to ,  and sphingolipids lower  than  in gray 
mat ter .  Pro te ins  made up approx ima te ly  60% 
of  t he  to ta l  dry weight.  SDH activity in the  
prepara t ion  of  the  MS brain was as high as in 
that  o f  the  bovine brain,  while it was low in 
case 67-13 where  the  dea th-au topsy  interval  
was 13 hr. The high SDH activity in the  prepa- 
ra t ion of  the  MS brain indicated good preser- 
vat ion of  material.  Acid phosphatase  act ivi ty 
was 1.69 uni t s /mg pro te in  for  gray mat ter ,  0.18 
for  its mi tochondr ia ,  (68-98),  while corre- 
sponding  figures for  whi te  mat te r  were 1.55 
and 1.36, respectively.  There  was no d i f fe rence  

in lipid d is t r ibut ion be tween  the  mi tochondr i a  
f rom normal  and MS gray mat ter .  Gangliosides 
were absent .  

The concen t ra t ion  of  choles terol  in the 
m i t o c h o n d r i a l - e n r i c h e d  fract ion of  normal  
whi te  mat te r  was similar to,  and tha t  o f  tota l  
phosphol ip ids ,  EGP and CGP, higher than  in 
the  h o m o g e n a t e  of  whi te  mat te r  (Table III). 
The data on whole  whi te  ma t t e r  co r respond  to 
those  r epo r t ed  earlier (14).  The bovine mi to-  
chondr ia  showed higher  p ropor t ions  of  to ta l  
phosphol ip ids ,  CGP and EGP, than the  h u m a n  
material.  The concen t r a t ion  of  galactolipids was 
abou t  one half  of  tha t  in whi te  mat te r ,  while 
tha t  o f  sphingomyel in  showed  no d i f ference  
be tween  the  two  materials. Gangliosides were 
absent .  

TABLE IV 

Unsubstituted Fatty Acids of Mitochondria and of Corresponding Whole Gray Matter 
(in mole %) 

Methyl ester 

20:0 20:1 20:4 
22:0 22:1 22:4 

Specimen 16:0 16:1 18:0 24:0 18:1 24:1 18:2 22:6 

Mitochondria 

67-13 27.9 2.8 23.9 0.4 18.9 0.4 0.8 20.8 
6F-365 27.3 2.5 24.6 0.4 18.3 0.8 1.6 20.0 
St. (MS) 29.1 2.6 24.8 0.4 18.5 0.4 1.5 19.4 
Bovine 29.7 3.1 24.2 a 18.1 0.3 1.2 19.3 

Gray Matter, homogenate 
67-13 27.1 2.3 26.9 0.3 18.1 0.6 0.9 18.8 
6F-206 28.6 2.0 24.4 0.4 20.2 1.7 0.9 17.1 
St. (MS) 30.5 1.9 24.0 0.5 18.1 1.3 0.7 19.6 
Bovine 30.6 2.1 25.4 0.3 20.8 0.6 0.6 15.9 

aNot found. 
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T A B L E  V 

Unsubs t i t u t ed  Fa t ty  Acids o f  Mi tochondr i a  and o f  Cor respond ing  Whole White Mat te r  
(in mole  %) 

Methyl  es ter  

20 :0  20:1 20 :4  
22 :0  22:1 22 :4  25 :0  25:1 

Spec imen  16:0 16:1 18:0 2 4 : 0  18:1 24:1 18:2 22 :6  26 :0  26:1 

Mi tochondr ia  

67-13 20.9 2.8 18.5 1.8 32.8 
6F-206  19.6 2.4 21.1 1.4 29.5 
NH. (MS) 15.8 1.5 21 .9  2.8 32.5 
St. (MS) 23.7 2.0 21.2 1.7 27.0 
Bovine 28.5 5.2 15.6 2.1 25.5 

White Matter ,  h o m o g e n a t e  
67-13 13.7 1.8 20.5 2.8 36.1 
6F-206  12.9 1.2 21.9 2.6 36.7 
NH. (MS) 14.9 1.2 21.1 1.9 38.5 
St. (MS) 14.9 1.0 21.5 1.6 38.8 
Bovine 14.5 1.5 17.8 4.3 37.7 

4.1 0.9 11.1 a a 
3.1 1.8 15.3 a a 
6.8 0.6 11.9 a a 
3.4 1.1 7.9 a a 
3.5 1.0 7.9 a a 

8.5 0.3 8.2 0.8 2.1 
9.1 0.4 7.3 1.1 2.9 
8.2 0.3 7.4 0.6 2.0 
6.9 0.3 6.7 0.5 2.4 
9.6 0.2 6.7 0.8 2.2 

a N o t  found .  

"Ihe distribution of regular saturated and 
monounsaturated fatty acids in the mito- 
chondria of gray matter (Table IV) was similar 
to that in whole gray matter. Polyunsaturated 
fatty acids (PUFA) were found in slightly 
higher proportions in three of the four mito- 
chondrial preparations than in gray matter. This 
was not the case in the MS sample. 

The distribution of fatty acids in the mito- 
chondrial-fract ion of human white matter 
(Table V) differed in several respects from that 
in the total homogenate. The proportion of pal- 
mitic, palmitoleic and linoleic acids was con- 
siderably higher in the mitochondrial-enriched 
fraction, while that of the long chain monoun- 
saturated acids was lower than in whole white 
matter; fatty acids of C25 and C26 chain length 
were absent. When a total of 10 pmoles of fatty 

acid methylates of gray matter mitochondria 
were applied to TLC, hydroxy fatty acids were 
not discernible. In the mitochondrial extracts 
of white matter, traces of hydroxy fatty acids 
were present on TLC but insufficient in amount 
for further analysis. 

In the specimen 68-98, the unsubstituted 
fatty acids (Table VI) of the homogenate of 
whi te  m a t t e r  cerebrosides and sulfatides 
showed a distribution similar to that reported 
by O ' B r i e n  and Sampson (24) and by 
Svennerholm and Stallberg-Stenhagen (25), 
except for a greater percentage of C18:1 in 
both the cerebrosides and sulfatides. The corre- 
sponding mitochondrial extracts differed by 
greater percentages of C20:0, C22:0 , C24:0 and 
C26:0, and substantially less C24:1 acids. 

The distribution of the hydroxy fatty acids 

T A B L E  VI 

Unsubs t i t u t ed  Fa t ty  Acid  Compos i t i on  (in mole  %) 

Cerebrosides  o f  
whi te  m a t t e r  

Fa t ty  
acid H o m o g e n a t e  Mi tochondr ia  

Sulfat ides o f  
whi te  m a t t e r  

Galac to l ip ids  o f  
wh i t e  m a t t e r  

H o m o g e n a t e  Mi tochondr i a  H o m o g e n a t e  Mi tochondr ia  

16:0 2.0 2.4 8.9 8.4 3.8 3.7 
i 8 : 0  1 2 . 2  1 1 . 5  6.5 7.7 6.3 6.1 
18:1 4.2 4.7 4.1 7.1 5.3 5.6 
20 !0  1.2 6.2 2.3 6.8 2.1 5.5 
22 :0  2.4 8.5 2.6 7.9 3.5 7.3 
22 : 1 1.0 Trace  1.1 Trace  Trace  5.4 
23 :0  4.7 5.7 3.9 5.7 3.6 5.0 
2 4 : 0  11.9 19.2 1'7.1 21 .4  8.0 13.0 
24:1 39.6 14.9 36.9 7.3 41 .8  21.2 
25 :0  4.0 5.4 4.6 9.1 3.6 5.9 
25:1 8.6 5.6 8.4 4.1 11.6 6.1 
26 :0  1.5 7.6 2.3 6.7 2.0 7.3 
26:1 6.7 8.3 7.3 7.8 8.4 7.9 
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TABLE VII 

Hydroxy Fatty Acid Composit ion (in mole %) 

Fatty 
acid 

Cerebrosides o f  Sulfatides of  Galactolipids o f  
white matter white matter white matter 

Homogenate Mitochondria 
a b 

Homogenate Mitochondria Homogenate Mitochondria 

18:0 
20:0 
22:0 
23:0 
24:0 
24:1 
25:0 
25:1 
26:0 
26:1 

8.3 
1.6 
7.3 

15.9 
37.4 
17.1 
5.9 
2.9 
1.4 
2.3 

24.0 22.0 
6.5 7.5 

14.1 17.1 
19.6 20.4 
22.8 25.2 
13.0 7.8 
Trace Trace 
Trace Trace 

c Trace 
c Trace 

8.9 18.6 1.0 8.8 
2.3 17.6 0.5 6.2 
7.1 14.7 10.1 19.6 

14.9 17.3 19.2 23 .8  
30.3 19.8 29 .9  28 .7  
11.4 12.0 26 .6  12.9 

3.8 Trace  4 .6  c 
7.5 Trace  3.6 c 
6.9 Trace  1.0 c 
7.0 Trace  3.5 e 

CNot done. 

(Table VII) of the cerebrosides of the white 
matter homogenate again was similar to that 
reported by Svennerholm save for a greater per- 
centage of C 18:0, while that of mitochondrial 
cerebrosides had greater amounts of C18:0, 
C2o:o, C22:0 and less of C24:1- Hydroxy fatty 
acids of C 2 s and C 26 chain length were practi- 
cally absent. Similar observations were noted 
for  the corresponding sulfatides of white 
matter. 

The galactolipids of gray matter yielded 
hydroxy fatty acids almost identical in distri- 
bution to that calculated from Svennerholm's 
data while those of the corresponding mito- 
chondria revealed greater percentages of C 18:0 
and C20:0 and absence of the longer chain 
fatty acids. 

The galactolipid fraction of mitochondria of 
gray matter was insufficient in amount to allow 
separation of cerebrosides and sulfatides. Thus, 
the fatty acids of the combined mitochondrial 
galactolipids were separated into unsubstituted 
and hydroxy acids. The distribution of the 
u n s u b s t i t u t e d  ac ids  of the homogenate 
resembled that given by O'brien and by 
Svennerholm, when their data are calculated for 
the combined fractions, assuming a ratio of 
cerebroside-sulfatide of 7:3, and one of unsub- 
stituted-hydroxy fatty acids in the cerebrosides 
of 5:5 and in the sulfatides of 7.5:2.5. The cor- 
r e s p o n d i n g  mitochondrial extract revealed 
higher proportions of C 20: 0, C22 : 0 and C 26: 0, 
and lesser ones of C 2 4  : 1 �9 

DISCUSSION 

The results presented reveal that mitochon- 
dria derived separately from gray and white mat- 
ter differ significantly in their lipid composition. 

It is noteworthy that the mitochondrial 
preparations of gray matter like those obtained 
from whole brain studied by other authors 

(6-12,26) are of heterogeneous origin, namely, 
neurons, axons, as well as glia cells, while the 
corresponding preparations of white matter 
derive primarily from glia cells. The data on 
cholesterol and total phospholipids of gray 
matter mitochondria correspond to those of 
Biran and Bartley (6) and of Seminario et al. 
(9). The data on EGP of these two authors are 
slightly higher than, and those on plasmalogens 
by Biran and Bartley (6) almost identical to 
ours on gray matter mitochondria. These data, 
together with a fatty acid distribution similar to 
that given by Witting et al. (27) for whole rat 
brain mitochondria, suggest that most of the 
mitochondria in the preparations of these 
authors were derived from gray matter. LSvtrup 
(7), Smith and Eng (26) and Cuzner et al. (12), 
however, reported lower cholesterol and higher 
phospholipid, and Parsons and Basford (28) 
reported higher sphingomyelin concentration of 
animal brain mitochondria than found in mito- 
chondria of either gray or white matter of 
human brains. The differences are possibly due 
to the admixture of other subcellular frag- 
ments. The absence of gangliosides suggests that 
synaptosomes were not part of the contam- 
inant. The acid phosphatase activity in both the 
gray and white matter preparation suggests 
either presence of lysosomes or their rupture, 
with consequent release of this hydrolase as a 
post-mortem event. Since mitochondria and 
myelin undergo post-mortem (anoxic) changes, 
the degree of purity and intactness of prepa- 
rations as secured from experimental animals 
could not be expected. A relatively high con- 
tent of cholesterol seems to be characteristic 
for brain mitochondria which distinguishes 
them from mitochondria of liver and kidney 
(7). Radin et al. (29) reported that the fatty 
acid composition of the microsomal phospho- 
lipids derived from rat brain gray matter dif- 
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fered f r o m  tha t  of  whi te  mat te r .  
Phospho l ip ids  are p resen t  in  h igher  concen -  

t r a t i o n  in m i t o c h o n d r i a  t h a n  in whole  gray 
ma t t e r .  T h e y  consis t  mos t ly  of  near ly  equa l  
a m o u n t s  o f  CGP and  EGP,  whi le  in  guinea  pig 
p r e p a r a t i o n s  the  co r re spond ing  p r o p o r t i o n s  
were 25 .6% and  18.9%, respec t ive ly  (8) .  A pre-  
p o n d e r a n c e  of  CGP over  EGP has b e e n  n o t e d  
also for  m i t o c h o n d r i a  of  liver (30) .  

The  f a t t y  acid d i s t r i bu t i on  in m i t o c h o n d r i a  
of  wh i t e  m a t t e r  differs  f r o m  t h a t  in  who le  
whi t e  m a t t e r  or myel in ,  a mu l t i l aye red  bio-  
m e m b r a n e .  The  sum of  long chain  m o n o u n s a t u -  
r a t ed  f a t t y  acids in the  m i t o c h o n d r i a l  f r ac t i on  
is on ly  a b o u t  one  ha l f  of  t h a t  in  myel in ,  whi le  
the  reverse is t rue  for  t he  te t ra- ,  pen ta -  and  
h e x a e n o i c  acids. F a t t y  acids of  C25 and  C26 
chain  l eng th  are n o t  measurab le .  In  t he i r  iso- 
l a ted  and  c o n c e n t r a t e d  galac to l ip id  f rac t ions ,  
however ,  u n s u b s t i t u t e d  b u t  n o t  h y d r o x y  f a t t y  
acids of  th i s  cha in  l eng th  could  be d e m o n -  
s t ra ted .  The  greater  p r o p o r t i o n  of  m e d i u m  
cha in  l eng th  f a t t y  acids raises the  q u e s t i o n  
w h e t h e r  t he  galactol ipids  con ta in ing  es ter i f ied  
f a t t y  acids wh ich  are a lmos t  en t i re ly  of  m e d i u m  
cha in  l eng th  (31)  are p r e d o m i n a n t e l y  p re sen t  in  
the  subcel lu lar  f rac t ion .  I f  the  cerebros ides  
f o u n d  in  t he  m i t o c h o n d r i a l  f r ac t ion  were  due  
en t i re ly  to  a d m i x t u r e  of  myel in ,  all t h e  long  
c h a i n  f a t t y  acids shou ld  be r ep resen ted .  
A n o t h e r  possibi l i ty  wou ld  be p o s t - m o r t e m  
b r e a k d o w n  of  mye l in  w i th  release of  some  frag- 
m e n t s  c o n t a m i n a t i n g  the  m i t o c h o n d r i a l  frac- 
t ion .  

A defici t  of  P U F A  has  b e e n  suggested as one  
f ac to r  in  the  chemica l  p a t h o l o g y  of  MS (32 )  
and,  indeed ,  one  of  l inoleic  and  a r ach i don i c  
acid has  b e e n  r e p o r t e d  for  t he  l ec i th in  f r ac t i on  
of  wh i t e  m a t t e r  of  MS bra ins  (33) .  In  t he  exper -  
i m e n t s  r e p o r t e d  here ,  the  lowes t  l inoleic  acid 
value  is n o t e d  in t he  m i t o c h o n d r i a  o f  one  MS 
whi te  m a t t e r  (NH)  associa ted  wi th  a def ic i t  o f  
o t h e r  P U F A .  A lesser def ic i t  was n o t e d  in  t h e  
p r e p a r a t i o n  of  an  emac ia t ed  ind iv idua l  (67-13) .  
W h e t h e r  these  d i f fe rences  m a y  be a t t r i b u t e d  to  
n u t r i t i o n a l  fac to rs  (10) ,  or  o t h e r  fac tors ,  
r ema ins  to  be  es tab l i shed  by  f u r t h e r  s tudies .  
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Glyceryl Ether, Wax Ester and Triglyceride Composition of 
the Mouse Preputial Gland1,2 
GAI L SANSONE 3 and JAMES G. HAMI LTON 4, Department of Biochemistry, 
Tulane University School of Medicine, New Orleans, Louisiana 70112 

ABSTRACT 

Major lipid classes of the preputial 
gland of the mouse have been identified 
as w a x  e s t e r ,  neu t r a l  plasmalogen, 
glyceryl ether diester and triglyceride. 
The chain lengths and degree of unsatu- 
ration in the aliphatic moieties of the 
alk-l-enyl  and alkyl glyceryl ethers are 
similar t o  those of the fat ty  alcohols of 
the wax ester fraction, This lends support 
to the theory that long chain fatty 
alcohols can be direct precursors of the 
aliphatic chains of glyceryl ethers. The 
striking qualitative, as well as quanti- 
tative, similarities between the alkyl and 
alk-l-enyl  moieties of the glyceryl ethers 
in the neutral lipid fraction suggest that 
they share a common pathway of bio- 
synthesis or are interconvertible. Neutral 
plasmalogens and glyceryl ether diesters 
c o n t a i n  significant amounts of odd- 
n u m b e r e d  and branched fat ty acids, 
unlike the fat ty acids of the triglycerides; 
therefore, the biosynthesis of neutral 
plasmalogens and glyceryl ether diesters 
m a y  not be related to the biosynthesis of 
triglycerides. 

INTRODUCTION 

The preputial gland of the rat has been used 
by many investigators as a model  sebaceous 
gland to study the effects of steroid hormones 
on lipid metabolism (1). However, the preputial 
gland of the mouse has received very little 
attention. 

Thin layer chromatography (TLC) of the 
mouse preputial gland lipid extract showed the 
presence of large quantities of unknown lipid. 
In a preliminary report  (2), the unknown lipid 
classes were identified as neutral plasmalogen, 
glyceryl ether diesters and wax esters. A more 
detailed study of the metabolism of the mouse 
preputial gland has also been reported (3). 

I p r e s e n t e d  at the AOCS Meeting, Chicago, 
October, 1967. 

2Taken from a dissertation submitted to Tulane 
University in partial fulfillment of the requirement for 
the degree of  Doctor of Philosophy by Gail Sansone. 

3present Address:  Division of  Dermatology, 
Harbor General Hospital, Torrance, Calif. 

4present Address:  Division of Biochemical 
Nutrition, Hoffmann LaRoche Inc., Nutley, N.J. 

Recent investigations have implicated long 
chain fat ty  alcohols as immediate precursors of 
the alkyl glyceryl ethers (4,5). The preputial 
gland of the mouse contains a unique combi- 
nation of wax esters and glyceryl ethers. This 
investigation was undertaken to characterize 
the neutral lipids of the mouse preputial gland 
and to study the structural and metabolic 
relationships of the alcohols in the wax ester 
fractions to the alkyl and alk-l-enyl moieties of 
the glyceryl ethers. 

MATERIALS AND METHODS 

Materials 

Solvents were reagent grade or otherwise dis- 
tilled. Wax ester standards were synthesized 
from fat ty acids and fatty alcohols in the 
presence of oxalyl chloride (6). Synthetic 
glyceryl ether diester standardscwere purchased 
from Analabs, Inc., Hamden, Conn. Neutral 
plasmalogen, isolated from ratfish liver oil, was 
a gift from Helmut Mangold of the Hormel 
Institute. Its physical and chemical properties 
have been described (7). Fa t ty  acid methyl  
ester standards for gas chromatography were 
purchased from Applied Science Laboratories, 
State College, Pa. Alcohol acetate standards 
were synthesized from lauryl, tetradecyl,  cetyl 
and octadecyl  alcohols (8). 

Animals 

Adult  male rats (Sprague-Dawley strain) and 
mice (ICR strain), obtained from Charles River 
Breeding Laboratories, Wilmington, Del., were 
individually caged and fed a diet of Purina Lab 
Chow ad lib. For  the identification and quanti- 
tative studies, 10 g of lipid was obtained from 
the excised preputial  glands of 100 three month 
old male mice. 

Methods 

Total lipids were extracted from the pre- 
putial glands as described by Folch et al. (9). 
Phospholipids were separated from neutral 
lipids by adsorption on silicic acid (10). The 
neutral lipids were eluted with diethyl ether. 

Wax esters were saponified with 9 ml 10% 
KOH in ethanol-water (9:1 v/v) under reflux in 
a nitrogen atmosphere for 2 to 4 hr. Saponifi- 
cation of the neutral plasmalogen and glyceryl 
ether diester fractions was accomplished by 
refluxing in 0.5 N ethanolic KOH in a nitrogen 
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atmosphere  for 1 hr. The nonsaponif iable 
f ract ion was ext rac ted  5-10 t imes with equal 
volumes of  hexane.  

For  GLC analysis, t r imethylsi lyl  ether  (TMS) 
derivatives were made of  the glycerol  alkyl 

ethers (11). The fat ty  acids obtained f rom the 
glyceryl  ether  diesters, neutral  plasmalogens 
and wax esters were esterified with BF 3 in 
me thano l  (12). Aldehydes  were l iberated f rom 
the a lk- l -enyl  glyceryl  ethers by HC1 and 
reduced to  alcohols by the me thod  of  Katz and 
Keeney (13). The alcohols were converted to 
acetates for  GLC (8). 

Preparative Chromatography 

P r e p u t i a l  g l a n d  n e u t r a l  l i p i d s  were 
f rac t ionated  by co lumn chromatography on 
MaUinckrodt silicic acid, 100 mesh. Columns 
were prepared by pouring a silicic acid slurry in 
hexane in to  a co lumn (25 x 2.5 cm). The lipids 
were put  onto  the co lumn in hexane,  and the  
various fract ions,  wax esters, neutral  plasma- 
logens, glyceryl  ether  diesters and triglycerides 
were e lu ted  with  mixtures  of  b e n z e n e  and 
hexane (Table I). Each fract ion was ident i f ied 
by glass fiber paper chromatography in a sol- 
v e n t  system of isooctane- isopropyl  acetate  
(100:1 .5  v/v). 

Neutral  plasmalogens, glyceryl  ether diesters 
and tr iglycerides isolated by column chroma-  
tography were further  purified by TLC on 
Silica Gel  G in a solvent system of  hexane-  
diethyl  e ther  (95:5 v/v). 

Glass Fiber Paper Chromatography 

Glass fiber paper (GFP)  type  ITLC-SG, 
impregnated  with silica gel, was used to ident i fy  
all lipids. The chromatographic  procedures  for 
GFP have been published in detail (14). Wax 
e s t e r ,  n e u t r a l  plasmalogen, glyceryl ether  
diesters and triglycerides were separated on 
GFP in a solvent system of  isooctane- isopropyl  
acetate  (100:2  v / v ) o r  i sooctane-chloroform 

FIG. 1. TLC of lipids of rat and mouse preputial 
glands. (1) castrated male rat; (2) normal male rat; (3) 
normal male mouse; (4) corn oil triglyceride. The 
letters at the right side of the chromatogram are to 
identify the following: (A) origin, (B) triglyceride, (C) 
glyceryl ether diester, (D) neutral plasmalogen, (E) 
unidentified lipid, (F) wax ester, (G) sterol ester, (H) 
squalene and (I) solvent front. Solvent system used 
was hexane-diethyl ether (95:5 v/v). 

TABLE I 

Elution Sequence of Preputial Gland Neutral 
Lipids From a Silicic Acid Column a 

Eluent 
Volume 

Hexane Benzene of 
v/v eluent Eluent contained 

100 -- 150 ml Hydrocarbon 
100 5 100 ml Wax ester 
100 10 100 ml Wax ester 
100 20 100 ml Wax ester 
100 30 100 ml Wax ester 
100 50 150 ml Neutral plasmalogen 
100 75 200 ml NP + GEDE b 
100 100 200 ml GEDE 
100 150 300 ml GEDE + triglyceride 
--- 200 400 m! Triglyceride 

aColumn dimensions, 25 x 2.5 era. 
bNp, neutral plasmalogen; GEDE, glyceryl ether 

diester. 
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(100:20 v/v). Alk-l-enyl~ and alkyl ethers of  
glycerol were separated in isooctane-chloroform 
(1 : 1 v/v). 

Gas Liquid Chromatography 

A Barber-Colman gas liquid chromatograph 
(GLC) equipped with an argon ionization 
detector was used. TMS derivatives of alkyl 
ethers were analyzed on a 6 f t x  4 mm I.D. 
u-shaped column packed with 3% SE-30 on 
1 0 0 - 1 1 0  m e s h  ABS operating at 210C,  
detector temperature 220 C, and argon carrier 
gas flow rate 45 ml/min. Fa t ty  acid methyl  
esters were analyzed on a 6 f t x  4 mm I.D. 
u-shaped column packed with 14% EGSS-X 
100-200 mesh on Gas Chrom P, operating at 
125 C with a flow rate of 30 ml/min. Fa t ty  
alcohol acetates were analyzed on the EGSS-X 
column at 150 C. 

Infrared Spectroscopy 

The purified fractions of glyceryl ether 
diesters and neutral  plasmalogens were analyzed 
as thin films between NaC1 plates or in KBr 
pellets containing 0.1% sample on a Perkin- 
Elmer Model 237 spectrophotometer.  
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rat and mouse preputial glands are shown in 
Figure 1. The neutral lipid fraction of  the 
mouse preputial gland extract contains high 
levels of NP and GEDE (Fig. 1, Lane 3). 
These lipids are not detectable by TLC in the 
rat  preputial  gland (Fig. 1, Lane 2). The mouse 
gland also contains other unidentified lipids. 
One, which is visible at the chromatographic 
load used, appears in Figure 1, Lane 3, Area E. 

The GEDE and NP isolated from the pre- 
putial gland by column chromatography (Table 
1) and preparative TLC are shown in Figure 2, 
along with standards. The Rf values of the iso- 
l a t e d  g l y c e r y l  ethers are similar to the 
standards. The isolated NP and GEDE were sub- 
j e c t e d  to alkaline hydrolysis followed by 
chromatography of the nonsaponifiable frac- 
t i o n s .  The NP fraction yielded alk-l-enyl  
glyceryl ether upon hydrolysis, and the GEDE 
f rac t ion  yielded alkyl glyceryl ether. The 
ident i ty  of these compounds was verified by 
TLC and GLC with appropriate standards. 

The IR spectra of  the NP and GEDE isolated 
from the preputial gland are compared to 
synthetic GEDE in Figure 3. Characteristic 
absorptions for ether (8.95/a) and carbonyl 

RESULTS AND DISCUSSION 

The lipid fractions of the mouse preputial 
gland were identified as wax esters (WE), 
n e u t r a l  plasmalogens (NP), glyceryl ether 
diesters (GEDE) and triglycerides (TG) by 
adsorption chromatography,  GLC and infrared 
spectroscopy (IR). 

The differences between the lipid classes of 

TABLE II 

Per Cent Composition of Glycerol Alk-l-enyl Ethers, 
Glycerol Alkyl Ethers and Alcohols From Wax Esters 

in the Preputial Gland of the Mouse 

Chain length Glycerol Glycerol 
and no. of alk-l-enyl alkyl Wax ester 

double bonds a ethers b ether c alcohols d 

14:0 23.9 e 21.6 4.1 
14:1 12.0 13.2 8.6 
lS:O <1 <a 
16:0 49.6 50.5 "/9.1 
16:1 13.5 11.9 5.4 
18:0 0.8 1.9 2.3 

achain length and degree of unsaturation deter- 
mined from log plot and co-chromatography with 
standards. 

bAnalyzed as alcohol acetates derived from the alk- 
1-enyl ethers. 

CAnalyzed as trimethyl silyl ether derivatives. 
dAnalyzed as acetates. 
eQuantitation by determination of peak areas by 

triangulation. 

FIG. 2. Chromatogram of standard neutral plasma- 
logen (1), neutral plasmalogen isolated from the 
mouse preputial gland (2), standard glyceryl ether 
diester (3) and glyeeryl ether diester from preputial 
gland (4). Solvent system used was hexane-chloroform 
(100:20 v/v). 
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FIG. 3. Infrared spectra of  (A) standard glycewl ether diester (glycery|-],2-dipaJmitoyl-3 
hexadecyl ether), (B) glyceryl ether diester isolated from preputial gland and (C) neutral plasmalogen 
isolated from preputial gland. 

groups (5.75#) are present in all three spectra 
while the characteristic absorption (6.1#) for 
vinyl ether is intense only in the plasmalogen 
fraction. 

The hydrolysis products of the GEDE and 

NP and the alcohols derived from the WE frac- 
tion were analyzed by GLC. The alk-l-enyl 
g lycery l  ethers  were subjected to acid 
hydrolysis and the resulting aldehydes were 
reduced to alcohols and analyzed by GLC as 

LIPIDS, VOL. 4, NO. 6 



GLYCERYL ETHERS OF MOUSE PREPUTIAL GLAND 

TABLE III 

Per Cent Composit ion of Fa t ty  Acid Methyl Esters of Four Lipid Classes a 
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Glyceryl 
Chain length Neutral ether 

and no. of Wax plasmalogen diester Triglyceride 
double bonds % % % % 

n-Cl0  4.3 1.5 0.8 
n - C l l  6.3 2.0 

iso-C12 3.3 1.8 
n-Cl2  7.4 8.6 8.3 8.2 
n-Cl2:1  0.9 3.1 
n-C13 2.9 2.2 3.6 

iso-C 14 0.6 13.5 5.9 
n-Cl4  0.3 7.9 6.4 2.7 
n 'C14:1 3.0 3.8 2.4 
n-C15 3.5 2.8 8.0 

iso-C16 1.3 12.6 5.1 
n -Cl6  5.5 11.0 17.5 14.9 
n-C16: l  16.1 7.7 8.4 8.6 

iso-Cl8 7.9 3.6 
n-C18 4.0 1.0 6.6 
n - C l S : l  10.8 7.0 13.9 28.4 
n-C18:2 2.4 0.7 14.8 
n-C18:3 2.1 

Fat ty  acid Me 
esters not 24.6 20.4 "7.6 9.5 
identified 

aFa t ty  acid identif icat ion based on tog plots  and co-chromatography wi th  known 
standards. 

alcohol acetates. The alkyl glyceryl ethers were 
analyzed as TMS derivatives. Table II gives the 
percentage composit ion of each fraction. The 
saturated 14:0 and 16:0 hydrocarbon moieties 
predominated;  only a small percentage of the 
hydrocarbon chains were longer than 16:0. The 
c o m p o s i t i o n s  of the alkyl and alk- l -enyl  
glyceryl ethers were essentially identical and 
clearly resembled the alcohols of the wax frac- 
t ion in chain length and degree of saturation. 

The fat ty  acids obtained after saponification 
of the NP, GEDE, WE and TG fractions were 
methylated and analyzed by GLC. Table III 
gives the percentage composit ion of the various 
fractions. The fat ty  acid composit ion of the TG 
fraction is not similar to the fat ty acid compo- 
sition of the other lipid classes. In addit ion,  the 
fat ty acid composit ion of the other fractions 
bear little similarity to each other. 

This work shows that the lipids of the mouse 
preputial glands contain GEDE, NP and WE. 
The  g l y c e r y l  ethers and their hydrolysis 
products were identified and characterized by 
adsorption chromatography,  GLC and IR. The 
fat ty acid, alkyl and alk-l-enyl  glyceryl ether 
compositions of GEDE, NP, TG and WE were 
also determined. The composition of the ali~ 
phatic moieties of the alk-l-enyl  and alkyl 
glyceryl ethers was shown to resemble the fa t ty  
alcohol components  of the WE. These findings 

lend further support to the recent reports of 
Friedberg and Greene (4) and Ellingboe and 
Karnovsky (5) that long chain fat ty alcohols 
can be direct precursors of  the aliphatic chains 
of glyceryl ethers. 

The similarities of the alk-l-enyl  and alkyl 
glyceryl ether compositions suggest that they 
share a common pathway of biosynthesis or can 
be interconverted. 

The appearance of significant quantities of 
branched chain and odd chain fat ty  acyl 
moieties in the NP and GEDE fractions, but not 
in the TG fraction, further suggests that the 
biosynthesis of NP and GEDE is neither related 
to nor shares a common biosynthetic pathway 
with TG. 
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Reaction of Lipoxidase With Polyenoic Acids in Marine Oils 1 
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ABSTRACT 

Eight samples of raw oils from fresh 
water and marine fish, and two from 
marine mammals, were examined for 
polyenoic fatty acids susceptible to the 
action of lipoxidase. The results agreed 
well in most instances with gas chromato- 
graphic data and indicated that only one 
peroxide group was formed in polyenoic 
fat ty acids with more than one ostensibly 
s u i t a b l e  1,4-pentadiene system. Four 
commercially available preparations of 
polyenoic fatty acids showed varying 
degrees of susceptibility to lipoxidase, 
indicating the probable presence of arti- 
facts formed in purification steps. The 
marine polyenoic acids were suitable sub- 
strates for lipoxidase. 

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

It is well established that lipoxidase catalyses 
t h e  production of optically active hydro- 
peroxides from polyenoic acids containing a 
cis, cis-l,4-pentadiene system (1,2). An early 
method to detect Iipoxidase activity was based 
on the oxidation of linoleic acid and the subse- 
quen t  measurement of the hydroperoxide- 
induced conjugation at 234 m/2 (3). This pro- 
cedure was modified by McGee (4) for the 
quantitative estimation of total  cis-methylene- 
interrupted,  polyenoic acids. 

Hamberg and Samuelsson (5) reported the 
formation of both 9- and 13-hydroperoxides 
from linoleic acid. Dolev et al. (6) demon- 
strated the existence of  only the 13-hydro- 
peroxide and thereby implied a higher degree of 
enzymic specificity. Later work of Hamberg 
and Samuelsson (7) confirmed the formation of  
this hydroperoxide and showed that the oxygen 
function was introduced at the co6 position in 
the fat ty acids which acted as substrates, and 
that  these were required to contain a cis, cis- 
1,4-pentadiene system with the methylene 
group in the to8 position. The polyenoic C 18, 
Cz0 and C22 acids of marine oils reportedly 
possess such substrate characteristics exclu- 
sively, the Ct6 acids partially, and the odd- 
numbered acids hardly at all (8,10). Since no 
a t tempt  appears to have been made to verify 
this through the action of lipoxidase, a number 

lpresented at the AOCS Meeting, New York, 
October, 1968. 

of raw marine oils of diverse origins and some 
preparations of appropriate polyenoic acids 
were examined. 

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

S u b s t r a t e s  i n c l u d e d :  Methyl linoteate 
( A p p l i e d  S c i e n c e  L a b o r a t o r i e s ) ;  methyl 
arachidonate, eicosapentaenoate and docosa- 
hexaenoate (The Hormel Institute). Certain oils 
have been described elsewhere as follows: com- 
mercial marine flat fish oils, largely flounder, 
Pseudopleuronectes americanus (11); com- 
mercial fin whale oil, Balaenoptera physalus 
(12); herring oils, Clupea harengus (13); sheeps- 
h e a d ,  Aplodinotus grunniens and tullibee, 
Coregonus artedii (fresh water) oils (14). Cod 
l i v e r  o i l ,  Gadus morrhua and seal oil, 
Halichoerus grypus, were obtained from the 
Halifax Laboratory,  Fisheries Research Board 
of Canada, where they were analyzed by gas 
liquid chromatography as described elsewhere 
(13). 

Lipoxidase obtained from Worthington Bio- 
chemicals Corp. was used at a concentration 
sufficient to provide a maximum ultraviolet 
absorption due to conjugated hydroperoxide 
(234 m/a) in less than 5 min, indicating com- 
pletion of the enzymic reaction. Cottonseed oil, 
containing linoleate in triglycerides protected 
by the tocopherols in the oil, served as a stand- 
ard substrate in checking enzymic preparations 
and day by day reproducibili ty.  

Enzymic oxidation of the substrates was 
accomplished by the procedure of MacGee (4), 
adopted as follows. The methyl esters of 
polyenoic acids were rapidly weighed in a flask 
purged with nitrogen and then diluted with 
hexane to a concentration of approximately 1 
mg/ml. Transfer to a nitrogen-purged 100 ml 
flask and further dilution gave a concentration 
of fat ty  acids in hexane of approximately 100 
/2g/ml. Aliquots (5 ml) of this solution were 
removed, the solvent evaporated under nitro- 
gen, and the fat saponified. The potassium salt 
of the polyenoic acid (approximately 15 /2g) 
was incubated with 30 /ag lipoxidase in 0.2 M 
potassium borate buffer at pH 9.0 for 30 min. 
The absorption of conjugated hydroperoxides 
at 234 m/~ was read against a sample containing 
inactivated lipoxidase. For  the lipoxidase deter- 
minations on marine oils (including fresh water 
fish oils), 200 to 300 mg of sample was weighed 
into a nitrogen-purged flask and diluted to 100 
ml with hexane. An aliquot (1 ml) was taken 
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TABLE I 

Percentages of Cis-Polyunsaturated Fatty 
Acids (PUFAs) as Determined by Lipoxidase 

and the Relative Proportions of Trans-Double 
Bonds in Commercially Available Standards 

Cis-PU FAs 
Fatty acid wt % AIO.3 kt/As.75 /a 

18:2096 (99%) a 91.9 +2 .3  b (0.019) 
20.4C06 (90%) 7 7 . 6 -  1.8 0.048 
20.5(.03 (90%) 82.1 •  0.022 
22.6(.03 (99%) 68.2-+ 1.3 0.057 

apurity of methyl ester of fatty acid as stated on 
label. 

bMean + SD of four determinations.  

for saponification, usually overnight, as des- 
cribed by Zmachinski et al. (15). The enzymic 
i n c u b a t i o n  and determination of resulting 
hydroperoxide conjugation were performed as 
previously described for the reference lipids. 
Each sample was analyzed in duplicate on at 
least two different days with cottonseed oil of 
known linoleate content as a routine standard. 

To detect the possible occurrence of trans- 
double bonds, the absorbance of a 1% solution 
of methyl esters or marine oils was determined 
at 10.3 gt and compared with the absorbance of 
the ester linkage at 5.75 p, as described by Lees 
and Korn  (16). Ultraviolet absorption of 
unreacted substrates was also checked. 

RESULTS AND DISCUSSION 

L i p o x i d a s e  showed various degrees of 
reactivity toward commercially available prepa- 
rations of methyl esters of polyenoic acids 
(Table I). If the enzyme could react with more 
than one pair of methylene-interrupted double 
bonds per molecule of these fatty acids, there 
would be an apparent increase in the propor- 
tion of cis-polyunsaturated fatty acids. Alter- 
natively, if only one site per molecule was in- 
volved, the proport ion would not exceed the 
molar concentration of the particular acid. The 
latter was found to be the case, but the 
decrease from theory was greater than pre- 
dicted. The purity of these standards had been 
determined by the supplier through gas chroma- 
tography, and apparently provided no verifi- 
c a t i o n  t h a t  t he  double bonds were all 
cis-methylene interrupted. In the present study, 
no evidence for conjugated double bonds was 
obtained by absorption in the ultraviolet. In the 
infrared, the methyl linoleate showed some 
absorption, but no peak, at 10.3 gt, but the 
other standards exhibited small definite peaks 
for trans-double bonds. Of the two C20 acids, 
the one with the lower proport ion of cis- 

isomers suitable for lipoxidase activity appeared 
to  c o n t a i n  m o r e  trans-double bonds in 
unknown positions. The occurrence of trans- 
double bonds in a commercial preparation of 
linolenic acid was investigated by Lees and 
Korn (16), who isolated a mono-trans di-cis- 
isomer, presumably derived from the isolation 
processes of the all cis-form found in linseed 
oil. Mangold and Sand (17) at t r ibuted the for- 
mation of small amounts of trans isomers in 
linoleate to changes during distillation. 

Raw marine oils provide sources of cis- 
polyenoic acids which have not been subjected 
to  the  c o m p l e x  fractionation procedures 
involved in the preparation of standards. Such 
oils may be from fish or mammals and have 
polyunsatura ted  fatty acids in proportions 
related to iodine value, but usually in the range 
of 10-40% (18). A comparison of the results of 
analyses for cis-polyunsaturated fatty acids 
determined by lipoxidase and by gas liquid 
chromatography is shown in Table II. The gas 
chromatographic values exclude those fatty 
acids which lack a double bond to6, and con- 
sequently could not react with lipoxidase but 
include all linolenic types with a 6o3 double 
bond. 

For the specific sample of cod liver oil 
examined here, the lipoxidase value was lower 
than the chromatographic value. The two pro- 
cedures were in fair agreement for the sample 
of finwhale oil and the two samples of flat fish 
oil. Because of the relatively large standard 
deviations obtained from herring samples No. 1 
and 3, the confidence interval included the 
chromatographic values. For  herring oil sample 
No. 6, the value by gas chromatography was 
m a r k e d l y  a b o v e  t h e  o n e  o b t a i n e d  
enzymatically. 

The two procedures gave similar results for 
seal oil and tullibee oil, but the sheepshead oil 
was another case in which a higher value was 
obtained by gas chromatography. Since the 
lipoxidase method was standardized with lin- 
oleate in a given weight of cottonseed oil, an 
equivalent weight of longer chain polyenoic 
acids in marine oil would produce somewhat 
fewer conjugated hydroperoxides,  but this 
effect would vary from oil to oil, depending on 
the  p r o p o r t i o n s  among 18:2~o6, 18:46o3, 
20:5603 and 22:6603. The general similarity in 
the results of the two procedures demonstrates 
that the relatively large number of double 
bonds does not increase the number of reactive 
sites for lipoxidase, and that most of  the poly- 
unsaturated fat ty  acids in these marine oils are 
suitable substrates for lipoxidase. Gas chroma- 
tographic errors in individual oil analyses reflect 
contemporary and past standards in diverse 
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TABI.E 11 

Cis-Methylene-lnterrupted, Polyunsaturated,  
Fatty Acids (PUI:As) in Marine Oils 

Source of oil 

Cis-PUFAs 

GLC 
Lipoxidase wt % of methyl 

wt % of esters of 
total  fat fatty acids 

Cod liver 20.7 +0 .6  (4) b 24.4 
Finwhale 12.2 -+0.6 (6) 13.2 (9) c 
Flat f i shA 20.2-+0.8 (4) 21.6 (8) 
Flat fish B 22.5 -+ 0.8 (6) 23.4 (8) 
Herr ingNo.  1 11.5-+1.3 (4) 9.7 (10) 
FlerringNo. 3 14.6+-2.1 (8) 17.2 (10) 
Herr ingNo.  6 14.8+-0.8 (6) 18.7 (10) 
Seal 19.7 +- 0.7 (4) 20.9 
Sheepshead 19.9-+ 0.6 (4) 22.4 (11) 
Tullihee 22.3 + 1.7 (6) 22.0 (11) 

aCis-PUFAs excluding those which lack a double 
bond at ~o6. 

bMean + SD (No. of determinat ions in brackets). 
CReference for complete gas liquid chromato- 

graphic analysis. 

studies carried out for other purposes with a 
variety of apparatus and staff. The pentaenoic 
and hexaenoic acids from marine oils appear to 
react with lipoxidase in the same manner as 
linoleic acid, although ~6o3/X6o6 ratios can be 
as high as 7-10 for marine oils or as low as 2-3 
in fresh water fish oils (19). These findings are 
c o n s i s t e n t  with the early observation of 
Holman and Elmer (20) that linoleic, linolenic 
and arachidonic acids oxidized to equal degrees 
with lipoxidase, although their rates of autoxi- 
dation increased with unsaturation. MaeGee (4) 
concluded that each molecule of arachidonic 
acid formed but one conjugated diene during 
the enzymic reaction. 

Khalid et al. (21) recently reported that 
marine oils with their high degree of unsatu- 
ration were not suitable as sources of essential 
fatty acids. This conclusion was based on gas 
chromatographic data showing only traces of 
linoleie acid for most species tested. Evidence 
does exist, however, for essential fatty acid 
activity in the fatty acids of marine oils. Using a 
rat bioassay based on weight gain during water 
restriction, Thomasson found herring, whale 
and menhaden oils to contain 7.9%, 6.4% and 
4.4% essential fat ty acids, respectively (22), and 
a sample of docosahexaenoic acid to possess 
20-59% of  the activity found in linoleic acid 
(23). Another criterion, the ability to relieve 
the dermal symptoms of essential fatty acid 
deficiency, provided estimates of 2% essential 
fat ty acids in tuna, herring and menhaden oils 
(24,25). Further  evidence for a discrepancy 

between the function of an oil in promoting 
weight gain and in curing the dermal symptoms 
of essential fatty acid deficiency may be found 
in studies with cod liver oil (26). It has been 
assumed that the structural requirements for 
lipoxidase are also those of essential fatty acids, 
but apparently all lipoxidase-susceptible fatty 
acids do not have the same biopotency.  This 
aspect of marine fatty acids should perhaps be 
reassessed. There appears to be no doubt that 
such oils serve as sources of polyenoic acids 
which may substitute in varying degrees for the 
conventional essential fatty acids. 
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ABSTRACT 

A stereospecific analysis employing 
pancreatic lipase, Goetrichum candidum 
lipase and phospholipase A was applied to 
the monounsaturated triglyceride fraction 
o f  cocoa butter. Diacid triglycerides 
required additional analyses involving the 
gas liquid chromatographic determination 
of the proportions of diglyceride acetates 
produced by separately acetylating the 
a,t~ and afl-diglycerides obtained from a 
G. candidum digestion mixture. Results 
indicated that the major triacid triglycer- 
ide in cocoa butter was rac glyceryl-l- 
pal mi ta  t e- 2-oleate-3-stearate. Approxi- 
mately 5% of cocoa butter was comprised 
of triglycerides which were solely or pre- 
dominant ly  of one enantiomer, con- 
taining oleic acid in the 3 position. 

INTRODUCTION 

The development of a stereospecific analysis 
of triglycerides by Brockerhoff in 1965 (1) re- 
vitalized the search for enantiomeric triglycer- 
ides in natural fats. The procedure enables the 
separate determination of the fatty acids occu- 
pying the 1 and 3 positions and when differ- 
ences are noted, these indicate the presence of 
enantiomeric triglycerides. However, the pres- 
ence of equal amounts of the same fatty acids 
in both positions does not necessarily indicate 
the absence of specifc stereoisomers. These 
limitations to the Brockerhoff stereospecific 
analysis have been discussed by Schlenk (2) and 
it is clear that the procedure can be utilized 
most effectively if the fat is first separated into 
triglyceride species. 

Once the triglycerides are separated into spe- 
cies, most of the fractions are readily amenable 
to an analysis of the specific isomer distribu- 
tions. Despite initial conclusions to the contra- 
ry (3), even the most difficult analysis of the 
triacid triglyceride fractions can theoretically 
be achieved by methods outlined by Lands and 
Slakey (4) and Jensen et al. (5). The latter pro- 
cedure requires the presence of  a fatty acid con- 
raining cis-9-unsaturation and is therefore the 
less general method; however, the scheme has 

1 Scientific contribution No. 348 Agricultural 
Experiment Station, University of Connecticut, Storrs. 

r e c e n t l y  been experimentally tested with 
synthetic triglycerides (6) and the results indic- 
ated that the method would be very useful in 
elucidating triacid triglyceride mixtures which 
contain oleic acid. 

The procedure (6) involves a pancreatic li- 
pase hydrolysis of 10-20 mg of substrate to de- 
termine the fatty acids in the 2 position and the 
incubation of another 50 mg of triglyceride 
with G. candidum lipase, which specifically 
splits off cis-9-unsaturated fatty acids (7) leav- 
ing diglycerides for further treatment. The ct,t~- 
and ct~-diglycerides are collected separately, 
converted to phenyl phosphatides and treated 
with phospholipase A. Phospholipase A specifi- 
cally hydrolyzes the 1 position of 1,3 diacyl-2- 
sn-phosphatides and the 2 position of 1,2- 
diacyl-3-sn-phosphatides (8). The enzyme will 
not hydrolyze phospholipids which contain the 
phosphate group in the 1 position (8). 

The analysis of the monoglycerides pro- 
duced with pancreatic lipase and the analysis of 
the 3-monoacyl-2-sn-phosphatide allows the de- 
termination of the ratios of the original 2 posi- 
tion oleic acid triglyceride isomers, while the 
analysis of the l-mono-acyl-3-sn-phosphatide 
aids in the determination of the original triglyc- 
erides which contained oleic acid in the 3 posi- 
tion. The 1 position oleic acid triglycerides are 
calculated by difference. 

The monounsaturated triglyceride fraction 
of  cocoa butter is known to contain large 
amounts of triacid triglycerides (2,9) therefore 
we chose this material to test the application of 
our procedure (6) to the analysis of stereospe- 
cific isomers in natural triglyceride mixtures. 

Since the separation of triglyceride species in 
sufficient quantities for stereospecifc analyses 
is still a tedious task we serached for additional 
analytical techniques to obviate the necessity 
for completely separating the monounsaturated 
triglyceride fraction. The analysis of diglyceride 
acetates synthesized from the diglycerides re- 
suiting from G. candidum lipolysis seemed es- 
pecially useful, thus this technique was utilized 
to supplement our original procedure (6). These 
techniques have been applied to the monoun- 
saturated triglyceride fraction of cocoa butter 
and the results are reported in this paper. 

The numbering used in this manuscript is ac- 
cording to the rules for stereospecific number- 
ing as outlined in the IUPAC-IUB Commission 
on Biochemical Nomenclature, The Nomencla- 
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ture of Lipids (10). In this system, the glycerol 
molecule is viewed in a Fischer projection form- 
ula with the secondary hydroxyl  (or derived 
group) to the left and the hydrogen on the a- 
symmetric carbon to the right. Then, the carbi- 
nol group at the top is position 1 and the group 
at the bo t tom is posit ion 3. When stereospecific 
numbering is indicated the term signifying 
glycerol is prefixed with sn; where racemic 
glycerides are intended by the written formula, 
the term signifying glycerol is prefixed with rac. 
Also in this paper, an abbreviated representa- 
t ion of triglyceride nomenclature Jis used and 
when stereospecific numbering is intended,  the 
first fat ty acid depicted is in posit ion 1 while 
the last fa t ty  acid mentioned is in posit ion 3. 
For  example, sn-PSO is used as an abbreviation 
f o r  s n-glyceryl- 1-palmitate-2-stearate-3-oleate. 
In the abbreviated formula, rac-PSO, palmitic 
and oleic acids are considered to occupy the 1 
and 3 positions equally. Where the Greek letters 
a and/~ are employed,  no knowledge of optical  
isomerism is intended; thus in these instances 
racemates, enantiomers or partial racemates 
could be involved. 

MATERIALS AND METHODS 

Lipases 

The G. candidum lipase was prepared as de- 
scribed by Alford and Smith (11). In this study 
the phospholipase A was Crotalus atrox venom 
(Ross Allen Reptile Institute,  Silver Springs, 
Fla.) and the purified pancreatic lipase (Worth- 
i n g t o n  Biochemical Corporation, Freehold,  
N.J.) contained 100 units/mg. 

Isolation of Monounsaturated Triglycerides 
From Cocoa Butter 

Cocoa butter  (U.S.P.) (Fisher Scientific Co., 
Medford, Mass.) was chromatographed on a col- 
umn of alumina to remove polar constituents 
(12). The monounsaturated triglyceride frac- 
t ion was isolated by preparative silver nitrate- 
thin layer chromatography (TLC), using chro- 
matographic plates coated with silicAR TLC-7G 
(Mallinckrodt Chemical, New York) containing 
15.5% by weight of silver nitrate (based on the 
dry adsorbent).  Five milliliters of a 0.01% etha- 
nolic solution of Rhodamine G was included in 
the slurry to facilitate subsequent visualization. 
The plates were coated to a thickness of 250/a 
and allowed to dry at room temperature for ca. 
15 min before activation at 100 C for 1 hr. 
Activated plates were stored in a desiccator 
over CaSO 4 until  used. 

The TLC plates (ca. 100) were charged with 
ca. 25 mg of  cocoa butter  triglycerides dis- 
solved in chloroform and developed in a chloro- 

form-methanol (98:2) solvent system until  the 
solvent front had travelled half way up the 
plate. The plates were allowed to dry, then de- 
veloped further in a solvent system of absolute 
chloroform until  the solvent front had reached 
the top of the plate. The monounsaturated 
band was visualized under UV light, scraped 
into a flask and stored at -12 C. When sufficient 
material had been collected for an analysis, the 
lipid was extracted from the adsorbent with 
chloroform-methanol (90:10). The extract was 
concentrated and the lipid purified by prepara- 
tive TLC on layers o f  Silica Gel G 500/a thick. 
Development was in a solvent system of petro- 
leum ether (bp 35-45 C)-ethyl ether (85:15) 
and the triglyceride band was located by visual- 
ization under UV light without the aid of indi- 
cators, as the band was quite concentrated.  The 
triglyceride band was extracted from the TLC 
adsorbent with petroleum ether (bp 35-45 C) 
and the solvent removed under a stream of ni- 
trogen. 

Enzymatic Procedures 

The purified triglyceride mixture was emulsi- 
fied in 1% gum arabic and incubated for 15 min 
at 37 C with.G. Candidum lipase. The lipid was 
extracted from the digestion mixture with ethyl  
ether and the diglycerides in the mixture isol- 
ated by preparative TLC on 500 /~ layers of 
Silica Gel G containing 5% by weight (based on 
the dry adsorbent) of boric acid (13). Develop- 
ment was in a chloroform-acetone (96:4) sol- 
vent system and the diglyceride bands were lo- 
cated with the aid of iodine vapors. The sepa- 
rately collected ~,a-diglycerides and a~-digly-  
cerides were converted to phosphat idyl  phenols 
and these were subsequently incubated with 
phospholipase A. The products resulting from 
this digestion were isolated by preparative TLC, 
converted to methyl  esters and analyzed by gas 
liquid chromatography (GLC). Complete details 
on all of the above procedures and of the pan- 
creatic lipolysis method are contained in a pre- 
vious publication (6). 

Preparation of Diglyceride Acetates 

The diglycerides to be analyzed (25-50 
/.tmoles) were placed in a flask and 0.5 ml of 
pyridine and 0.5 ml of acetic anhydride were 
added. The flask was stoppered and the rea- 
gents were allowed to react overnight. The re- 
action mixture was transferred to a separatory 
funnel with 50 ml of chloroform-methanol 
(2:1). Twenty milliliters of water were added, 
the contents shaken and the phases allowed to 
separate. The organic phase was reduced in vol- 
ume, streaked on a preparative TLC plate 
coated to a thickness of 500 kt with Silica Gel G 
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and developed in a petroleum ether (bp 35-45 
C)-ethyl ether-acetic acid (90:30:1) solvent 
system, The diglyceride acetate band was lo- 
cated by brief exposure to iodine vapors and 
eluted from the adsorbent with petroleum ether 
(bp 35~45 C). The solvent was reduced under a 
stream of nitrogen to a suitable volume prior to 
analysis of the diglyceride acetates by GLC. 

Analytical Procedures 

Four aliquots of the monounsaturated frac- 
tion from cocoa butter triglycerides were di- 
gested with G. candidum lipase; one sample was 
used for the diglyceride acetate analysis and 
three samples were converted to phenyl phos- 
phatides and analyzed with phospholipase A. 
Controls containing no substrate were carried 
through the entire analytical procedure. To fa- 
cilitate determination of relative proportions 
between samples, a known amount of penta- 
decanoic acid was added prior to the TLC sepa- 
ration of the products from phospholipase A 
hydrolysis. Methyl heptadecanoate was added 
prior to esterification to aid in the calculation 
of the relative proportions of fractions within a 
sample. 

The original cocoa butter triglycerides, the 
monounsaturated triglyceride fraction and each 
of the fractions isolated after phospholipase A 
hydrolysis were analyzed as methyl esters by 
GLC. In addition the monounsaturated fraction 
was analyzed by GLC of the intact triglycer- 
ides. 

Methyl esters were separated on 10 ft by 
0.25 in. stainless steel columns containing 18% 
Hi Eff DEGS coated on Anakrom ABS 70/80 
mesh (Analabs, North Haven, Conn.). Columns 
were operated at 195 C in a model 5000 Selecta 
System (Barber Colman Co., Rockford, Ill.) em- 
ploying dual flame detectors. A series 200 in- 
s t rument  (Varian-Aerograph, Walnut Creek, 
Calif.) equipped with dual flame detectors was 
employed to analyze.~the triglycerides and di- 
glyceride acetates. These compounds were sepa- 
rated on 2 ft by 1/8 in. stainless steel columns 
packed with 2% OV-1 coated on Anakrom Q, 
100/120 mesh (Analabs, North Haven, Conn.). 
Triglycerides were separated at a temperature 
of 325 C while the diglyceride acetates were 
analyzed at 280 C. Disc integrators (Disc Instru- 
ments, Inc., Santa Ana, Calif.) attached to the 
recorders were used to quantitate the areas 
under the peaks. 

Detector response to the triglycerides was 
determined by standards prepared from the 
synthetic triglycerides, rac-OPP, rac-OSP and 
rac-OSS. Similarly, standards of diglyceride 
acetates were prepared by weighing quantities 
of the synthetic diglycerides, rac-glyceryl-l,3- 

d i p a l m i t a t e ,  ra c-gly ceryl- l -o leate-3-palmitate 
and rac-glyceryl-l-oleate-3-stearate and con- 
verting these mixtures to diglyceride acetates. 
All of the glycerides were synthesized in our 
laboratory (14). The relative recoveries of the 
diglyceride acetates were quantitative within 
experimental error (a relative~error of 5% for 
major peaks and 10% for minor peaks) how- 
ever, it was necessary to correct for apparent 
losses of rac-OSS in the analysis of triglycerides. 

The logic behind the calculation of the spe- 
cific glyceride isomers involves a knowledge of 
the specificity of G. candidum lipase and phos- 
phollpase A. Detailed calculations are contained 
in a previous publication (6) and modifications 
employed in this paper as a result of the use of 
the diglyceride acetates are discussed below. 

RESULTS AND DISCUSSION 

Based on the GLC determination of the 
methyl esters of the fractions isolated by silver 
nitrate TLC, the monounsaturated fraction con- 
stituted 74% of the total triglycerides. The tri- 
saturated and polyunsaturated triglyceride frac- 
tions were respectively 2.2% and 23.8% of the 
total. In Table I are presented the fatty acid 
compositions of the total triglycerides in cocoa 
butter, of the monounsaturated fraction iso- 
lated by silver nitrate TLC and the monoglycer- 
ides derived from pancreatic lipolysis of the 
monounsaturated triglyceride fraction. In gen- 
eral the values were in close agreement with 
those reported previously (15). Also presented 
in this Table are the results from the phospho- 
lipase A analysis of the phosphatidyl phenols 
synthesized from the diglycerides isolated from 
G. candidum hydrolysis. Two important points 
which will be more fully considered subse- 
quently were the absence of palmitic acid in the 
2 ,3-  diacyt- t-sn-phosphatides remaining after 
phospholipase A analysis and the percentage of 
2,3-diacyl-l-sn-phosphatide remaining after di- 
gestion (13.6%). 

The analysis of the monounsaturated frac- 
tion by GLC of the intact triglycerides gave 
evidence for at least three major triglyceride 
species with carbon numbers (these refer only 
to the carbons in the acyloxy groups) of 50, 52 
and 54. The 52 carbon peak, which was the 
triacid triglyceride fraction of interest, consti- 
tuted 48.6% of the triglycerides while the 50 
and 54 carbon species contained respectively 
18.2% and 33.2% of the material. 

Based on these results it was considered vir- 
tually impossible to isolate the triacid triglycer- 
ide fraction in quantities sufficient for a precise 
stereospecific analysis according to the pro- 
cedure outlined in our previous paper (6); 
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T A B L E I  

F a t t y  A c i d  C o m p o s i t i o n  a n d  P e r c e n t a g e  o f  t he  To ta l  T r ig lyce r ides  o f  C o c o a  Bu t t e r ,  
t he  M o n o u n s a t u r a t e d  Tr ig lyce r ides  I so l a t ed  F r o m  C o c o a  Bu t t e r  a n d  S o m e  o f  the  

F r a c t i o n s  Resu l t i ng  F r o m  the  E n z y m a t i c  Ana lys i s  o f  the  M o n o u n s a t u r a t e d  F r a c t i o n  a 

F a t t y  acids ,  m o l e  % 

F r a c t i o n  14 :0  16 :0  18 :0  18:1 18 :2  2 0 : 0  

Per  cen t  o f  
to ta l  TG 

r e p r e s e n t e d  

I n t a c t  T G  0 . 2 0  27 .7  31 .8  35 .9  3 .6  0 .8  1 0 0 . 0  
S 2 U  TG T r a c e  2 7 . 0  38 .0  34 .4  ....  0 .6  74 .0  
S2U MG b Trace  3 .6  3.1 93 .3  ....  T race  74 .0  
3 - M o n o - a c y l - 2 - s n - p h o s p h a t i d e  c ....  4 1 . 0  59 .0  . . . . . . . .  T race  69 .0  d 
1 -M o n o - a c y l -  3-sn-ph o s p h a t  ide c ....  31 .6  68 .4  . . . . . . . . . . . .  4 .3  e 
2 ,3 -Diacy l -  1 - s n - p h o s p h a t i d e  c .... 0 .0  1 0 0 . 0  . . . . . . . . . . . .  0 .7  e 

a T G ,  t r i g lyce r ide ,  MG, m o n o g l y c e r i d e ,  S2U,  m o n o u n s a t u r a t e d  t r i g lyce r ide  f r a c t i o n  i so la t ed  as de sc r ibed  in 
t ex t .  

bDer ived  f r o m  p a n c r e a t i c  l ipase  ana lys i s .  
CDerived f r o m  the  p h o s p h o l i p a s e  A ana lys i s  o f  the  p h e n y l  p h o s p h a t i d e s  s y n t h e s i z e d  f r o m  the  d ig lyce r ides  

o b t a i n e d  f r o m  G. candiclum l ipolys is .  
d B a s e d  o n  the  p e r c e n t a g e  o f  oleic ac id  in the  m o n o g l y c e r i d e .  

eBased  o n  the  p e r c e n t a g e  o f  o le ic  ac id  in the  a l p h a  pos i t i ons  a n d  the  per  cen t  h y d r o l y s i s  o f  the  a lpha  
p h o s p h a t i d e s  (86 .4%) .  

therefore, a combination of methods was em- 
ployed. First, a portion of the monounsatu- 
rated fraction was incubated with G. candidum 
lipase, the "a,a- and aJ3-diglycerides were sepa- 
rately isolated, converted to digtyceride ace- 
tates and analyzed as such by GLC. A second 
portion of the fraction was analyzed with the 
aid of G. candidum and phospholipase A as de- 
scribed (6). The results from the latter analysis 
are shown in Table I and have already been 
referred to. The results from the diglyceride 
acetate analysis are displayed in Table lI along 
with other data utilized to calculate the isomer 
proportions present in the monounsaturated 
fraction from cocoa butter. 

The elucidation of the isomer proportions in 
the original 2 position oleate triglycerides was 
relatively simple since the amounts of glyceryl- 
2-oleate-l,3-dipalmitate (POP) and glyceryl-2- 
oleate-l,3-distearate (SOS) were immediately 
available from the diglyceride acetate analysis 
(Table II). Based on the phospholipase A anal- 
ysis of the 1,3-diacyl-2-sn-phosphatides (Table 
I), 41.0% of the 2-oleate fraction consisted of 
POP and sn-SOP, as both of these glycerides 
w o u l d  have contributed palmitate to the 
3-mono-acyl-2-sn-phosphatide fraction if 16:0 
was present. As the amount of POP was known 
(17.5%), subtraction allowed the calculation of 
sn-SOP (23.5%). In an analogous fashion the 
proportions of SOS and sn-POS were deter- 
mined to be, 35.0 and 24.0 mole %. 

The procedure for determining the glycer- 
ides containing oleic acid in the alpha positions 
was not as simple. Theoretically, this fraction 
could have been resolved by performing, in ad- 

dition to the determinations described above, 
further analyses of the 2,3-diacyl-l-sn-phospha- 
tide (non-hydrolyzed alpha phosphatide) as di- 
glyceride acetates, to determine the proportions 
of sn-OPP, sn-OPS, sn-OSP and sn-OSS. If this 
f r a c t i o n  (2,3-diacyl-l-sn-phosphatide) could 
have been converted to diglyceride acetates, by 
the cumulative result of phospholipase C and 
acetylation and subsequently analyzed with 
pancreatic lipase, resolution should have been 
possible, ttowever, the amount of material a- 
vailable in this fraction was insufficient to war- 
rant testing this hypothesis. Furthermore, the 
data presented in Tables I and II were sufficient 
to calculate each of the isomers present in the 
mixture because of the absence of palmitic acid 
in the 2,3-diacyl-l-sn-phosphatide (Table I). 
The absence of palmitic acid in this fraction 
indicated that there was no palmitic acid in the 
original triglycerides which contained oleic acid 
in sn position 1, as these glycerides would have 
been converted to 1-sn-phosphatidyl phenols 
which would not have been hydrolyzed by 
phospholipase A and would have remained as 
residual 2,3-diacyl- 1-sn-phosphatide. Therefore, 
there was no sn-OPP, sn-OPS and sn-OSP or 
conversely the entire fraction of 1 position ole- 
ate triglycerides consisted of sn-OSS. With this 
additional information, the determination of 
the other isomers was considerably simplified. 

F r o m  the diglyceride acetate data the 
amount of sn-SSO and sn-OSS was observed to 
be 30.6% (Table lI). Since the percentage of 
2,3-diacyl-l-sn-phosphatide (13.6%) represent 
only sn-OSS, the percentage of this enantiomer 
was calculated by subtraction. 
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TA BI_E II 

Estimated Isomer Proportions in the Monounsaturated Triglyceride Fraction 
of Cocoa Butter 

Mole % 

Based on 
diglyceride Based on Total 

Glyceride acetates a phosphatides a Calculated glycerides 

POP 17.5 ) 17.5 12.1 
41.0 b 

sn- SOP 23.5 16.3 
47.5 

sn- POS 24.0 16.5 
59.O b 

SOS 35.0 35.0 24.2 
sn-OPP ) 0.0 c 0.0 0.0 

21.3 
sn-PPO 21.3 1.1 

27.3 d 
sn. PSO 6.0 0.3 
sn-OSP 0.0 c 0.0 0.0 

48.1 
sn-OPS 0.0 c 0.0 0.0 
sn-SPO ) 42.1 2.1 

59. I d 
sn-SSO 17.0 0.8 ) 

30.6 
sn-OSS 13.6 e 13.6 0.7 

aThe first four glycerides are calculated as a percentage of the ~unsaturated ~0Vdisaturated frac- 
tion while the rest of the glycerides are percentages of the (~-unsaturated-O~,~-disaturated triglycerides. 

bBased on the percentage of palmitate and stearate in the 3-mono-acyl-2-sn-phosphatides. 
CBased on the absence of palmitate in the 2,3-diacyl-l-sn-phosphatides. 
dBased on the amounts of palmitate and stearate found in the l-mono-acyl-3-sn-phosphatides and 

the per cent hydrolysis of alpha phosphatides. 
eBased on the amount of stearate found in the 2,3-diacyl-l-sn-phosphatides and the per cent 

hydrolysis of the alpha phosphatides. 

F r o m  the  diglyceride ace ta te  i n f o r m a t i o n  
and  the  absence  of  pa lmi t i c  acid in the  2,3- 
d i acy l - l - sn -phospha t ide ,  a value of  21.3% was 
o b t a i n e d  for  sn-PPO. The  pa lmi t a t e  in the  t o t a l  
a lpha  phospha t i de s  (27.3%),  r ep resen ted  the  
pe rcen tage  of  sn-PPO and  sn-PSO c o m b i n e d  as 
b o t h  of  these  c o m p o u n d s  would  have fo rmed  
3 - sn-phospha t idy l  phenols ,  which  when  hydro -  
lyzed wi th  phospho l ipase  A would  yield lyso- 
p h o s p h a t i d e s  con ta in ing  pa lmi t i c  acid. There-  
fore,  the  a m o u n t  of  sn-PSO was 2 7 . 3 % -  21.3% 
or  6.0%. The a m o u n t  of  sn-SPO (42 .1%)  was 
o b t a i n e d  f rom the  diglyceride ace ta te  value, for  
s n - P S O ,  sn-OSP,  sn-OPS and  sn-SPO (48.1%),  
the  knowledge  t ha t  tw o  of  these  i somers  were 
absen t  and  the  previously ca lcula ted  sn-POS 
percen tage  (48.  I - 6 = 42.1) .  

The  values in the  last  c o l u m n  of  Table  II 
have been  normal i zed  to reflect  the  a m o u n t s  of  
each o f  the  i somers  which  occur red  in the  origi- 
nal  cocoa bu t t e r .  The  vi r tual  absence  of  tri- 
g lycer ides  con ta in ing  oleic acid in pos i t ion  1 is 
s t r iking.  It  shou ld  be no ted ,  however ,  t ha t  the  
h ighes t  value for  the  a - u n s a t u r a t e d ,  a ,~-disatu-  
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ra ted  i somers  was on ly  2.1%, c o n s e q u e n t l y  it 
was diff icul t  to  assess the  s ignif icance of  these  
values.  As a to ta l ,  these  c o m p o u n d s  represen ted  
6.7% of  the  m o n o u n s a t u r a t e d  f r ac t ion  and  only  
5% of  the  to ta l  t r iglycerides.  

The  values o b t a i n e d  for  the  tr iacid t r iglycer-  
ide pair in the  /3-unsaturated a , a -d i sa tu ra t ed  
f rac t ion  ind ica ted  t h a t  th is  t r iglyceride was ra- 
cemic  and c o n f i r m e d  the  resul ts  of  Schlenk  (2)  
w ho  arr ived at the  same conc lus ions  using x-ray 
d i f f rac t ion  data .  In o t h e r  respects  the  percen t -  
ages of  the  ma jo r  isomers ,  inc luding  t he  diacid 
t r ig lycer ide species,  were in general  ag reemen t  
wi th  those  r e p o r t e d  by  Jur r iens  and  Kroesen 
(15). 
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New Sources of 9-D-Hydroxy-cis-12-octadecenoic Acid1 
R. G. POWELL, R. KLEIMAN and C. R. SMITH, JR., 
Northern Regional Research Laboratory, 2 Peoria, Illinois 61604 

ABSTRACT 

9-D-Hydroxy-cis-12-octadecenoic acid 
has been isolated from 3 seed oils of the 
family Apocynaceae: Holarrhena anti- 
dysen ter i ca  (73%), Nerium oleander 
(11%) and Nerium indicum (8%). The 
k n o w n  occurrence of this acid was 
p r e v i o u s l y  l i m i t e d  to the  genus  
Strophanthus (9-15%). A mixture of 
unusual tetra-acid glycerides was isolated 
from N. oleander oil by thin layer chro- 
matography. Pancreatic lipase hydrolysis 
of the glyceride mixture showed that 
9-D-acetoxy-cis-12-octadecenoic acid is 
esterified exclusively at an a-glycerol 
position and that normal fatty acids 
occupy the remaining 2 glycerol posi- 
tions. A portion of the hydroxy acid in 
N. indicum oil was also acetylated, how- 
ever, no acetate was found in either H. 
antidysenterica or Strophanthus hispidus 
oils. 

INTRODUCTION 

Gunstone (1) first reported the occurrence 
of  9-hydroxy-cis-12-octadecenoic acid in 
Strophanthus sarmentosus seed oil and later 
showed that it probably is of general occur- 
rence  (9-15%) in seed oils of the genus 
Strophanthus, family Apocynaceae (2). The 
structure has been confirmed by synthesis (3) 
and the naturally occurring "Strophanthus 
acid" has been assigned the D configuration (4). 
The Strophanthus acid may also be obtained by 
partial diimide reduction of naturally occurring 
9-D -hy d r o xy tra ns-10,cis-12-octadecadienoic 
agid (5,6). 

Strophanthus oils are convenient sources of 
m ino r  amounts of 9-D-hydroxy-eis-12-octa- 
decenoic acid, however, the low hydroxy acid 
content and unavailability of the oils suggested 
a search for additional sources among the  
closely related genera Holarrhena and Nerium. 

In this paper we report the characterization 
of 9-D-hydroxy-cis-12-octadecenoic acid from 3 
new sources. One, Holarrhena antidysenterica 
(Roth) Wall ex. DC. seed oil, contains this acid 
as the major component (73%). We also report 
the characterization of an unusual tetra-acid 

Ipresented at the AOCS Meeting, San Francisco, 
April, 1969. 

2No. Utiliz. Res. Dev. Div., ARS, USDA. 

g l y c e r i d e  m i x t u r e  isolated from Nerium 
oleander L. seed oil. 

PROCEDURES AND DATA 

Infrared (IR) spectra were determined on a 
Perkin-Elmer 137 instrument as liquid films or 
as 1% solutions in carbon tetrachloride or car- 
b o n  disulfide. Nuclear magnetic resonance 
(NMR) spectra were recorded on Varian A-60 
or HA-100 spectrometers with deuteriochloro- 
form solutions containing 1% tetramethylsilane 
as an internal standard (unless otherwise indi- 
ca ted) .  Optical rotatory dispersion (ORD) 
measurements were made on a Cary Model 60 
recording spectropolarimeter at 26 ~ in absolute 
methanol and in 0.5 dm cells. Melting points 
were determined with a Fisher-Johns melting 
point apparatus and are uncorrected. 

Thin layer chromatography (TLC) was per- 
formed on plates coated with 0.25 mm or 1.0 
mm layers of Silica Gel G or 20% silver nitrate- 
impregnated Silica Gel G with 20% or 30% 
ether in hexane as the solvent. Boric acid- 
impregnated plates were used for analysis of 
lipolysis products. Spots on analytical plates 
were visualized by charring with sulfuric acid- 
chromic acid. After preparative plates were 
sprayed with dichlorofluorescein, bands were 
visualized under ultraviolet light. 

Gas liquid chromatography (GLC) of methyl 
esters was conducted as described by Miwa et 
al. (7). Triglycerides were analyzed on an F&M 
Model 5750 instrument equipped with a 24 X 
1/8 in. metal column packed with 3% OV-1. 
The instrument was linearly temperature-pro- 
grammed at 4 deg/min from 200-400 C. 

Oxidative cleavages were according to the 
method of yon Rudloff (8). Iodine values were 
determined by the AOCS method (9). Pan- 
creatic lipase hydrolyses, silylations and subse- 
quent GLC of silylated lipolysis products were 
as described by Tallent and Kleiman (10). 

Isolation and Purification of Hydroxy Acids 

Seeds were ground and extracted overnight 
in a Soxhlet apparatus with petroleum ether 
(30-60 C); solvent was removed from the oils 
on a rotary evaporator. Both Neriurn oleander 
and Nerium indicum oils exhibited bands in the 
IR at 1235 cm -1 and 1020 cm "1 (acetate) 
which were not present in spectra of H. anti- 
dysenterica or Strophanthus hispidus oils. 

Methyl esters were prepared by refluxing the 
oils for 2 hr with 5% hydrochloric acid in 

450 
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anhydrous methanol. Esters were recovered by 
ether extraction and were analyzed by GLC. Oil 
yieldl, iodine values and analyses of the methyl 
esters by GLC are recorded in Table I. 

Concentrates of the hydroxy esters were ob- 
tained by preparative TLC. The concentrates 
were saponified by refluxing for 1 hr with IN 
potassium hydroxide in ethanol, and unsaponi- 
fiables were removed by extracting dilute 
aqueous solutions of the soaps with ether. After 
acidification, the free hydroxy acids were 
recovered by ether extraction. The acids were 
esterified with diazomethane, and the resulting 
esters were purified by preparative TLC. Overall 
yields were near 80% in each instance (based on 
GLC of the total esters). 

Characterization of Hydroxy Acids 

Hydroxy acid methyl esters from the 4 oils 
(H. antidysenterica, N. oleander, N. indicum, 
and S. hispidus) were indistinguishable by IR 
and NMR. The spectra were consistent with a 
Cl8 methyl ester having 1 hydroxyl and 1 cis 
double bond. GLC of the esters gave single 
peaks, > 98%, for each and retention character- 
istics of all 4 esters were identical. The esters 
showed single spots which were not differen- 
tiated by TLC on either ordinary or silver- 
nitrate impregnated plates. 

Samples of hydroxy ester from each of the 4 
oils were cleaved oxidatively and methyl esters 
of the products were prepared by refluxing 
with acidic methanol. The IR spectrum of each 
oxidation product had a strong band at 1773 
cm-] characteristic of a 7-tactone, and GLC 
showed methyl hexanoate and a fragment cor- 
responding to a Ct 2 7-1actone-methyl ester (5). 
Thus, the hydroxy acids from all 4 sources are 
C~8 acids having hydroxyl at C 9 and a cis 
double bond at C 12. ORD curves were also ob- 
tained for each of the 4 methyl ester samples 
(Table II). 

Hydrogenation of the hydroxy ester from H. 
an tidysenterica,  with palladium-charcoal in 
hexane, gave methyl 9-hydroxyoctadecanoate. 
After preparative TLC and recrystallization 
from hexane, the saturated ester melted at 
51-52 C and had a plain negative ORD curve 
(Table II). Known methyl 9-D-hydroxyocta- 
d e c a n o a t e  gives a similar melting point, 
51.5-52.8 C, and a nearly superimposable plain 
negative ORD curve (11). 

A 156 mg portion of methyl 9-hydroxy-cis- 
12-octadecenoate, from Holarrhena oil, was 
acetylated by allowing to stand overnight in a 
mixture of pyridine-acetic anhydride (1:1). 
Column chromatography on 2 g of neutral 
alumina (hexane) yielded 176 mg of product. 
The product gave IR and NMR spectra which 
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T A B L E  11 

O p t i c a l  R o t a t o r y  Dispers ion  o f  I l y d r o x y  Es ters  

Spec i f i c  r o t a t i o n  in degrees  
C o n c e n t r a t i o n ,  

Ester  a n d  sou rce  I Ot] 589  10~1500 lot] 4 0 0  g / lOO ml 

Me thy l  9.D-hydroxy-CiS-12-octadecenoate 
Holarrhena antidysenterica -0 .83  -1 .18  -2 .00  2 .88  
Nerium oleander - 1.76 -2 .30  -3 .20  I. I 3 
Nerium indicum -1 .92  -2 .34  - 3 . 4 0  0 .95  
Strophanthus  hispidus - 1.87 -2 .48  -4 .12  2 .67  
Strophanthu$ kornbe a - l . 1 7  -1 .76  -2 .54  1.02 

Me thy l  9 -D-hy  d ro  x y o c t  ~id.ecan oa t  e 
H y d r o g e n a t e d  Holarrhena es te r  -0 .12  -0 .16  - 0 . 3 0  2 . 2 9  
H y d r o g e n a t e d  m e t h y l  d i m o r p h e c o l a t e  a -0 .17  -0 .23  -0 .37  1 .49  

aSpec i f i c  r o t a t i o n s  o f  these  ma te r i a l s  were  o b t a i n e d  by  A p p l e w h i t e  et  al. ( I t )  a n d  are 
l is ted here  fo r  c o m p a r i s o n .  

were consistent with those expected for methyl 
9-acetoxy-cis-12-octadecenoate. GLC and TLC 
showed the product to be homogeneous. 

Glyceride Characterization 

An unknown component was observed upon 
TLC analysis of N. oleander oil, which had an 
Rf slightly lower than normal triglycerides. 
GLC of the oil indicated that acetotriglycerides 
and triterpene acetates were absent because no 
significant components with carbon numbers 
less than Cs2 were observed. A significant peak 
was eluted as Cs6, however, even though only 
2% C20 esters were found in the ester analysis. 
The presence of glycerides containing an 
acetylated hydroxy acid constituent was indi- 
cated by a conspicuous 1235 cm -I (acetate) 
band in the IR; only weak hydroxyl absorption 
was present. 

IR of the unusual component,  isolated by 
preparative TLC, showed a strong 1235 cm 1 
(acetate) band and no hydroxyl. A sharp singlet 
was present in the NMR spectrum at r 8.1 
(CC14 solution) characteristic of an acetoxy 
group. A multiplet was evident at r 5.3, due to 
a single proton, and a similar multiplet was 
n o t e d  in the NMR spectrum of methyl 
9-acetoxy-12-octadecenoate. This signal was 
assigned to the proton on a carbon bearing an 
acetoxy group (C9). A multiplet, equivalent to 
4 protons, was present at r 5.9, indicative of 
protons on the outer carbons of a glycerol 
moiety. Except for the signals at 7" 8.1 and r 
5.3, the spectrum was otherwise consistent with 
that of a glyceride. This unusual component,  
when analyzed by GLC, gave peaks having car- 
bon numbers of Cs2, Cs4 and Cs6. 

After the unusual glyceride mixture was sub- 
jected to pancreatic lipase hydrolysis, a product 
was isolated that migrated between normal free 
acids and diglycerides on TLC. This product 
had an 1R band at 1705 cm-l,  associated with 

free carboxylic acid, but also had bands at 1724 
cm -1 and 1235 cm t ,  characteristic of an 
a c e t o x y  derivative. Treatment with diazo- 
methane gave the methyl ester which was iden- 
tical with known methyl 9-acetoxy-cis-I 2-octa- 
decenoate, as demonstrated by IR, NMR, GLC 
and TLC. 

A portion of lipolysate of the unusual 
glyceride mixture was silylated, and GLC 
showed no monoglycerides with acetoxy func- 
tional groups. Similar treatment of a lipolysate 
of the original oil showed that 5% of the mono- 
glycerides contained acyl groups with h~droxy 
or acetoxy functions, or both. A portiol~ of the 
whole oil lipolysate was treated with diazo- 
methane and subsequent GLC demonstrated 
that 12% acetoxy and 2% hydroxy methyl 
esters were present in the mixture. Thus, 
assuming no acyl migration during iipolysis, all 
the acetoxyacyi and a portion of the hydroxy- 
acyl groups are esterified on the outer glycerol 
carbons. 

DISCUSSION 

The hydroxy acids of H. antidysenterica, N. 
oleander, N. indicum and S. hispidus are clearly 
identical, and experimental data are consistent 
with only one structure: 9-D-hydroxy-cis-12- 
octadecenoic acid. The presence of this acid in 
S. hispidus oil was demonstrated previously 
(12). Assignment of the D configuration was 
possible as these 4 esters and known methyl 
9-D-hydroxy-cis-I 2-octadecenoate (I 1) all gave 
plain negative ORD curves that were nearly 
superimposable. Confirmation of this assign- 
m e n t  was obtained by hydrogenating the 
Holarrhena ester; the product gave an ORD 
curve essentially the same as that for known 
methyl 9-D-hydroxyoctadecanoate (4,11 ). 

Gunstone (1) found that methyl 9-hydroxy- 
l 2-octadecenoate gives abnormally high iodine 
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values, appa ren t ly  because of invo lvement  of  
the  reagent  wi th  the  h y d r o x y l  group.  Similar ly ,  
the  iodine value d e t e r m i n e d  for  Holarrhena oil 
(Table  I) is cons iderab ly  higher  t han  tha t  calcu- 
la ted f rom the  fa t ty  acid compos i t i on .  More 
sa t i s fac tory  resul ts  may be ob ta ined  af te r  
ace ty l a t ion  ( l )  and the  Nerium oils do not  
show this  d iscrepancy.  

Since pancrea t ic  lipase (EC 3 .1 .1 .3 ) d i s p l ays  
a s t rong specif ic i ty  for  the 1 and 3 (or  ot and  a ' )  
pos i t ions  of  t r iglycerides (13) ,  l ipolysis wi th  
this  enzyme  has been widely used to d e t e r m i n e  
the  in t raglycer ide  d i s t r ibu t ion  of  various acyl 
groups.  In Strophanthus oils 9 -hydroxy-12-  
oc t adeceno i c  acid shows s t rong  pre fe rence  for  
the  2 (or  /3) glycerol  pos i t ion ,  and  there  is no  
evidence for  t r iglycerides  wi th  more  than  3 acyl 
groups  (14) .  Since lipolysis o f  the  mix tu re  o f  
te t ra-acid glycerides f rom N. oleander gave no  
m o n o g l y c e r i d e s  w i t h  ace toxy  func t iona l  
g r o u p s ,  ev ident ly  9 -ace toxy-12-oc tadeceno ic  
acid occurs  exclusively at 1 (or  b o t h )  of  the  0t 
g l y c e r o l  posi t ions .  However ,  9 -hydroxy-12-  
oc t adeceno i c  acid is also presen t ,  as s h o w n  by 
lipolysis of  the  whole oil, and  the  major  p o r t i o n  
of this  acid occurs  at the  /3 glycerol  pos i t ion .  
The te tra-acid glycerides  of  N. oleander, con-  
ta ining an ace ty la ted  m o n o h y d r o x y  acid,  are 
appa ren t ly  un ique  a l t hough  similar te t ra-acid  
(15)  and  penta-acid  (16)  glycerides  having 
ace ty la ted  di- or t r i h y d r o x y  acids are also 
known .  

The Holarrhena alkaloids  are cons idered  
possible s ta r t ing  mater ia ls  for indust r ia l  prepa-  
r a t i o n  of  s teroid  h o r m o n e s ,  inc luding the 
ad renocor t i ca l  h o r m o n e  a ldos t e rone  (17) .  Oils 
f rom o t h e r  species of  Holarrhena may prove 
equally r ich in 9 -hydroxy- I  2 -oc tadeceno ic  acid,  
and  mode ra t e  quan t i t i e s  of the oils could  
b e c o m e  available as b y - p r o d u c t s  of  the  pha rm-  
a c e u t i c a l  i n d u s t r y .  At  present ,  H. anti- 
dysenterica seed oil is, by far, the r ichest  
k n o w n  s o u r c e  of 9-D-hydroxy-cis-12-octa- 
decenoic  acid.  
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Acceleration and Inhibition of Lipid Oxidation 
by Heme Compounds 

JEAN KENDRICK and BETTY M. WATTS, Department of Food and Nutrition, 
Florida State University, Tallahassee, Florida 32306 

ABSTRACT 

The acceleration and inhibition of 
unsaturated fat ty acid oxidation by heme 
compounds was followed in model sys- 
tems with an oxygen analyzer. The lino- 
leate to heme molar ratios for maximum 
catalysis were 100 for hemin and catalase, 
250 for metmyoglobin,  400 for cyto- 
chrome c and 500 for methemoglobin. 
With heme concentrations of 2 to 4 times 
the opt imum catalytic amount,  no oxi- 
dation occurred. Rapid heme destruction 
was observed with catalyzing ratios of 
lipid to heine, but with inhibitory ratios a 
stable red compound formed, believed to 
be a lipid hydroperoxide derivative of the 
heme. The ratios of lipid to metmyo- 
globin for maximum acceleration varied 
with the pH. Linolenate was much less 
sensitive to heme catalysis than linoleate. 
Colorless products of heme degradation 
had a marked antioxidant effect. A pos- 
s i b l e  mechanism for the antioxidant 
effect of hemes is advanced, based on the 
formation of stable heme peroxide com- 
plexes or stable heme radicals, or both,  
during the early stages of oxidation.  Pro- 
oxidant  activity is believed to occur only 
when the peroxide to heme ratio is so 
high that the oxidation of the hemes goes 
beyond the initial stages. 

INTRODUCTION 

The catalytic effect of iron porphyrins on 
the oxidative decomposit ion of polyunsatu- 
r a t e d  f a t t y  acids was first described by 
Robinson in 1924 (1). Some of the voluminous 
work on this important  biocatalyst has been 
reviewed by Tappel (2). The mechanism pro- 
posed by Tappel for the prooxidant activity of 
hemes is based on their known ability to 
decompose lipid peroxides. New reaction chains 
are assumed to be initiated by free radicals 
resulting from the peroxide scission, although 
direct at tack by the heine catalyst on the fatty 
acid is not  ruled out. 

That heme compounds can act as anti- 
oxidants rather than prooxidants under some 
conditions was recognized much more recently. 

Maier and Tappel in 1959 (3), using a Hb 
catalyst,  found that when the concentration of 
linoleate dropped below a specified level, pro- 
longed induction periods occurred. They at- 
tr ibuted this to too little peroxide in the re- 
action mixture to generate sufficient free rad- 
icals for chain initiation. Apparently they did 
not consider the possibility that Hb itself was 
acting as an antioxidant.  

Banks et al. (4), using increasing amounts of 
cytochrome c (cyt c) with fixed amounts of  
fatty acid, found increasing acceleration up to a 
maximum and then progressive inhibition with 
still higher concentrations of cyt c. They 
postulated that the peroxide decomposition 
brought about by hemes did not result in chain 
initiating radicals but rather in stable end prod- 
ucts and that cyt c became a prooxidant only 
after being altered in some way by reaction 
with the lipid peroxides. 

Perhaps the most extensive and convincing 
evidence to date of the antioxidant activity of 
heine compounds is that of Lewis and Wills (5). 
These workers demonstrated that Hb, cyt c, 
hematin and tissue homogenates at high con- 
centrations all had an inhibitory effect on lino- 
leate oxidation,  whereas at lower concen- 
trations they catalyzed the oxidation. The con- 
centrat ion of Hb necessary to show antioxidant 
activity increased with higher concentration of 
fat ty  acid. Thus the ratio of Hb to fat ty acid 
determined whether acceleration or inhibition 
would take place. In the inhibitory range, Hb 
stopped fatty acid oxidations, catalyzed by 
cobalt,  which were already well under way. No 
mechanism was suggested. 

The obvious implications of these concen- 
trat ion related differences in the effect of  heme 
compounds on lipid oxidation in living tissues 
and in meats and fish has led us to explore their 
activity further. By measuring the rate of  lipid 
oxidat ion with various heme compounds under 
the same experimental conditions, concentra- 
tions for peak acceleration and inhibition could 
be compared and the relative magnitude of the 
accelera t ing  effects evaluated. Observations 
have also been made on changes in heme com- 
pounds when brought into contact with lino- 
leate in catalyzing versus inhibiting concentra- 
tions and the effect of the decomposed hemes 
on lipid oxidation. 
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FIG. 1. The effect of varying concentrations of 
heme compounds on linoleatc oxidation, pH 7.4: 
tinoleate concentration, 8.0 x 10 -4 M. 
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FIG. 2. The effect of pH on the catalytic activity 
of metMb. Linoleic acid, 8.0 x 10 .4 M. 

MATERIALS AND METHODS 
Heme Compounds 

N u t r i t i o n a l  B i o c h e m i c a l s  Corporation 
supplied hemin (recrystallized), horse metMb 
(once crystallized and lyophilized), horse radish 
peroxidase and beef liver catalase (lyophilized). 
MetHb, bovine (twice crystallized, A Grade) 
and cyt c, horse heart (salt free, A grade) were 
obta ined from Calbiochem. The methemo- 
g l o b i n  ( m e t H b ) ,  metmyoglobin (metMb), 
hemin and cyt c were put into solution at pH 
8.5 with M/10 phosphate buffer, the pH 
adjusted to 7.4 and the solution made to 
volume with M/10 phosphate buffer, pH 7.4. 
The peroxidase and catalase were dissolved 
directly with pH 7.4 buffer. 

All of the compounds used were tested by 
the Hornsey method (6) for acid hematin and 
all molarities corrected to the equivalent heme 
basis. The heme contents of the metHb, 
metMb, cyt c, catalase and peroxidase were 
100%, 100%, 68%, 31% and 29% respectively of 
the theoretical values. 

Fatty Acid Emulsions 
Linoleic acid (LA) and linolenic acid (LNA) 

were obtained from the Hormel Institute. Clear 
aqueous emulsions of the fat ty acids were pre- 
pared as described by Surrey ( 7 ) a n d  adjusted 
to the concentration and pH desired with M/10 
phosphate buffer. 

Oxygen consumption in the model systems 
was measured with a Beckman Model 777 
oxygen analyzer. The fatty acid emulsions (43 
ml) were transferred to 50 ml Erlenmeyer flasks 
and stirred magnetically at room temperature.  
The desired amount of buffered heme com- 
pound, contained in 5 ml, was added with a fast 
delivery pipette. The sensor of the oxygen 
analyzer was immediately inserted. From the 
linear slope of the recording, the rate of oxygen 
consumption by the system was determined 
and expressed as change in mm Hg PO2 min. 
Neither the fat ty acids nor the heme com- 
pounds oxidized at a measurable rate when 
tested separately. 
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FIG. 3. Changes in the absorption spectrum of metMb when brought into contact with linoleic 
acid. MetMb, 3.2 x 10 -5 M.; linoleic acid, 8 x 10 -4 M; pH 7.4. 

RESULTS 

Effect of Varying Heme Concentrations 

The comparative effect of various heme 
compounds on the oxidat ion of linoleate is 
shown in Figure 1. The peroxidase had only a 
slight effect at the concentrations tried and was 
not explored further. Increasing concentrations 
of all of the other heme compounds progres- 
sively increased lipid oxidation up to a maxi- 
mum value. Further increases in concentration 
resulted in a sharp drop in lipid oxidat ion to 
zero. Uncombined hemin had the greatest range 
of  activity and the highest rate before an 
inhibi tory concentration was reached. All of 
the protein linked hemes fell within this range. 

The data for each heme compound in Figure 
1 were obtained on different days, using differ- 
ent linoleate emulsions. When hemin, metMb 
and metHb were tested at lower concentrations 
on the same fat ty  acid emulsion, the initial 
slopes of all curves were identical, within 
experimental  error. Thus, these three com- 
pounds differ in their catalytic action only in 
that  inhibition begins at progressively lower 
heine concentrations with metHb, metMb and 
hemin respectively. Catalase and cyt c also 
resemble each other in initial slopes, but differ 
in peak concentrations. 

The approximate molar ratios of linoleate to 
heme at the point of maximum catalytic effect 
(Fig. 1) were 100 for hemin and catalase, 250 
for MetMb, 400 for cyt c and 500 for MetHb. 
At heme concentrations ranging from 2 to 4 
t i m e s  those giving maximum acceleration, 
oxygen consumption fell off to zero. 

Changes With pH 

The effect of varying the pH was tried on 
hemin and metMb. The concentration of hemin 
giving maximum acceleration was the same at 
pH 7.4, 6.7 and 6.1 and the general form of the 
curve was not changed. However, the maximum 
rate of oxidat ion increased as the pH decreased. 
With metMb, not only the rate of  oxidation but 
also the heine concentrations at maximum 
acceleration increased with decreasing pH (Fig. 
2). The crossing over of  the curves is a real 
phenomenon,  not at t r ibutable to experimental 
error, i.e., at low metMb concentrations, the 
highest rate invariably occurs at the highest pH, 
although the differences are not  great. 

Linolenic vs. Linoleic Acid 

When linolenic acid was substituted for lino- 
leic, again the heme compounds (hemin, metMb 
and metHb) showed increased catalytic action 
up to maximal acceleration, followed by inhi- 
bit ion at higher concentrations.  The same con- 
centrations of  the above heme compounds were 
maximally effective with linolenic acid as with 
linoleic, but  the concentrations of linolenic acid 
had to be increased at least five times over that 
of  linoleic to  get comparable oxidation rates. 
The oxidat ion with 8 x 10 -4 M linolenic acid 
was not measurable. A typical  set of data with 
m e t M b  as catalyst is shown in Table I. 
Obviously the lipid to heme ratio at maximum 
acceleration will be five times higher for lino- 
lenic acid than for linoleic. Tappel (2) pointed 
out  the much lower ratio of  heme catalyzed 
oxidation to autoxidat ion in linolenic versus 
linoleic acid. 
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TABLE 1 TABLE II 

Effect of MetMb on Linoleic vs. Linolenic Acid 

02 Uptake in mm Hg/min 
MetMb Linoleate Linolenate 

Concentration (molar) 8 x 10 -4 M 4 x 10 -3 M 

8.0x 10 -8 4.0 1.4 
3.2x10 "7 9.0 3.5 
8.0x 10 -7 14.0 10.5 
3.2x10 -6 18.0 13.5 
8,0x10 -6 3.0 5.5 
3,2x I0 "5 0.0 0.0 

Inhibition of Linoleate Oxidation 
by Heme Degradation Products a 

Inhibition of linoleate 
Hemes degraded oxidation, % 

MetHb, 6.7 x 10 -6 M 52 
MetHb, 6.7 x 10 -7 M 39 

MetMb, 5.5 x 10 -6 M 72 
MetMb, 5.5 x 10 .7 M 60 

Heroin, 5.5x 10 "6M 73 
Heroin, 5.5 x 10 -7 M 52 

Observations on Pigment Changes 

When catalyzing concentrations of heme 
compounds were brought into contact with 
l i n o l e i c  ac id ,  destruct ion of the hemes 
invariably occurred within a few minutes, with 
complete loss of all peaks in the visible and 
Soret regions of th e spectrum. The concomitant 
oxidative destruction of the heme catalyst 
during oxidation of unsaturated fats has been 
described repeatedly in the literature. 

On the other hand, with inhibiting concen- 
trations of heme compounds, new colored 
reaction products formed upon contact with 
linoleic acid. These were studied spectrophoto- 
metr ica l ly  with metMb and metHb. With 
metMb, the brown color changed to red within 
a few minutes after the addition of the linoleic 
acid emulsion. Figure 3 shows the changes in 
the absorption spectrum during the first 8 min. 
There was only a slight further development of 
the new peaks at 535 and 563 m/~ after an 
additional 30 rain. The new pigment was quite 
stable; the red color was still apparent when the 
reaction mixture was held in the refrigerator 
overnight. Suitable inhibitory ratios of metHb 
and linoleic acid also produced a red pigment 
with a spectrum very similar to that of the 
metMb reaction product. When the red pig- 
ments were diluted with linoieic acid emulsion 
to bring the lipid and heme concentrations into 
an accelerating ratio, the pigments were quickly 
destroyed and the lipid oxidized. 

The formation of such red pigments in the 
presence of  ferric hemes and lipid hydroper- 
oxides was described by Tappel (8). He inter- 
prets the pigments as denatured globin hemi- 
chromes, In view of the large concentrations of 
various nitrogen bases required for hemichrome 
formation, an alternative interpretation of the 
pigment as a complex between the ferric hemes 
and lipid hydroperoxides seems more likely. 
The formation of  such red complexes between 
H202 and MetHb (9) and cyt c peroxidase (10) 
has been described. 

aLinoleic acid, "7.2 x 10 -4 M, catalyzed by 2.9 x 
10 "6 M heroin at pH 7.4. 

Antioxidant Effect of Heme Oxidation Products 

The effect of heme breakdown products on 
lipid oxidation was tested as follows: hydrogen 
peroxide was added slowly to solutions of  
hemin, metHb and metMb until the Soret band 
could no longer be observed. Approximately 2 
ml of 30% H202 were required to decompose 
50 ml of 10 -5 M heme. The solution resulting 
from heroin oxidation was clear and colorless; 
those from metHb and metMb were slightly 
cloudy after treatment,  denoting some denatu- 
ration. 

Neither the oxidized solutions nor H202 
accelerated oxidation of fresh linoleic acid pre- 
parations. When added to rapidly oxidizing 
linoleic acid, catalyzed by hemin, the decom- 
posed heine products inhibited the oxidation. 
At concentrations sufficiently high to bring the 
heine lipid ratio above the normal accelerating 
range for fresh hemes, the decomposed prod- 
u c t s  b r o u g h t  about  complete inhibition. 
Dilutions of the solutions containing the oxi- 
dized products gave partial protection (Table 
II). Since the antioxidant effect was as great 
with the oxidation products of heroin as with 
those of metHb or metMb, it can be ascribed to 
fragments of the porphyrin ring rather than to 
the globins. The antioxidant effect of iron free 
porphyrins has been pointed out by Matsushita 
and Iwami (11). 

DISCUSSION 

The data presented here and in the more 
recent literature suggest that heme compounds 
act initially as antioxidants, combining with 
lipid peroxides, as they are produced, to form 
relatively stable compounds, thus retarding the 
initiation of new reaction chains. It is only in 
the presence of large amounts of peroxide rela- 
tive to the heme that the pigment is altered and 
free radical reactions are initiated. 
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The protein moiety confers further stabi- 
lizing effects upon the conjugated hemes, 
Hemin itself had the least antioxidant activity, 
i.e., the ratio of lipid to heme necessary to over- 
whelm the heme and convert it to a prooxidant, 
was generally higher with protein bound hemes 
(Fig. 1). 

King and Winfield (12) and King et al. (13) 
have pointed out the complex nature of the 
oxidation of metMb by H202.  Loss of elec- 
trons occurs both from i/on and from easily 
oxidizable aromatic amino acids of the protein 
in the vicinity of the heine. The initial free radi- 
cal with quadrivalent iron (Mb IV) is relatively 
stable and capable of combining with other free 
radicals in the system. Thus it could stop reac- 
tion chains in an oxidizing fatty acid system 
but presumably lacks sufficient energy to initi- 
ate new chains by abstracting H from fresh fats. 
Probably only at a later stage of oxidation, 
when the porphyrin ring itself is decomposing, 
are radical intermediates formed of sufficient 
energy to initiate new reaction chains in oxi- 
dizing lipids. 

The abrupt shift from antioxidant to maxi- 
mally active prooxidant with relatively slight 
increases in the lipid to heine ratios, noted with 
all of the heme compounds tested (Fig. 1), is 
rather surprising. The transitory nature of the 
catalyzing intermediates of the oxidizing heroes 
and the fact that the end products as well as the 
initial products of their oxidation are anti- 
oxidant in character, probably contribute to 
this behavior. When the heme concentration 
reaches a critical level relative to lipid peroxide 
formation, energetic radicals, which may result 
from destruction of a fraction of the heme, are 
removed b.y reaction with stable heme radicals 
such as Mb IV and the degraded porphyrin ring 
eventually supplements the antioxidant action. 
At lipid to heme ratios below this critical value, 
the heme is able to contain the free radicals 
formed, with the result that lipid oxidation is 
r e t a r d e d  indefinitely. At high ratios the 
reaction quickly gets out of hand, with wide 
spread heine destruction and rapid acceleration 
of lipid oxidation. 

The critical ratios of lipid to heme may be 
expected to vary with the system. The state of 
dispersion of the unsaturated fat and the heme 
in heterogeneous systems would certainly 
influence such ratios, since only the fat in con- 

tact with the heme could influence the ratio. A 
significant pH effect, similar to that noted for 
metMb (Fig. 2) might also be expected to occur 
with other conjugated hemes. The relative 
insensitivity of linolenic as compared to linoleic 
acid is worthy of further exploration. A more 
thorough and detailed study of the intermed- 
iates formed with each of the hemes and the 
peroxides of the common unsaturated fatty 
acids is obviously needed. 

Considering the complex structural relation- 
ships in animal tissues, speculations as to the 
probable effect of cellular heroes on lipid oxi- 
dation are not highly profitable. Treatments 
such as the cooking or freezing of flesh foods 
might be expected to influence such ratios 
drastically. 
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Lecithin-Protein Interaction in the GTP-Dependent 
Acyl-CoA Synthase 1 
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ABSTRACT 

The enzymic activity of the GTP- 
dependent  acyl-CoA synthase isolated 
from rat liver mitochondria is affected by 
removal and addition of lecithin (3). 
Purified preparations of this enzyme con- 
tain bound lecithin. In this presentation 
the nature of the lecithin-protein inter- 
a c t i o n  is e x a m i n e d .  From binding 
measurements at different temperatures it 
is possible to postulate which type of 
secondary valence bonds is holding the 
protein and lecithin together. 

INTRODUCTION 

T w o  GTP-dependent  acyl-CoA synthase 
p r e p a r a t i o n s  have  been described, both 
catalyzing the reaction: 

R-COOH + CoASH + GTP 
R-COSCoA + GDP + Pi 

where RCOOH stands for fat ty acids; CoASH, 
reduced coenzyme A; GDP and GTP, guanosine 
di- and triphosphates,  respectively; Pi, inorganic 
orthophosphate.  The first was isolated from 
acetone powders of beef liver mitochondria (1) 
and was active with fat ty acids up to 12 car- 
bons. The second was prepared from sonically- 
disrupted rat liver mitochondria and accepted 
both short and long chain fatty acid substrates 
(2 ) .  S u b s e q u e n t  work demonstrated that 
lecithin may play an important  role in deter- 
mining the catalytic activity of the second 
e n z y m e  (3). Purified preparations of this 
e n z y m e  c o n t a i n e d  l e c i t h i n .  Successive 
extract ion of the lyophilized enzyme with 90% 
a c e t o n e  diminished enzyme activity. The 
activity was almost completely restored by 
adding back the extracted lecithin or purified 
egg lecithin (3). 

The sensitivity to the treatment with organic 
solvent could explain the differences in sub- 
strate specificity between the two enzymes. 
The beef liver synthase, active on short chain 
fa t ty  acids only, was purified from an acetone 
powder of beef liver mitochondria .  No organic 

1presented at AOCS Meeting, Chicago, October 
1967. 

solvent was used during the purification of rat 
liver synthase. In other words, endogenous, 
bound lecithin seemed to impose the chain 
length specificity. 

In the present communication the recombi- 
nation of enzyme protein with lecithin is 
further quanti tated in order to evaluate the 
nature of this interaction. 

MATERIALS AND METHODS 

Enzyme activity was routinely assayed with 
oleate as substrate by measuring CoA sulf- 
hydryl  group disappearance and inorganic phos- 
phate formation (2). The incubation mixture 
was the same as previously described (2). Incu- 
bations were carried out under nitrogen for 10 
min at 38 C. 

The GTP-dependent acyl-CoA synthase was 
isolated from rat liver mitochondria following 
procedures previously described (2). The puri- 
fied enzyme was lyophilized and 16 mg of pro- 
tein were extracted three times with 10 ml ali- 
quots of 90% acetone at room temperature.  
Lecithin was purified from egg phospholipids 
by thin layer chromatography (4). The recom- 
bination of the acetone-extracted protein with 
a relative excess of lecithin was carried out by 
incubating 0.8 mg of protein with 0.5 mg of 
lecithin in 0.2 ml of 0.1 M Tris-buffer (pH 7.4) 
for 30 min. The molar ratio of lecithin to pro- 
tein, 40:1, was obtained using 20,000 as the 
molecular weight of the enzyme (2) (Fig, 1). 

RESULTS 

O n l y  21% of the initial specific activity re- 
mained after extraction of the native enzyme 
with acetone (Table I). The activity Could be 
restored to a maximum of 80% of the initial 
full activity by preincubating the acetone- 
extracted protein for 30 rain at 0 C with egg 
lecithin. By increasing the temperature of incu- 
bation, a smal ler  per cent of the initial full 
activity was restored (Fig. 1). 

On the  assumpt ion  that the resultant 
enzymic activity is a function of the percentage 
of  protein saturated with lecithin, thermo- 
dynamic calculations o n  the binding can be 
made. The Arrhenius law is satistied (Fig. 1). 
By resolving the Van't  Hoff relation, an 
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TABLE I 

Effect of Lecithin on the Activi ty of the 
GTP-Dependent Acyl-CoA Synthase a 

I I I I i 

0 20 40 

TEMPERATURE Og PREINCUBATION 

I I I 

3.2 3.5 3.8 1/T x 10 -~ 

ARRHENIUS' PLOT 

FIG, 1. Top; Per cent of original enzyme activity 
(A) vs. temperature of preincubation with lecithin. 
Lecithin was added to the acetone-extracted protein at 
a molar ratio of 40:1. The samples were preincubated 
at the temperatures indicated for 30 min and then 
assayed as described (2); Bottom; Arrhenius plot, per 
cent of enzyme activity (A) vs. the reciprocal of the 
absolute temperature of incubation. 

enthalpy change A H (negative value) of about 
-3 kcal/mole and an entropy change A S 
(negative value) of about -12 entropy units have 
been found. The calculation of the thermo- 
dynamic parameters is made by using the 
following equations: 

A H = 4.57 TIT  2 Iog (A2!A1) / (T2-T  1) and 
A S = 4.57 (T 2 log A 2 -T1 log KI )  / (T2-T 1) 

where A is the per cent of initial enzyme activ- 
i ty and T is the absolute temperature.  

Specific 
Enzyme activity 

Untreated 5.00 
Acetone extracted-protein 1.05 
Acetone extracted-protein + lecithin 4.00 

aSpecific activity of the rat liver mitochondrial  
GTP-dependent acyI-CoA synthase extracted three 
times with acetone. Recombinat ion was carried out by 
preincubation of extracted protein with lecithin for 30 
min at 0 C (see Methods and Materials). The molar 
ratio of lecithin to protein was 40:1.  Specific enzyme 
activities are expressed in terms of b/moles of -SH dis- 
appearance per hour per milligram of protein. 

DISCUSSION 

In view of the fact that the extraction of 
lecithin from the GTP-dependent acyl-CoA 
synthase can be achieved by using organic sol- 
vents under mild conditions, it seems probable 
that secondary valence bonds are involved 
between the enzyme protein and the phospho- 
lipid molecule. However, the binding of the 
phospholipid to the protein has the features of 
an exothermic reaction which gives rise to a 
l i p i d - p r o t e i n  complex. The small negative 
entropy indicates that the complex has a lower 
number of degrees of freedom, which suggests 
the possibility of electrostatic bonds between 
the polar groups of lecithin and the polar 
groups of protein. The solvation of both of the 
reacting species (ahd hydrogen bonding) may 
regulate water structure and thereby influence 
the entropy change. In any case the small neg- 
ative value of the entropy change is more 
characteristic of the ionization of dipolar ions. 

In the GTP-dependent acyl-CoA synthase, 
lecithin, linked to the protein by electrostatic 
bonds, may confer chain length specificity 
through its hydrophobic  residues. In other 
words, long chain fat ty acids (in contrast to 
short chain fat ty  acids) need the hydrophobic 
residues of lecithin to facilitate their binding to 
the enzyme, perhaps through conformational 
adaptivity of the active sites of the enzyme. 
Such a conformational  adaptivity of binding 
sites, put forward by Karush in model systems 
(5), is in agreement with the features of the 
superstructural components  of biological mem- 
branes (6). 

The binding of phospholipids with mito- 
chondrial enzymes has been discussed exten- 
s i ve ly  by  Green and Fleischer (7), who 
emphasized two types of interaction occurring 
in mitochondria.  The first is mainly hydro- 
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phobic in nature and involves the interaction of 
s t ructural  protein with phospholipids. The 
second is ionic and occurs between acidic 
phospholipids, but not lecithin, and basic pro- 
t e i n s  such  as cytochrome c. The GTP- 
dependent acyl-CoA synthase may represent a 
new class of lecithin-protein binding. 
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Teucrium depressum Seed Oil: A New Source of Fatty Acids 
With A5-Unsaturation 
C. R. SMITH, JR., R. M. FREID INGER,  1 J. W. HAGEMANN,  G. F. SPENCER and 
I~ A. WOLFF, Northern Regional Research Laboratory, 2 Peoria, Illinois 61604 

ABSTRACT 

The seed oil of Teucrium depressum 
Small yields two unusual trienoid com- 
p o n e n t s ,  all-cis-5,9,12-octadecatrienoic 
acid (6.7%) and trans-5,cis-9,cis-12-octa- 
decatrienoic acid (2.0%). A third unusual 
component,  identified as cis-5,cis-9-octa- 
decadienoic acid, also occurs in this oil as 
a trace constituent. 

INTRODUCTION 

Teucrium is a genus of herbaceous plants in 
the family Labiatae. Bailey (1) describes them 
as "herbs, subshrubs or shrubs, some of which 
are greenhouse plants or grown outdoors in the 
extreme South, others of them hardy in the 
North and suitable for the wild-garden or rock- 
work." About 160 species occur throughout 
the warmer and temperate areas of the world 
(1). 

Previous work at this Laboratory has shown 
that many seed oils of the plant family Labiatae 
(mint family) contain unusual fatty acids, par- 
ticularly those with allenic groupings (2-4). 
Screening results indicated that the seed oil of 
Teucrium depressum contains unusual fatty 
acids that are not allenes (4). This paper 
describes the isolation and characterization of 
these components. 

EXPERIMENTAL PROCEDURES AND RESULTS 

General Methods 

Esterifications and transesterifications were 
carried out according to the following pro- 
cedures. Samples were refluxed 1 hr in a large 
excess of methanol containing 1% sulfuric acid 
(v/v). In each case, resulting mixtures were 
diluted to the cloud point with water, chilled in 
an ice bath, and then extracted repeatedly with 
petroleum ether. Combined extracts were dried 
over sodium sulfate and evaporated in vacuo. 

Analytical thin layer chromatography (TLC) 
was performed on plates coated with 20%silver 
ni t rate- impregnated silica, as described by 
Barrett et al. (5). For preparative TLC, layers 1 
mm th ick  were used. Either benzene or 
benzene-diethyl ether mixtures were used as 

IStudent trainee, 1965-1968. 
2No. Utiliz. Res. Dev. Div., ARS, USDA. 

developing solvents. The preparative plates were 
impregnated with dichlorofluorescein as an 
internal indicator, and bands were visualized 
under ultraviolet (UV) light. Spots on the 
analytical plates were visualized by charring 
with sulfuric acid-chromic acid. 

Infrared (IR) spectra were determined with a 
Perkin-Elmer Model 137 instrument on 1% 
solutions in carbon tetrachloride or carbon di- 
sulfide. Nuclear magnetic resonance (NMR) 
spectra were obtained with a Varian HA-100 
spectrometer on deuterochloroform solutions. 

Permanganate-per iodate  oxidations were 
carried out by yon Rudloff's method, spe- 
cifically according to the modification in which 
t-butyl alcohol is used as a cosolvent (6). 

Gas liquid chromatographic (GLC)analyses 
of methyl esters were performed by the method 
of Miwa et al. (7). GLC analyses of ozonolysis 
products were conducted by the method of 
Kleiman et al, (8). 

Preparations of Mixed Methyl Esters 

Coarsely ground seeds of Teucrium depres- 
sum Small (38.0 g) were extracted for 12 hr in 
a Soxhlet apparatus with petroleum ether. 
Upon evaporation of the solvent, 9.12 g of oil 
was obtained. 

An 8.7 g portion of the oil was converted to 
a mixture of methyl esters by acid-catalyzed 
transesterification. According to GLC analysis, 
these esters had the composition indicated in 
Table I. Examination of these esters by TLC on 
silver nitrate-impregnated silica revealed distinct 
spo t s  attributable to saturates, monoenes, 
d i e n e s  and  trienes. A trans-double bond 
absorption (10.35 p), relatively weak in inten- 
sity, was observed in the IR spectrum of these 
esters. 

Countercurrent Distribution of Methyl Esters 

Countercurrent distribution (CCD) of mixed 
methyl esters from Teucrium depressum seed 
oil was carried out with an acetonitrile-hexane 
system by the general procedure of Scholfield 
et al. (9). An 8.42 g sample of the esters was 
divided among the first eight tubes of a 200 
tube Craig-Post apparatus. Ten milliliters of 
upper phase and 40 ml of lower phase were 
used throughout the distribution. After the 200 
fundamental  transfers were completed, upper 
phases were decanted into a fraction collector, 
two transfers being placed in each tube. Six 
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TABLE 1 

GLC Analysis of Mixed Methyl Esters Derived From 
Teucrium depressum Seed Oila 

EeL c on 
Ester b R-446 column Percentage 

c16s  16.00 8.8 
c18s  18.00 5.9 
c181 18.33 25.6 
c181I 18.91 48.3 
c181II (unusual) 19.18 8.7 d 
C18III (linolenate) 19.68 0.5 

aArea percentage of methyl ester. 
bs, saturated; I, one double bond; II, two double 

bonds; 111, three double bonds. 
CECL, equivalent chain length (7). 
dThis  f igure includes all-cis-5,9,12-octadeca- 

t r ienoate  (6.7%) and trans-5,cis-9,cis-12-octadeca- 
trienoate (2.0%), the relative amounts of which were 
determined by TLC. 

hundred  t ransfers  were applied.  The weight  
d i s t r ibu t ion  achieved was as fol lows:  Tubes  
0-20, 0 .310 g; 21-55, 2.10 g; 56-95, 4.40 g; 
96-160, 0 .950 g. Results  of  GLC analysis 
(R-446 co lumn)  of  selected f rac t ions  are sum- 
marized in Table II. 

Isolation of Two Isomeric C18-Trienoic 
Esters by Preparative TLC 

Esters r emoved  f rom CCD tubes  100, 110, 
120 and 130 were examined  by TLC on  silver 
n i t r a t e - impregna t ed  silica plates (analytical)  
wi th  the solvent  sys tem benzene-e thy l  e ther  
(3:1) .  Only t w o  spots ,  cor responding  to  the  iso- 

meric  cis and trans C 18 tr ienes,  were revealed 
by charring; these were modera t e ly  well sepa- 
ra ted.  No separate  spot  for  ord inary  l inolenate  
was observed.  The best  preparat ive separat ions  
were ob ta ined  by using 1 m m  thick  silica plates,  
act ivated at 120 C, wi th  the solvent sys tem 
benzene-e the r  (3:1) .  In a typical  example ,  69.3 
mg of  t r iene concen t ra t e ,  derived f rom CCD 
tubes  101-103, was applied to  a plate.  The 
faster moving of  the  ra ther  broad bands  yie lded 
a p roduc t  (12.1 mg) tha t  was 84.1% trans by 
quant i ta t ive  IR analYsis (10) and 94.3% pure  by 
GLC, while the  s lower moving band provided  a 
cis-isomer (49.3 mg) 97.8% pure  by GLC. The 
all-cis t r iene was no t  resolved f rom the  trans, cis, 
cis-isomer in GLC. The small amo u n t  of  
l inolenate  in the  mix ture  p robab ly  over lapped 
b o t h  bands  ob ta ined  by TLC. The NMR spectra  
of  the  two  esters  are nearly identical ;  bo th  have 
a quar te t  at T8.3 associated wi th  AS-unsatu-  
rat ion.  

Hydrogenation of Mixed Triene Methyl Esters 

A mix tu re  (16 mg) of  the  c o m p o u n d s  de- 
rived f rom the  t r iene region of  the  CCD was 
hyd rogena t ed  w i t h  a p la t inum oxide catalyst  at 
1 arm and r o o m  tempera ture .  The hydro-  
genated  p ro d u c t ,  isolated by f i l t ra t ion and 
evapora t ion ,  was a whi te  solid. It con ta ined  
99.5% me t h y l  s tearate  as de t e rmined  by GLC. 

Microozonolysis of Triene Isomers 

Samples of  b o t h  the  cis and trans t r iene frac- 
t i o n s  f r o m  TLC were each subjec ted  to  

TABLE II 

Composition of CCD Fractions a 

Ester d 
Tube 

number b Transfer c C16S C18S C18I C18II C181II 

18 236 0.4 92.7 
39 278 26.2 73.8 
50 e 300 7.7 0.5 85.6 5.0 
55 f 310 1.5 37.8 50.8 
60g 320 3.5 89.4 
80 360 100.0 

100 400 24.0 
130 460 

75.5 h 
100.0 i 

aResults determined by GLC and expressed as percentage; some minor components are 
omitted or indicated as footnotes. ECL values in footnotes refer to the R-446 column. 

bNumbers of tubes used to collect upper phases. Two were combined in each tube. 
CNumber of transfers completed when upper phase was introduced into the tube indi- 

cated. 
ds, saturated; I, one double bond; II, two double bonds; Iti, three double bonds. 
eThe monoene peak had a shoulder corresponding to ECL 18.6. 
fThis tube also contained 3.5% of ECL 16.6 and 5.4% of ECL 18.7. 
gThis tube also contained 3.0% of ECL 16.6 and 3.8% of EeL 18.6. 
h75.2% ECL 19.2 and 0.3% ECL 19.8 by GLC. 
i85.0% ECL 19.2 and 15.0% EeL 19.7 by GLC. 
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TABLE III 

Fragments From Microozonolysis of C 18 Trienes 

Area % 

Fragment a Cis-isomer b T r a n s . i s o m e r  c 

6 A 6.50 9.51 
4 AA + 9:1 A 6.19 7.84 
5 AE 11.08 14.26 
9 AE 0.86 1.45 
9:1 AE 2.20 3.22 
Unreacted ester 

(5,9,12-isomer) 63.54 60.20 
Unreacted ester 

(9,12,15-isomer) 4.93 2.12 

aA, aldehyde (monofunctional); AA, dialdehyde; 
AE, aldehydo-ester; unsaturation, if any, is indicated 
by numeral after colon. 

bOzonized for 60 see. 
COzonized for 50 sec. 

reductive ozonolysis. GLC analysis of products 
isolated after 20, 50 and 110 sec (trans-isomer) 
or 30, 60 and 120 sec (cis-isomer) showed 
nearly identical fragments (Table III). 

Partial Hydrazine Reduction of trans C18 Triene; 
Isolation and Characterization of Reduction Products 

A 59.4 mg port ion of pure trans C 18 triene 
was dissolved in 15 ml of absolute ethanol; 0.05 
ml of 64% hydrazine was added, and the mix- 
ture was sparged with air, kept at 54 C for 31 
hr, and then at room temperature for 15 hr. 
The reaction was terminated by acidification to 
pH 1 with hydrochloric acid. The reduction 
products were isolated by repeated extraction 
with diethyl ether. Combined, dried, ether 
extracts were evaporated, and the residue was 
c h r o m a t o g r a p h e d  w i t h  b e n z e n e  as the 
developing solvent on activated preparative 
silica plates impregnated with silver nitrate. 

Separated bands were removed from the plate 
by means of a Goldrick-Hirsch aspirator (11). 
Samples eluted from the silica with ethyl ether 
and isolated by evaporation of solvent in vacuo 
are described in Table IV. 

The trans monoene was located in band II 
by a combination of IR and GLC analyses. This 
band was contaminated with a plasticizer from 
Tygon tubing. Microozonolysis of the sample 
showed the following cleavage products: C 5 
aldehydo-ester,  9.91%; C13 aldehyde, 51.26%. 
The  p l a s t i c i z e r  (determined to be octyl 
phthalate)  did not interfere with the analysis 
although a number of extraneous, unidentified 
degradation products were recorded. The cis- 
m o n o e n e s  a p p e a r e d  in band III. Micro- 
ozonolysis of the band showed the following 
cleavage products: C 6 aldehyde, 6.72%; C 9 
aldehyde,  13.15%; C 9 aldehydo-ester, 11.66%; 
C12 aldehydo-ester, 15.08%. 

Isolation of an Unusual Diene 

A third unusual constituent of the oil having 
an equivalent chain length (ECL)of  about 18.6 
(R-446) was found in minor amounts in the 
CCD fractions that represented the trailing edge 
of the ordinary monoene and leading edge of 
the ordinary diene peak (Table II). Preparative 
TLC with activated plates and benzene-ether 
(3:1) as the developing solvent yielded only a 
few milligrams of the desired compound. The 
IR spectrum of the compound showed no peak 
at 10.35 p corresponding to trans unsaturation. 
M i c r o o z o n o l y s i s  a f f o r d e d  the following 
cleavage products: C 5 aldehydo-ester, 3.46%; 
C 9 aldehyde, 12.38%; C 9 unsaturated alde- 
hydo-ester,  1.82%; C13 unsaturated aldehyde, 
1.30%. Other products were detected, including 
34.30% of starting material. 

TABLE IV 

Fractions Isolated by Preparative TLC After Hydrazine Reduction of T r a n s  C 18 Trienea 

Composition b ECL of major components 
Band Weight (mg) (by GLC) (R-446 column) c 

I 6.1 12.4% C18sd 18.02 
II 29.6 64.3% C18I 18.33 

III 6.4 87.0% C18I 18.35, 18.45 
IV 5.9 95 % C18II 18.80 
V 5.9 94 % C18II 18.75 (35.9%), 

18.99 (58.5%) 
VI 4.1 

VII 11.8 

aln order of decreasing Rf. 
bs ,  saturated; .I, one double bond; II, two double bonds. 
CECL, equivalent' chain length. 

dThis band is about 70% plasticizer accidentally introduced from Tygon tubing; per- 
centages shown here are based on components 9ther than plasticizer. 
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DISCUSSION 

The  unusua l  t r i ene  f r ac t ion  der ived f r o m  
Teucrium seed oil p roved  to  be a m i x t u r e  of  
t w o  c o m p o n e n t s ,  one  s h o w n  by IR to  have a 
trans doub le  b o n d  and  a n o t h e r  w i th  all-cis 
g e o m e t r y .  Only  par t ia l  r e so lu t ion  of  these  iso- 
mers  was achieved by  CCD. The  a m o u n t  of  
trans-isomer relat ive to  the  a l l -c / s -compound 
decreased  wi th  increas ing tube  n u m b e r .  As 
e x p e c t e d ,  the  trans, cis, cis-isomer migra ted  more  
rap id ly  t h a n  the  all-cis-isomer o n  silver n i t ra te -  
i m p r e g n a t e d  silica plates.  C o n s e q u e n t l y ,  pre- 
para t ive  TLC p roved  effect ive in separa t ing  t he  
two.  

Since on ly  m e t h y l  s teara te  was f o r m e d  w h e n  
the  m i x e d  t r iene  es ters  were h y d r o g e n a t e d ,  the  
poss ibi l i t ies  o f  cha in  b r anch ing  or  o f  a c a r b o n  
ske l e ton  o t h e r  t h a n  C 18 were e l imina ted .  

The  ozonolys i s  f r agmen t s  f rom the  t w o  
unusua l  t r ienes  are cons i s t en t  on ly  w i th  a 
s t r uc tu r e  having d o u b l e  b o n d s  in the  5, 9, and  
12 pos i t ions  of  a C 18 chain.  In  add i t i on ,  a smal l  
pe rcen tage  of  o rd ina ry  m e t h y l  l i no lena te  was 
also f o u n d  to  be  presen t .  The  pe rcen tage  of  
t r i ene  ca lcula ted  f r o m  ozonolys i s  f r agmen t s  
agrees qui te  well  w i th  the  ac tual  pe rcen tage  of  
t r i ene  in the  or iginal  sample.  

The  trans m o n o e n e  provided  by  par t ia l  
h y d r a z i n e  r e d u c t i o n  of  the  trans t r i ene  con-  
t a ined  A 5 - u n s a t u r a t i o n ,  t h e r e b y  con f i rming  the  
pos i t i on  of  the  trans doub le  b o n d  in t he  t r iene.  
The  co r r e spond ing  cis m o n o e n e s  c o n t a i n e d  A9 
and  A I  2 u n s a t u r a t i o n .  

The  NMR spec t ra  of  the  two  t r ienes  were 
near ly  ident ica l ;  t he  on ly  d i f fe rence  in the i r  IR 
spec t ra  was the  p resence  of  the  10.3 /a maxi-  
m u m  for  the  trans-ester. This  spect ra l  evidence 
ind ica t ed  t h a t  the  two  c o m p o u n d s  are geo- 
met r ica l  isomers.  The  qua r t e t  in the  N MR 
s p e c t r u m  at r8 .3 ,  indica t ive  of  AS-unsa tu ra t i on ,  
is bel ieved to be associa ted wi th  a m e t h y l e n e  
group  fl to  a doub le  b o n d  and  also/3 to  a car- 
b o x y l  group (12) .  O t h e r  s ignif icant  fea tu res  of  
the  s p e c t r u m  inc lude  the  six p r o t o n  mu l t i p l e t  
for  the  v inyl  p r o t o n s  at  r 4 . 6 4 ,  a 2 p r o t o n  t r ip-  
let  at  77 .24  for  the  m e t h y l e n e  group  ~ to  2 
v~nyl groups,  a 2 p r o t o n  t r ip le t  at  77.75 for  the  
m e t h y l e n e  group a to  the  ca rboxy l  g roup ,  an 8 
p r o t o n  mul t ip l e t  at  77.93 for  p r o t o n s  a to  1 
doub le  b o n d ,  a six p r o t o n  mul t ip l e t  at  78.70 
for  shie lded m e t h y l e n e  groups,  a 3 p r o t o n  tr ip-  

let  at  r9 .11  for  the  t e rmina l  m e t h y l  group,  and  
the  sharp singlet at  r 6 . 3 9  for  the  m e t h o x y  
group.  These  fea tu res  agree w i th  the  s t ruc tu res  
for  these  c o m p o u n d s  t h a t  were deduced  by  IR 
and  ozonolys is .  

A t race  a m o u n t  of  an  es ter  w i th  ECL 18.6 
(R-446)  was isola ted.  On  the  basis of  i ts  IR 
s p e c t r u m  and  ozonolys i s  resul ts ,  it seems fair ly 
c e r t a i n  t h a t  th is  es ter  is m e t h y l  cis-5,cis- 
9-oc tadecad ienoa te .  

The  na tu ra l  occu r r ence  of  f a t t y  acids w i th  
i so la ted  AS doub le  b o n d s  has  b e e n  discussed in 
some of  our  earl ier  papers  (12 ,13) .  A l t h o u g h  
such  acids have been  f o u n d  in a wide var ie ty  of  
sources,  n o n e  have been  e n c o u n t e r e d  previous ly  
as a c o n s t i t u e n t  of  a seed off in  t he  p l an t  fami ly  
Labia tae .  
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Molecular Species of Phosphatidyl Ethanolamine 
From Egg Yolk1 
B. J. HOLUB and A. KUK$1S, Department of Biochemistry and the Banting and 
Best Department of Medical Research, University of Toronto, Toronto, Canada 

ABSTRACT 

Phosphatidyl ethanolamine was iso- 
lated from total egg yolk lipids by prepar- 
ative thin layer chromatography (TLC). 
The purified phosphatide contained 3% 
of the alkoxy derivative. It was degraded 
to diglycerides in the presence of purified 
sphingomyelin by phospholipase C from 
C l o s t r i d i u m  welchii .  The diglycerides 
were acetylated and resolved on the basis 
of unsaturation by argentation TLC. The 
fatty acid composition of the original 
p h o s p h a t i d y l  ethanolamine and the 
derived acetates was determined by gas 
chromatography, as was the molecular 
weight distribution of the diglyceride 
acetates. The placement of the fatty acids 
in the parent phosphatide was deduced 
by hydrolysis with phospholipase A from 
Crotalus a t rox ,  and in the acetates with 
pancreatic lipase. Some 33 major species 
of phosphatidyl ethanolamine were iden- 
tified and compared to those for egg yolk 
lecithins. 

INTRODUCTION 

Recent studies have indicated that each 
molecular species of phospholipid must be 
regarded as having its own metabolic fate. The 
original work of Collins (1) has been confirmed 
and extended by others (2,3). Lands and Hart 
(4) have suggested that this heterogeneity may 
be due to the enzymes involved in phospholipid 
metabolism which vary in their specificity 
towards substrates with different degrees of un- 
saturation of component fatty acids. This 
interest has been reflected in the appearance of 
numerous papers reporting the composition 
(5,6) and turnover (2-5) of the molecular 
species of lecithins from various sources. Only 
spa r se  i n f o r m a t i o n ,  however, is available 
regarding the structural and metabolic hetero- 
geneity of the other glycerophosphatides from 
which standard preparations of phospholipase C 
do not readily release the diglycerides needed 
for identification of molecular species. 

Quantitative release of diglycerides from 
phosphatidyl ethanolamine in the presence of 

Ipresented in part at the Canadian Federation of 
Biological Societies Meeting, Kingston, June ! 968. 

2-acyl glyceryl phosphoryl choline has been 
reported by Takahashi and Schmid (7) as has 
been the hydrolysis of bacterial phosphatidyl 
ethanolamine by phospholipase C from Bacillus 
cereus (8). Neither the latter enzyme nor the 
2-1ysolecithin, however, are readily available. 
The present work reports the identification of 
the major molecular species of phosphatidyl 
ethanolamine of egg yolk made possible by the 
successful conversion of this phosphatide into 
diglycerides by phospholipase C from Clostrid- 
ium welchi i  in the presence of sphingomyelin, 
as first suggested by Renkonen (9). 

MATERIALS AND METHODS 

The methods and general experimental con- 
d i t i o n s  were  similar to those previously 
described (10), except as noted below. All sol- 
vent evaporations and enzymic and chemical 
transformations were performed under nitro- 
gen. A few crystals of purified hydroquinone 
(British Drug ltouses Laboratory Reagent) were 
added as an antioxidant during extraction and 
storage of lipids. Chromatographically pure 
bovine brain sphingomyelin was pu~rchased 
f r o m  General Biochemicals, Chagrin Falls, 
Ohio, and was further purified by thin layer 
chromatography (TLC) before use. To check on 
possible residual contamination with lecithin, a 
large sample (5 mg) of the sphingomyelin was 
digested with phospholipase C and the digestion 
products examined by TLC in petroleum ether- 
diethyl ether-formic acid (60:40:1.5 v/v). The 
absence of lecithins was indicated by a failure 
to detect any diglycerides in the digestion mix- 
ture. 

Preparation of Egg Yolk Phosphatidyl Ethanolamine 

Total lipid extracts were prepared from fresh 
eggs of White Leghorn hens as previously de- 
scribed (10). The phosphatidyl ethanolamines 
were isolated from the total lipid extract by 
preparative TLC on silica gel G (Merck and Co.) 
using 0.3 mm thick layer spread on 20 X 20 cm 
plates (De Saga Equipment Co.). About 30 mg 
of total lipid were applied across the lower edge 
of each plate. The plates were. developed in 
chloroform-methanol-water (65:25:4 v/v) one 
or more times as required to effect complete 
resolution of the lecithins and cephalins. The 
plates were sprayed with a solution of 0.05% 
2 , 7 - d i c h l o r o f l u o r e s c e i n  in 50% aqueous 
methanol and the lipid bands located by 
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P H O S P H A T I D Y L  E T H A N O L A M I N E  S P E C I E S  

T A B L E  I 
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Fatty 

Original Reconstituted d Diglycerides 

Total a I b 2 c Total 1 2 
(mole %) (mole %) 

Total 
(mole %) 

1 6 : 0  16 .7  32 .2  1.4 16 .3  32 .0  0 .7  
1 6 : 1  0.5 T race  0 ,4  0 .4  0 .2  0 ,6  

1 8 : 0  27 .1  5 9 . 2  1.0 2 9 . 3  58 .2  0.5 
1 8 : 1  16 .3  7 .4  2 4 . 9  16 .6  8 .4  2 4 . 9  
1 8 : 2  11 .2  0 .8  2 2 . 2  10 .5  0 .8  20 ,1  

2 0 : 0  0 .2  0.1 --- 0 .1  0.1 - -  
2 0 : 1  0 .3  0 .3  0 .2  0 .2  0 .3  0.1 
2 0 : 2  0 .4  --- 0 .2  0 . 3  --- 0 . 6  
2 0 : 3  0 .4  --- 0 .8  0 .3  - -  0 .7  
2 0 : 4  15 .8  --- 2 9 . 0  17 .6  --- 35 .2  

2 2 : 3  1.1 --- 1.6 0 .5  --- 1.0 
2 2 : 4  3.1 --- 5.7 2 .3  --- 4 .5  
2 2 : 5  0 .3  - -  0 .5  0 . 3  --- 0 .5  
2 2 : 6  6 .6  --- 12.1 5 .3  --- 10 .6  

17.9 
0.3 

28.0 
19.1 
10.4 

0.2 
0.2 
0.3 
0.3 

15.9 
1.1 
2.9 
0.4 
5.0 

a F a t t y  ac ids  o f  o r i g i n a l  egg y o l k  p h o s p h a t i d y l  e t h a n o l a m i n e s .  

bFatty acids of lyso phosphatidyl ethanolamine after phospholipase A hydrolysis. 
CFatty acids liberated by phospholipase A. 
dReconstituted values of calculated molecular species from each class of diglyceride acetates. 

viewing the plate under ultraviolet light. The 
p u r i t y  and  identi ty of the phosphatidyl 
ethanolamine isolated in this manner was con- 
firmed by TLC with chloroform-methanol- 
ace t i c  acid-water (25:15:4:2 v/v) and by 
specific staining ( 11 ). 

Determination of A|koxy Phosphatifles 

Alkoxy derivatives of phosphatidyl ethanol- 
amine were determined by a modification of 
the method of Horrocks and Ansell (12). The 
chloroform-soluble phospholipids remaining 
a f t e r  acid hydrolysis of the phosphatidyl 
ethanolamine were isolated by TLC. The 
lipid fraction, identified as 1-alkyl 2-acyl phos- 
phatidyl ethanolamine, represented 3% of the 
original phosphorus. This material also was 
hydrolyzed by phospholipase C, but on TLC 
(13) the derived 1-alkyl 2-acyl glyceride ace- 
t a t e s  mig ra t ed  sufficiently ahead of the 
1,2-diacyl glyceride acetates to avoid contami- 
nation. 

The alkenyl acyl types of phosphatidyl 
ethanolamine were not determined in this study 
since previous workers (14,15) had failed to 
detect such derivatives in egg yolk. 

Hydrolysis With Phospholipase C 

Free diglycerides were released from the 
phosphatidyl ethanolamines by incubation with 
p h o s p h o l i p a s e  C (a-toxin of Clostridium 
welchii) in the presence of sphingomyelin under 
the conditions developed in our laboratory 

(Holub and Kuksis, i n  preparation). The phos- 
phatide (5 mg) was dissolved in 25 ml of ethyl 
ether containing 1% water along with 1 mg of 
sphingomyelin. To the mixture were added 20 
ml of an autodigested enzym~ solution con- 
taining 2.5 mg of the pho~holipase,  0.35 
mmoles of tris-hydroxymetJa3/1 aminoethane, 
0.02 mmoles CaC12 adjusted at pH 7.3. The 
digestion was allowed to p~oceed at room tem- 
perature for 3 hr at which time the reaction 
mixture was extracted with ethyl ether (3 X 30 
ml). The pooled extracts were dried over an- 
h y d r o u s  s o d i u m  sulfate and the solvent 
removed under nitrogen. The residue was dis- 
solved in chloroform and the diglycerides iso- 
lated by TLC and acetylated as previously de- 
scribed (6,10). The yield of diglyceride acetates 
after purification by TLC was a minimum of 
90-95 mmoles per cent of the starting phos- 
phatide. 

Resolution of Diglycerides 

The diglyceride acetates were resolved on 
the basis of total number and distribution of 
double bonds per molecule by argentation TLC 
(6,10). The acetates corresponding to the 
various groups of unsaturation were separately 
recovered by eluting the gel scrapings with 
diethyl  ether-methanol-acetic acid (60:40:1 
v/v) and the subsequent extraction with petro- 
leum. The ratios of the diglyceride acetates 
among and within the various bands were deter- 
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TABLE II 

Major Diglyceride Acetates  of Egg Yolk 
Phosphatidyl Ethanolamines 

Class as 
Species as mole % 

Chemical  Carbon mole % of total  
classes number of c lass  mixture 

Saturates . . . . . . . .  
Monoenes 36 50.4 24.2 38 49.6 
Dienes I 36 8.2 

38 91.8 2.6 
Dienes II 36 33.4 

38 65.2 18.7 
40 1.4 

Trienes 36 3.0 
38 92.0 2.0 
40 5.0 

Tetraenes I 38 15.3 
40 81.8 34.8 
42 2.9 

Tetraenes II 40 59.6 3.8 42 40.4 
Pentaenes 40 70.9 3.1 42 29.1 
Hexaenes  I 40 59.5 10.6 42 40.5 
Hexaenes  II 42 100.0 0.2 
Original 36 17.1 
Mixture 38 34.3 

40 41.5 
42 7.1 

Reconst i tuted 36 18.7 
mixture 38 33.7 

40 39.6 
42 8.0 

mined by gas chromatography (6,10) with tri- 
decanoin (50-300/ag) as an internal standard. 

Analysis of Fatty Acids 

The fatty acids were quantitatively esti- 
mated by gas liquid chromatography (GLC) 
fo l lowing  methylation or transmethylation 
(6,10). The identities of the unsaturated acids 
were confirmed by argentation TLC and hydro- 
genation. The fatty acids in the 2 position of 
phosphatidyl ethanolamine were specifically 
released by hydrolysis with phospholipase A 
(Crotalus atrox) as described for lecithins (10), 
except that the incubation time was extended 
to 4 hr. GLC analysis of the original and the 
released fatty acids in the presence of internal 
standard established that a minimum of 88-90 
moles per cent of the acid in the 2 position was 
liberated. The positional distribution of the 
fatty acids in the diglyceride acetates was deter- 
mined by hydrolysis with pancreatic llpase 
(10). In all cases the reaction products as well 
as any unreacted starting materials were purl- 

fled and recovered by TLC, prior to the gas 
chromatographic analysis of the fatty acids. 

Calculations 

The structure of the original phosphatidyl 
ethanolamines was calculated by proportional 
summation and normalization of all the ana- 
lytical data, as described for egg yolk lecithin 
(10). The accuracy of the final result was esti- 
mated by matching the mole percentage com- 
position, and positional distribution of the 
fatty acids in the original phosphatidyl ethanol- 
amines, against that determined for the derived 
diglyceride acetates. In order to obtain a quan- 
titative measure of the degree of specificity 
noted in the association of saturated and unsat- 
urated acids in these phosphatides, either from 
similar or different sources, a calculation was 
devised which permits a comparison between 
phosphatides of different fatty acid compo- 
sition. Accordingly, the degree of preference of 
association was estimated by dividing the ratio 
of a pair of fatty acids in a particular position 
of a specific class of phosphatides by the ratio 
of the same pair of acids in the total mixture. A 
degree of preference equal to uni ty represents 
random association. 

RESULTS AND DISCUSSION 

The average amount of the phosphatidyl 
ethanolamine isolated (60 mg/g of total egg 
yolk lipid) was of the order reported by Noble 
and Moore (16). Detailed analyses were at- 
tempted on the phosphatidyl ethanolamines 
from three eggs from different hens, but  
because of accidental peroxidation of some of 
the polyunsaturated species complete reconsti- 
tutions were obtained for only two of them. As 
far as the analyses were completed, however, 
there was good agreement, among all samples. 

Fatty Acid Composition 

Table I gives the composition and positional 
distribution of the fatty acids in one of the 
preparations of phosphatidyl ethanolamine. 
The total composition is close to that recorded 
by Noble and Moore (16), while the positional 
distribution of the acids is in agreement with 
that noted by Dyatlovitskaya et al. (17). Their 
finding of a large proportion of saturated fatty 
acids in the 2 position of some of the species 
could not be confirmed in the present study. 
Slight discrepancies can be attributed to differ- 
ences in the diets of the birds, which have been 
shown to affect the composition of egg yolk 
ph0sphatidyl ethanolamine (18). The positional 
distribution of the acids fits well with the 
established pattern for glycerophosphatides. 
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Palmitic and stearic are the major acids in the 1 
position, while all the polyunsaturated fat ty  
acids are esterified in the 2 position. 

Table I also compares the total  fa t ty  acids of 
the original phosphat idyl  ethanolamine to those 
of the derived diglycerides and to those of  the 
diglyceride acetates reconsti tuted after silver 
n i t r a t e  fractionation. The good agreement 
between them suggests that  both  the enzymatic 
hydrolyses and the subsequent transformations 
and fractionations were not  accompanied by 
significant selective losses of any molecular 
species. Slight losses of the species containing 
docosahexaenoic acid may be at tr ibuted to aut- 
oxidat ion of polyunsaturated fat ty  acid during 
TLC. 

O 

Molecular Weight Distribution 

Gas chromatography of  the total  diglyceride 
acetates derived from the phosphat idyl  ethanol- 
amines of the three egg yolks gave remarkably 
similar molecular weight distributions. Closely r~ 
similar elution patterns were also observed for 
the diglyceride acetates of corresponding degree "~ 
of unsaturation. On the basis of the fat ty  acid :> 
composit ion and the molecular weights of  the 
diglycerides it was concluded that  the major 
phosphatidyl  ethanolamines in all yolks are 
those with one C~6 and one C~8 (C36), with ~ 
two C~ 8 (C38), and with one C 18 and one C20 ~ .~ 
(C40) fat ty acid per molecule. The slight differ- ,~ ~, 
ences in the proport ional  contributions of the ~" 
phosphatides of different molecular weights 
reflect differences in the fat ty  acid compo- 
sition. Table II gives the molecular weight dis- 
t r ibution of the total  phosphatide and the ".~ 
various classes of unsaturation as estimated by 
gas chromatography of the derived diglyceride o~ 
acetates. The lower half of this table includes 
the reconsti tut ion values obtained for the digly- .~ 
ceride acetates by algebraic summation and < 
normalization of the data from argentation 
TLC. In Table II the tetraene II + pentaene and 
the hexaene bands have been numerically 
resolved on the basis of  their fa t ty  acid com- 
posit ion into tetraenes II, pentaenes, hexaenes I 
and hexaenes II. 

On the basis of  GLC of  the diglycerides we 
knew that the tetraenes II + pentaenes were 
made up of carbon numbers 40 and 42. From 
the fa t ty  acid composit ion of this fraction, as 
recovered from our AgNO 3 TLC system, we 
knew that the diglyceride acetates were made 
up of species containing either 4 or 5 doub le  
bonds each. The actual fa t ty  acid pairs were 
derived by trial and error. The numerical ma- 
nipulations may be best followed by reference 
to the data in Table III. Thus the combined 
tetraene II-pentaenes band contained 11% 20:3 
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TABLE IV 

Major Phosphattdyl Ethanolamines of Egg Yolk 

B. J. HOLUB AND A. KUKS1S 

Individual 
Fatty acids a species 

Chemical 
classes I 2 (mole %) 

Saturates Nil 
Monoenes 16:0 18:1 47.4 

18:0 18:1 45.6 
18:0 16:1 1.0 
18:1 16:0 2.0 24.2 
18:1 18:0 2.0 
16:0 20:1 0.6 
20:1 16:0 0.8 
20:0 16:1 0.6 

Dlenes I 18:1 16:1 8.2 2.6 18:1 18:1 91.8 
Dtenes II 16:0 18:2 33.4 

18:0 18:2 64.1 18.7 
16:0 20:2 1.1 
18:0 20:2 1.4 

Trlenes 16:1 18:2 3.0 
18:1 18:2 92.0 2.0 
18:1 20:2 2.4 
20:1 20:2 2.6 

Tetraenes I 16:0 20:4 15.3 
18:0 20:4 81.8 34.8 
I8:1 22:3 2.9 

Tetraenes II 16:0 22:4 S9.6 
18:0 22:4 40.4 3.8 

Pentaenes 16:1 22:4 3.9 
18:1 20:4 45.0 
18:2 20:3 22.0 3.1 
18:0 22:5 12.0 
18:1 22:4 15.2 
20:1 20:4 1.9 

Hexaenes I 16:0 22:6 59.5 10.6 18:0 22:6 40.5 
Hexaenes II 18:1 22:5 50.0 0.2 18:2 22:4 $0.0 

aFatty acid distribution established by phospho- 
llpase A hydrolysis of the original phosphatidyl etha- 
nolamlnes and by spedflr lipase hydrolysis of the 
monoenolc and dtenolc dlglycerlde acetates. Fatty 
acids and dlglycertde acetates Identified as In Tables 
I, II and III. 

which corresponded to the 11% of 18:2 giving a 
pentaene with  carbon number  40, Then 6% 
22:5 was assumed to have been combined  with  
6% 18:0 to give a pentaene of  carbon number  
42, Since the combinat ions  o f  20:4 with 16:0 
or 18:0 were clearly resolved, any 20:4  in this 
fract ion was assumed to have been derived f rom 
combina t ion  with 18:1 to give a pentaene of  
carbon number  40, The 22:4  acid, therefore ,  
occurred in combina t ion  wi th  16:0,  18:0 and 
any 16:1 and 18:1 left  over. When the acids 
were combined  as out l ined above, the pro-  
por t ions  of  fa t ty  acids and diglycerides used 
g a v e  n e a r l y  p e r f e c t  reconst i tut ions.  The 
hexaenes I and hexaenes II were similarly re- 
solved. 

TABLE V 

Association of Palmitic and Stearic Acids 
With Unsaturated Fatty Acids in the 

Phosphatides From Egg Yolk 

Degree of preference a 
Major acids for palmitic acid 

Chemical in 2 
classes position PE PC 

Monoenes 18:1 1.7 1.6 
Dienes II 18:2 0.8 0.7 
Tetraenes I 20:4 0.3 0.3 
Tetraenes II 22:4 2.4 
Hexaenes 22 : 6 2.4 0.5 

aDegree of Preference, (16:0/I 8:0) class per (16:0/ 
18:0) total. Non-preferential association, 1.0 -+ 0.1 
(assuming a relative error of + 10%). 

The correc ted  fa t ty  acid composi t ions  of  the 
diglyceride acetates of  various degrees of  unsat- 
urat ion are given in Table III. As a result,  the 
contr ibut ions  of  the individual polyenes can 
now be recognized along with those of  the 
o ther  major  classes. A nearly identical distri- 
but ion was obta ined for the second yolk.  

The present est imates for monoenes  (24.2%) 
and dienes (21.3%) are considerably higher 
while those for the hexaenes (10 .8%)are  lower 
than the values given by Renkonen  (15), who 
had succeeded in the partial separation of  the 
d in i t rophenyl  derivatives of  the phosphat idyl  
e t h a n o l a m i n e s  of egg yolk.  The tetraenes 
(38.6%), surprisingly, showed good agreement .  
These discrepancies may be due to differences 
in the diets of  the birds, since the fat ty  acid 
composi t ion  of  the egg yolk phosphatides given 
by Renkonen  (15) deviated greatly f rom the 
values de termined  in this s tudy as well as f rom 
those found by others  (16,17).  

Molecular Species 

Table IV lists the major individual phospha- 
t idyl e thanolamines  of  egg yolk.  The est imates 
were derived by recons t i tu t ion  of the overall 
molecular  weight  distr ibut ion (Table II) and the 
fat ty  acid compos i t ion  (Tables I and III). The 
algebraic methods  used in these calculat ions 
and the manner  of  specifying the molecular  
species have been described (10). 

An  examina t ion  of  Table IV shows a 
remarkable  specificity in the association of  the 
fa t ty  acids in the phosphat ide molecules.  Thus, 
there are no detectable  amount s  of  fully satu- 
rated species, a l though the propor t ion  of  satu- 
rated fa t ty  acids in these phospholipids is con- 
siderable (44.0%). The major  monoenes  are 
(16:0  16:1) and (18:0  18:1) phosphat idyl  
e thanolamines ,  occurring in nearly equal  pro-  
portions,  Since there is much less palmitic than 
stearic acid in the original mixture ,  it represents 
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a preferential association of palmitic and oleic 
acids ira these phosphatides. This observation is 
in agreement with that of Arvidson (3), who 
noted a comparable preference for this type of 
pairing in rat liver phosphatidyl ethanolamines. 
The major dienes are the (16:0 18:2) and (18:0 
18:2) species. In this case the species containing 
stearic acid was present in double the amount 
of the species containing palmitic acid, as 
would have been expected on a random basis. 
The tetraenoic fraction containing arachidonic 
acid had considerably more stearic than pal- 
mitic acid, while the reverse was true for the 
t e t r a e n o i c  fraction incorporating docosate- 
traenoic acid. In both cases the experimental 
distributions deviated significantly from those 
anticipated on a random basis. Interestingly, 
the ratio of the hexaene species containing pal- 
mitic and stearic acids was identical to that 
found for the tetraenes containing docosate- 
traenoic acid. In both cases the long chain fatty 
acids showed a marked preference for palmitic 
acid. 

Comparable specificities in the association of 
the saturated and unsaturated fatty acids have 
been observed for the monoenoic and the 
dienoic fractions by Dyatlovitskaya et al. (17), 
and polyenoic species of the phosphatidyl 
ethanolamines of egg yolk by Renkonen (15). 
Hill et al. (19) and Arvidson (3) also noted a 
s t r o n g  preferential  association of docosa- 
hexaenoic and palmitic acids in the phospha- 
t i d y l  e t hano l amines  of mammalian liver. 
Dyatlovitskaya et al. (17) failed to quantitate 
the polyenoic species in their egg yolk phospha- 
tidyl ethanolamines. 

Previous workers failed to note the marked 
difference in the preference for saturated fatty 
acids in the two tetraene types. Apparently the 
selection of palmitic over stearic acid in the 
long chain polyenes is based on differences in 
molecular weight rather than degree of unsatu- 
ration. In contrast to the earlier noted differ- 
ences between the present estimates and those 
of Renkonen (15) for the total mononenes, 
dienes and hexaenes, it may be observed that 
there are practically no qualitative differences 
in the species at least as far as comparable 1. 
analyses have been completed. This is in agree- 2. 
ment with the data obtained for the molecular 3. 
species of phosphatidyl cholines isolated from 
different yolks (10). The dietary differences are 4. 
manifested more prominently in the pro- 
portions of the different classes of unsaturation s. 
of the phosphatides than in their qualitative 6. 
make-up. 

7. 
Comparison With Egg Yolk Lecithins 8. 

In view of the uncertainty of the exact bio- 
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synthetic origin of the glycerophosphatides, it 
was deemed desirable to compare the molecular 
species of the phosphatidyl ethanolamines and 
cholines of egg yolk. The comparison was made 
on the basis of both the nature of the fatty acid 
involved and the degree of preference shown. 
For the calculation of the degree of preference, 
a characteristic ratio of proportions was set up 
as illustrated in Table V, which also gives the 
r e s u l t s  of some of the associations thus 
measured. The original values for the egg yolk 
lecithins were taken from an earlier study from 
this laboratory (10). In the monoenes, dienes II 
and tetraenes I of both phosphatidyl ethanol- 
amine and phosphatidyl choline, the major un- 
saturated acids preferred the same saturated 
fatty acid in position 1. Furthermore, in all 
cases the values calculated for the actual degree 
of preference were in very close agreement. 
There  was, however, a marked difference 
exhibited in the kind of fatty acid found in the 
1 position of the hexaenes in the two phospha- 
tides. While the phosphatidyl ethanolamine 
contained mainly palmitic acid, the phospha- 
tidyl cholines contained mostly stearic acid. In 
view of the apparent equilibration of the 
tetraenes it is possible that the 1-stearoyl, 2- 
arachidonoyl lecithin of egg yolk could have 
originated from the corresponding phosphatidyl 
ethanolamine, as already claimed by Balint et 
al. (2) for the rat liver lecithins. Without having 
dynamic data available on the transformations 
and turnover of these phospholipids, further 
comments regarding the significance of the 
specificity in the fatty acid association seem un- 
warranted. 
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Glyceride Structure of Erlangea tomentosa Seed Oil, 
A New Source of Vernolic Acid 
B. E. PHILLIPS, 1 C. R. SMITH, JR. and J. W. HAGEMANN, 
Northern Regional Research Laboratory, 2 Peoria, Illinois 61604 

ABSTRACT 

(+)-Methyl vernolate constitutes 52% 
of  the methyl esters formed by trans- 
m e t h y l a t i n g  t h e  oi l  o f  Erlangea 
tomentosa seed. Thin layer chromato- 
graphy fractionated the oil into tri- 
vernolin, divernolins, monovernolins and 
n o n v e r n o l a t e  g l y c e r i d e s .  Pancreatic 
lipolyses of the monovernolins and the 
divernolins followed by transmethylation 
o f  t he  monoglycerides indicated the 
presence of 34 vernolate glycerides above 
t h e  0.1% level, grouped as follows: 
ct-monovernolins, 15%; ~-monovernolins, 
3%; t~,ct'-divernolins, 10%; a,/3-divernolins, 
37%; trivernolin, 16%; and nonvernolate 
glycerides, 19%. 

INTRODUCTION 

The search for economical sources of oils 
containing appreciable amounts of epoxides is 
stimulated by their potential usefulness as plas- 
ticizers in commercial products, such as poly- 
(vinyl chloride), and as additives to protective 
and decorative coatings. Further,  epoxyacyl  
groups may have biosynthetic significance as in- 
termediates in some plant seeds as Gunstone (1) 
has suggested. In his review Krewson (2) lists 
four long chain, epoxy acids that have been 
found in seed oils. These compounds have been 
isolated from the seed of more than 40 species 
of 12 plant families (1,3). Further studies (4,5), 
including unpublished results from this Labora- 
tory,  indicate that small quantities (less than 
5%) of epoxy acids occur in many seed oils. So 
far Vernonia anthelmintica seed oil has yielded 
the largest percentage of an epoxy acid; i.e., 
70% or more of the acids from the oil were 
cis- 12,13-epoxy-cis-9-octadecenoic (6). 

C o n t e m p o r a r y  m e t h o d s  of separation 
coupled with enzymatic  procedures have per- 
mitted the rapid determination of the types of  
glycerides present in epoxide seed oils (8,9). 
TaUent et al. (8) have reported the trivernolin, 
divernolin and monovernolin levels in three 
seed oils, and Fiorit i  et al. (10), the vernoloyl 
distribution of recrystallized II. anthelmintica 
seed oil. Further Tallent et al. (8) were able to 

1 Postdoctoral Research Associate 1968-1969. 
2No. Utiliz. Res. Dev. Div., ARS, USDA. 

es t imate  the amounts of a- and fl-mono- 
vernolins and a,ct'- and a~-divernolins by 
enzymatic methods. When the screening pro- 
gram of this Laboratory showed that the seed 
of Erlangea tomentosa S. Moore, a native of 
tropical Africa (7), contained an appreciable 
quanti ty of one or more epoxy acids, the 
epoxy-containing compound was isolated, iden- 
tified and its glyceride distribution ascertained. 

EXPERIMENTAL PROCEDURES 

Chromatographic Separations 

Thin layer chromatography (TLC) analyses 
and separations were carried out on glass plates 
spread with 0.25 and 1.0 mm layers of Si/ica 
Gel G in the following solvents: Solvent A, 
petroleum ether-ethyl ether (80:20);  Solvent B, 
petroleum ether-ethyl ether (65:35);  Solvent C, 
hexane-ethyl ether (1:1); and Solvent D, hex- 
ane-ethyl ether-acetic acid (50:50:1).  Ana- 
lytical plates were visualized by charring at 
120 C with the sulfuric acid-chromic oxide rea- 
gent. The bands on the preparative plates were 
located under an ultraviolet (UV) lamp after 
spraying with dichlorofluorescein or by a visual 
examination on a light table if concentrations 
were high enough. Samples were washed from 
the silica gel with ethyl ether or Solvent C. Ap- 
proximately 85% of the methyl esters and 55% 
of the partial glycerides were recovered from 
the preparative chromatograms. Epoxy com- 
pounds were located with the picric acid spray 
described by Fiorit i  and Sims (11). Methyl 
esters were tentatively identified by measuring 
the equivalent chain lengths according to the 
procedures developed by Miwa et al. (12) on a 
Resoflex 446 or an Apiezon L column or both. 
Relative amounts of the various reaction prod- 
ucts were estimated by measuring the peak 
areas of the respective gas liquid chromato- 
graphy (GLC) analyses with an Infotronic inte- 
grator. Peak areas were assumed proport ional  to 
the masses of the respective compounds and 
were converted to mole percentages. The partial 
glycerides were examined chromatographically 
on an OV-1 column by methods similar to 
those described by Tallent and Kleiman (9). 

Isolation of Seed Oil 

Ground seed of E. tomentosa (3.0 g) were 
extracted with petroleum ether in a Soxhlet ex- 
tractor.  The resulting solution was concentrated 
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T A B L E  I 

Erlangea tomentosa Seed Oil F rac t iona t ion  

Recovered Nature  o f  compounds 
Rf sample, mg a in'fractions 

0.87 7.0 (1.3%) Unidentified 
0.81 62.7 (1 !.4%) Nonepoxy glycerides (C3) 
0.73 55.6 (10.1%) Monovernolins (C2V) 
0.64 196.3 (35.6%) Divernolins (CV2) 
0.55 65.8 (12.0%) Trivernolin (V3) 
0.43-0.00 163.6 (29.7%) Free fatty acids(FA) 

aThe combined mass of these fractions represents 
77% of the material placed on the plate. 

under nitrogen to yield 0.71 g of yellow oil. 
Infrared (IR) absorption at 822 and 844 cm-1 
suggested the presence of an epoxide. Titration 
with the Durbetaki reagent (hydrogen bromide 
in glacial acetic acid) at 55 C (13) indicated 
t h a t  the  epoxyacyl  group (calculated as 
vernolate) accounted for 52% of the seed oil. 

Characterization of the Epoxy Acid 

A 0.209 g portion of the seed oil was ace- 
tolyzed as described by Gunstone (14). The 
resulting acids were esterffied in refluxing acidic 
methanol (1% sulfuric acid). By TLC in Solvent 
D, the esters were separated into three groups 
of compounds: nonoxygenated esters (32%), an 
unidentified group of esters of intermediate Rf 
(16%) and the dihydroxy methyl esters (52%). 
A 35.6 mg portion of the dihydroxy esters 
(1.08 X 10 .4 mole as methyl dihydroxyoleate) 
in ethanol absorbed 1.05 X 10 .4 mole of hydro- 
gen under 1 atm of hydrogen with platinum as 
catalyst. The reduction product, when crystal- 
lized from hexane, had a m p  of 67-68 C. 
Gunstone (14) reported a m p  of 67.5-69 C for 
methyl 12,13-dihydroxystearate. The hydroxy- 
stearate (30 rag) was oxidized with perman- 
ganate-periodate according to yon Rudloff's 
procedure (15). Before GLC analyses on the 
Apiezon and Resoflex columns, a portion of 
the acids was methylated with acidic methanol. 
Hexanoic acid anc],/fl'~thyl dodecanedioate 
accounted for nearly, all the short chain acids 
and diesters. A similar oxidation of a 30 mg 
portion of the unreduced dihydroxy esters 
yielded hexanoic and nonanedioic acids. 

Sodium mcthoxide transmethylation of the 
seed oil and subsequent TLC of the esters in 
Solvent A yielded essentially pure methyl 
epoxyoleate. The methyl vernolate thus iso- 
lated migrated homogeneously in all four sol- 
vent systems and on both GLC~columns. The 
specific rotation and the optical rotatory dis- 
persion c u r v e  [0~]269 +2.07 (C 1.82, hexane), 

' O ' O 
[a149o 0 +3.17 ; ] a ] 3 5 0  +2.91 , [a ]300  
+0.91 , [ct]280 -1 .16 ,  agree with those re- 

ported by Powell et al. (16) for (+)-methyl 
vernolate. The IR spectrum of the ester, both as 
a liquid film and in carbon tetrachloride (10%), 
did not have any appreciable absorption at 968 
cm -1 (trans-monoene) but did absorb at 822 
and 845 cm'l  (epoxide). 

Glyceride Composition of the Oil 

A 0.71 g portion of the seed oil was frac- 
tionated into eight distinct groups of com- 
pounds by preparative TLC in Solvent B, and 
the fractions were washed from the adsorbent 
with ethyl ether. The amounts of each fraction 
obtained are listed in Table I. Table II gives the 
GLC analyses of each fraction after trans- 
methylation with 0.2 M sodium methoxide. 

Lipolysis of the Monovernolins 

The p a n c r e a t i c  i ipase  (E.C. 3.1.1.3) 
hydrolyses of the mono- and divernolins were 
patterned after the procedure of Luddy et al. 
(17) which was modified slightly. A mixture of 
1.0 ml of 1 M Tris buffer (pH 8.0), 0.1 ml of 
22% calcium chloride, 0.25 ml of 0.1% sodium 
cholate and 0.020 g of steapsin (Nutritional 
Biochemicals Corp., Cleveland, Ohio), were 
equilibrated at 40 + 1 C for several minutes. 
The lipase was washed twice with acetone, 
twice with ether, and then dried over calcium 
sulfate in vacuo before use. After the mono- 
vernolins, 44 mg (49 pmole), were added, the 
mixture was vigorously agitated with a Vortex 
mixer for 4 rain at 40 C. The suspension was 
diluted with 20 ml of cold ether and 0.5 ml of 
6 N sulfuric acid. The fatty acids and monogly- 
cerides were separated from the aqueous phase 
by e t h e r  extraction, and the acids were 
methylated with ethereal diazomethane. Pre- 
parative TLC in Solvent C divided the reaction 
mixture into four fractions. GLC analyses of 
each of the groups of compounds indicated the 
following products. The nonepoxy methyl 
esters, 11.0 mg (mass adjusted to represent only 
the amount  derived from monovernolins), 
equivalent to 37 /amole of linoleic acid, liber- 
ated during the lipolysis were: C14:0 , 0.1%; 
C15:0, 0.1%; C16:o , 13.9%; C18:0, 14.5%; 
C18:1, 23.8%; Ci8:2 ,  46.0%; C18:3, 0.3%; 
C20:0, 0.8%; C20:1, 0.2%. This ester sample 
contained 0.2% methyl vernolate. The methyl 
vernolate fraction, 8.7 mg (28 //mole), was iso- 
lated in the amount expected if glyceryl 
13-vernolates constituted 15% of the mono- 
vernolins. The third fraction contained small 
amounts (ca. 1 mg) of diglycerides and trigly- 
cerides. The slowest migrating fraction, 9 mg, 
was comprised principally of monoglycerides. 
GLC analysis on the OV-1 column indicated 
that vernolate esters made up 11% of the mono- 
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T A B L E  II 

G L C  A n a l y s e s  o f  M e t h y l  Es te r s  Der ived  F r o m  G l y c e r i d e  F r a c t i o n s  a 
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C 2 V  CV 2 
Acy l  Or ig ina l  

g r o u p  c 3 b  Whole  b /3 pos i t ionC,e  Whole  d /3 p o s i t i o n b ,  e v 3 d  FA d oil d 

C - 1 4 : 0  ~-,0.1 . . . . . . . . .  0 .6  --- 0.1 ~----,0.1 
C - 1 5 : 0  ~-,0.1 0.1 0 .2  --- 0 .6  0.  l 0.1 ~-,0.1 
C-I 6 :0  1 I.O 6 .0  l . l  4 .2  1.9 0 .4  5 .8  5 .0  
C - 1 8 : 0  10.5 6 .3  1.3 3.8 0 .9  0 .3  3 .9  4 .8  
C-18:1  29 .6  18.5 22 .7  7 .6  4 .4  0 .8  10.9  11.4  
C-18 :2  4 6 . 4  4 1 . 6  58 .0  2 4 . 3  12.1 3 .7  2 7 . 9  26.1  
C - 1 8 : 3  0 .7  0 .2  0 .9  . . . . . . . . .  0 .1 0 . I  
C - 1 8 : I E  f 0 .4  2 7 . 0  15.5 60 .2  79 .4  9 4 . 6  5 1 . 0  52 .0  
C - 2 0 : 0  1.2 0 .3  0 .2  . . . . . . . . .  0 .1 0 .2  
C-20:1  0 .2  0.1 0.2 . . . . . . . . . . . .  O. 1 

a T h e  s t r u c t u r a l  a s s i g n m e n t s  are t en t a t ive  a n d  are  based  o n  G L C  e lu t i on  t imes .  The re la t ive  a m o u n t s  we re  de- 
t e r m i n e d  b y  i n t e g r a t i n g  peak  a reas  a n d  c o n v e r t i n g  to  mo le  per  c e n t .  

b A v e r a g e s  o f  G L C  a n a l y s e s  o n  the  Resof lex  4 4 6  a n d  A p i e z o n  L c o l u m n s .  

CValues are based  on G L C  a n a l y s e s  on  the O V - I ,  Resof l ex  4 4 6 ,  a n d  Ap iezon  L c o l u m n s .  
d R e s o f l e x  4 4 6  c o l u m n  o n l y .  

e A f t e r  t r a n s m e t h y l a t i o n  o f  m o n o g l y c e r i d e s .  
f M e t h y l  ve rno l a t e .  

glycerides. Sodium methoxide transmethylation 
of the monoglycerides and GLC analyses of the 
derived methyl esters yielded the data given in 
Table II. 

Lipolysis of Divernolins 

S i m i l a r l y ,  142 mg ( 1 5 6  / l m o l e )  of 
divernolins was lipolyzed at 40 C with 40 mg of 
pancreatic lipase suspended in 3 ml of 1 M Tris 
buffer, 0.3 ml of 22% calcium chloride and 
0.75 ml of 0.1 M sodium cholate for 4 min. 
Agitation was provided by a rapidly spinning 
Teflon-coated bar magnet in a capped vial. The 
reaction products were recovered in a manner 
analogous to that used for the monovernolins, 
and they were similarly separated into five 
major fractions. The nonepoxy methyl esters, 
18 mg (equivalent to 62 ~umole of methyl lin- 
oleate),  were comprised of the following: 
C 1 5 :  0 ,  0 . 3 % ;  C I 6 :  0 ,  12.1%; C18:0, 14.1%; 
C l s : l ,  18.3%; C18:2 , 54.0%; C i s :  3, 0.5%; 
C20:0, 0.3%; C20:1, 0.3%. Methyl vernolate, 
33 mg (106 /amole), consti tuted 62% of the 
second major TLC fraction according to GLC 
analysis on the OV-I column. The third major 
TLC fraction contained 24/amole of normal tri- 
glycerides and 5 /amole of trivernolin (pre- 
sumably synthesized by the lipase (18) since 
the original divernolins appeared to be free of 
t r ivernol in) .  The diglycerides, 15 mg (24 
/amole), which migrated ahead of the monogly- 
cerides, were found by GLC analysis on the 
OV-1 column (after silylation) to be a mixture 
of monovernoloyl  and divernoloyl diglycerides. 
The ratio of mono- and divernoloyl diglycer- 
ides, 1.53:1.00, is that expected from the 

divernolins, if they are 80% a(c~')~-divernolins. 
The recovered monoglycerides, 15 rag, were 
found to be principally glyceryl vernolate. The 
g roups  bound to the /3 positions of the 
divernolins are listed in Table II. 

DISCUSSION 

Approximately half of the methyl esters ob- 
tained by sodium methoxide transmethylation 
of the seed oil of E. tomentosa was (+)-methyl 
vernolate. This ester was shown to be methyl 
( 1 2 S,  13R)-cis-I 2,13-epoxy-cis-9-octadecenoate 
by the following: The yon Rudloff oxidation of 
the acid-hydrolyzed ester yielded principally 
hexanoic and nonanedioic acids. A similar oxi- 
dation of the reduced dihydroxy ester, a di- 
hydroxystearate obtained by acetolysis and 
hydrogenation of the seed oil, yielded hexanoic 
and dodecanedioic acids. The lack of any signi- 
ficant IR absorption at 968 cm -1 indicated the 
one double bond was of cis configuration. The 
ORD curve of the methyl vernolate is similar to 
that of the methyl vernolate found in V. 
anthelmintica seed oil, which has a cis-epoxy 
group with a 12S,13R-configuration (17,20). 
Thus the epoxy group of the vernolate in E. 
tomentosa seed undoubtedly has the same con- 
figuration. 

Although separation of the seed oil into 
homogeneous classes of compounds was not 
completely successful, TLC analyses of the 
m o r e  rapidly migrating fractions, in con- 
junction with GLC analyses of derived methyl 
esters, indicated the following mole ratio of tri- 
glycerides in E. tomentosa seed: nonepoxy 
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TABLE III 

Principal Glycerides in Erlangea tomentosa Seed Oil 

Glyceride 
substituonts a 

a # a 

Tots1 of Nonepoxyacyl groups b 
each 

fraction 15 16 18 18:1 18:2 18:3 20 20:1 

V V V 16.0 
V A V 9.7 --- 0.9 0.5 2.1 5.6 
V V A 37.0 --- 3.6 3.8 6.5 21.8 
V A 14.q T 0.2 0.2 4.0 10.1 
V 18:1 A 4.0 --- 0.5 0.5 0.9 2.2 
V 18:2 A 1Q.I --- 1.2 1.3 2.2 5.5 
A V A 2.9 
A V A --- T T 0.1 0.9 

16 V A -- 0.1 0.1 0.4 
18 V A --- 0.2 0.4 
18:1 V A --- 0.7 

A A A 19.8 

o.I T T 

4 . ~  

4 . .  

4 . .  

. . .  

. . ~  

. ~  

av,  vernoloyl group; A, substituents listed under the acyl groups. No distinction has been made between the 
1 and 3 positions of the glycerol moieties and both diastereomers are listed together. 

bNumbers are mole per cent of specified triglycerides in the seed oil. All other estimates are rounded off to 
the nearest 0.1 mole per cent. ---, Indicate these components  are not present above the 0.1% level. Blank spaces 
indicate the isomer is listed elsewhere in the table. T shows those groups definitely present at levels less than 0.1%. 

g l y c e r i d e s ,  2 0 % ;  m o n o v e r n o l i n s ,  18%; 
divernol ins ,  47%; and  t r iverno l in ,  16%. More  
polar  glycerides  such  as would  have resu l ted  
f r o m  the  open ing  of  an  epox ide  were n o t  con-  
s idered since t hey  migra ted  wi th  the  f a t t y  acids. 

Even t h o u g h  it  has  been  d e m o n s t r a t e d  t h a t  
no t  all s t ra ight  chain  acids are cleaved at  t he  
same ra te  (18 ,20)  and  t h a t  ve rno loy l  g roups  are 
h y d r o l y z e d  more  slowly t h a n  o leoyl  g roups  
(21) ,  we have as sumed  tha t  the  monog lyce r ide s  
p r o d u c e d  b y  the  pancrea t i c  l ipase fair ly 
r ep resen t  the  acyl g roups  b o u n d  to the  /~ 
p o s i t i o n s  o f  the  or iginal  glycerides.  The  
d ivernol ins  p resen t  in the  seed oil,  and  l is ted in 
Table  I I I ,  were d e t e r m i n e d  di rect ly  f r o m  t he  
es ter  ra t ios  s h o w n  in Table  II. The  ra t ios  of  
s u b s t i t u e n t s  a t t a c h e d  to  the  a pos i t ions  of  the  
m o n v e r n o l a t e  glycerides  were e s t ima ted  by  
evenly  d i s t r ibu t ing  the  acyl  groups  no t  b o u n d  
at the  /3 pos i t ions  a m o n g  the  avai lable 
pos i t ions  of  b o t h  the  a-  and/~-vernolates .  

E. tomentosa is a n o t h e r  m e m b e r  of  the  
fami ly  Compos i t ae  wh ich  p roduces  seeds w i t h  
a p p r e c i a b l e  quan t i t i e s  of  vernola tes .  The  
m a n n e r  in  which  the  e p o x y a c y l  g roups  are dis- 
t r i b u t e d  a m o n g  the  d i f fe ren t  t r ig lycer ides  is far 
f r o m  r a n d o m  wi th  a p p r o x i m a t e l y  five of  six 
m o n o v e r n o l i n s  as a -verno la tes  and  four  of  five 
d iverno l ins  as a ( a ' ) ~ - d i v e r n o l a t e s .  This  p a t t e r n  
is in m a r k e d  con t r a s t  to  the  p ic ture  one  migh t  
have o b t a i n e d  by  l ipolysis  of  the  u n f r a c t i o n a t e d  
glycer ides  since 35% of  all t he  ~ pos i t ions  of  the  
t r ig lycer ides  are es ter i f ied to  vernol ic  acid. 

The  glycer ide ra t io  of  E. tomentosa seed oil  
has  on ly  a l imi ted  s imilar i ty  to  the  glycer ide  
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ra t ios  r e p o r t e d  by  Tal len t  e t  al. (8)  and F ior i t i  
et  al. (10 )  even t h o u g h  t w o  of  the  oils t hey  
s tud ied  are f rom p lan t s  (Crepis aurea and V. 
anthelmintica) t h a t  are m e m b e r s  of the  fami ly  
Compos i t ae .  The  ra t ios  of  the  a - m o n o v e r n o l i n s  
t o  t h e  f l -monoverno l ins  in E. tomentosa, 
Euphorbia lagascae (8) ,  and  V. anthelmintica 
(10)  are each  four  or five to  one. Only  E. 
tomentosa and V. anthelmintica (11)  have 
similar p r o p o r t i o n s  of  d ivernol ins ;  i.e., 70% to  
80% of  the  d ivernol ins  are a (0 t ' )~-d ivernol ins .  
However ,  t he  a m o u n t s  of  the  d ivernol ins  and  
t r ive rno l in  in the  V. anthelmintica oil differ  
marked ly  f rom tha t  of  E. tomentosa (10) .  In  
o v e r a l l  c o m p o s i t i o n  t h e  seed oil  of  E. 
tomentosa is mos t  like t h a t  r epo r t ed  for  E. 
lagaseae (8) ,  i.e., 10% n o n e p o x y  glycerides,  3% 
f l -monovernol ins ,  12% a - m o n o v e r n o l i n s ,  52% 
a ( a ' ) ~ - d i v e r n o l i n s ,  4% a ,a ' -d ive rno l ins ,  and  
19% t r ivernol in .  V e r n o l a t e  makes  up  58% of 
the  glycerol  esters of  th is  oil. 
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Bio-Oxidation of Linoleic Acid via MethylmalonyI-CoA 1 ,2 

JACOUELINE DUPONT and MELVIN M. MATHIAS 3, U. S. Army Medical Research and 
Nutritional Laboratory, Fitzsimons General Hospital, Denver, Colorado 80240 

ABSTRACT 

Unsaturated long-chain fatty acids are 
oxidized more rapidly than are saturated 
fatty acids of similar chain length in in- 
tact animals and isolated mitochondria. 
Gamma-oxidation of the 3-dodecenoic 
acid intermediate in beta-oxidation of 
oleate would yield propionate which is 
metabolized via methylmalonate. 14C- 
labeled fatty acids were administered to 
intact rats, muscle homogenates and lysed 
mitochondria. Methylmalonate, succinate 
and CO 2 were isolated and 14C deter- 
mined. Incorporation of U-14C-linoleate 
into methylmalonate in vitro was 20 
times greater than from U-laC-palmitate. 
Rats fed 20% corn oil grew more slowly 
on B12 deficient than B12 sufficient 
diets. Biotin and vitamin B12 deficiencies 
were found to decrease the in vivo 
metabolism of linoleate. These data sug- 
gest that one pathway of linoleate oxi- 
dation has methylmalonate as an inter- 
mediate. 

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

In 1956 Mead et al. (1) reported a study of 
fatty acid oxidation in mice. Fatty acids labeled 
with 14C were fed and expired CO 2 was col- 
lected. The total 14C expired in 24 hr from 
stearate was 29.1% of the dose; from oleate, 
57.8% and from linoleate, 38.4%. In a series of 
studies, Goransson and Olivecrona (2a) and 
Goransson (2b,c,d) compared disappearance of 
an intravenous dose of 3H-palmitate with other 
fatty acids labeled with 14 C in rats. They found 
that in 320 hr oleic, palmitoleic and linoleic 
were more rapidly lost than palmitic. Stearic 
acid was lost more slowly than palmitic. Lynn 
and Brown (3) reported that 14C-linoleate was 
oxidized more rapidly than 14C-stearate when 
they were fed to rats. Dupont (4) has also 
reported that linoleate was oxidized 10 times as 
fast as stearate when the fatty acids were in- 
jected into rats intraperitoneally. 

Ipresentcd in part at the 12th International Con- 
ference on the Biochemistry of Lipids, Loughborough, 
England, September 1968. 

2Scientific Series Paper No. 1384, Colorado Agri- 
cultural Experiment Station. 

3present Address: Department of Food Science 
and Nutrition, Colorado State University, Fort Collins 
80521. 

Lynn and Brown (3) have demonstrated that 
lysed rat mitochondria oxidize carboxyl-labeled 
linoleate and linolenate to CO 2 more rapidly 
t h a n  t h e y  oxid ize  stearate. Bressler and 
Friedberg (5), using beef heart mitochondria, 
found that linoleate and oleate were Oxidized 
more rapidly than palmitate. More recently 
Bjorntorp (6) compared oxidation rates of 
albumin-bound fatty acids C2 through C18, and 
mono- and di-unsaturated C18 fatty acids. Incu- 
bation with rat liver mitochondria yielded oxi- 
dation rates which followed Michaelis-Menten 
kinetics. Short chain fatty acids were oxidized 
more rapidly tnan longer chains on a molecular 
basis. When calculated on a carbon basis shorter 
chains were also oxidized more rapidly, except 
for linoleate, which was oxidized as rapidly as 
butyrate. 

Unsaturated fatty acids of C16 and C18 
were more rapidly oxidized than saturated fatty 
acids of the same length in all the studies cited. 
There are several sites in the overall absorption 
and metabolism of fatty acids where differences 
in rates may exist. The facts that isolated mito- 
chondria behave like the intact organism and 
that route of administration of the fatty acids 
has no effect suggest that one of the rate differ- 
ences exists at the mitochondrial level of 
metabolism. Lynn and Brown (3 )a t t r ibu ted  
their findings to a greater activity of activating 
e n z y m e s  for the unsaturated fatty acids. 
Bjorntorp (6) concluded from his studies that 
adsorption of the fatty acid to the mito- 
chondrion did not account for the difference in 
rates of oxidation. 

Complete oxidation of fatty acids has long 
been assumed to be via 13-oxidation. 13-Oxidation 
cannot account for complete oxidation of 
unsaturated fatty acids. The double bond in the 
9 position makes total /3-oxidation impossible 
unless the double bond is shifted to an even 
position. Stoffel (7) has proposed a pathway 
for oxidation of unsaturated fatty acids by 
which the double bond shifts from the 9 to the 
8 position. The existence of this pathway has 
been clearly demonstrated, but it does not 
necessarily account for more rapid oxidation of 
unsaturated than saturated fatty acids. 

Sinclair (8) proposed that hydration may 
occur at the ~' double bond which would be 
present after 6 carbons had been removed by 
/3-oxidation. The result would be the splitting 
off  of a propionyl-CoA molecule. This pathway 
could account for the more rapid oxidation of 
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E x p e r i m e n t  2 b, g / 1 0 0 g  
E x p e r i m e n t  I a 

g / 1 0 0 g  Beef tallow Corn oil Propionate 

Pro t e in  30 .0  c 20 .4  d 2 0 . 4  20 .4  
Sal t  mix  4 .0  e 4 .0  f 4 .0  4 .0  
C a r b o h y d r a t e  54 .7g  49 .9  h 4 9 . 9  47 .9  
Cellulose. 4 .0  5 .0  5 .0  5.0 
Corn nip 7.3 0 20.0 20.0 
Beef tallowJ --- 20.0 0 0 
Na-propionate +k 0 0 2,0 
Vitamin mix 0.71 0.7 0.7 

aConducted at Colorado State University. 
bConducted at U.S. Army Medical Research and Nutrition Laboratory. 
cVitamin-free casein was replaced with desiccated egg-white in the biotin deficient group, 

General Biochemicals, Chagrin Falls, Ohio. 
dVitamin-free casein supplemented with 4 g of L-methionine per kilogram of diet, 

Nutritional Biochemicals, Cleveland, Ohio. 
eJones and Foster, GBi. 
fRogers and Harper, NBC. 
gCornstarch, GBI. 
hDextrin, NBC. 
iMazola, obtained on local retail market. 
JRendered beef kidney fat. 
kMiUigram per kilogram of diet: thiamine-HCI, pyridoxine-HCl, riboflavin, 5.0; niacin, 

Ca-pantothenate, 20; folic acid, 2.0; BI2, 0.03; menadione, 4.0; ealciferol, 0.1; vitamin A 
acetate, 3.0; O~-tocopherol, 100; para-aminobenzoic acid, inositol, 200; choline CI, 2,000. 
Controls received 0.2 mg of biotin per kilogram of diet. 

IModified from Leveille et el. (16) to contain per kilogram of diet: vitamin A, 10,000 IU; 
vitamin D 2, 2,000 IU; (in mg) 0~-tocopheryl acetate, 100; menadione, 0.05; biotin, 0.44; 
Ca.pantothenate, 66.0; folic acid, 2.0; p-aminobenzoic acid, I10.0; inositol, 110.0; niacin, 
100.0; pyridoxine-HCI, 22.0; riboflavin, 22.0; thiamine-HCI, 22.0; L-ascorbic acid, 1,000; 
and choline CI 3,000. Controls received 0.1 mg crystalline vitamin B12 per kilogram of diet. 

un sa tu r a t ed  t han  sa tu ra ted  fa t ty  acids. 
The  me tabo l i sm of  p rop ion ic  acid has been  

reviewed by Kaziro and  Ochoa  (9).  The  series 
of r eac t ions  leading i n to  the  c i t ra te  cycle is: 

Biotin-dependent 
PropionyI-CoA + HCO 3- + ATP carboxylase It, 

MethylmalonyI-CoA + ADP + Pi 
B 12-dep endent 

Metbylmalonyl-CoA ~ SuccinyI-CoA 
mutase 

T h i s  p a t h w a y  leads to the  synthes is  of 
oxa loace ta t e  which  may  then  be available for  
p r iming  the  c i t ra te  cycle w i t h o u t  pa r t i c ipa t ion  
of  c a r b o h y d r a t e .  This  could  logically a c c o u n t  
for  more  rapid  o x i d a t i o n  of  uns a t u r a t ed  f a t t y  
acids. A n o t h e r  in te res t ing  aspect  of  th is  pro- 
posed pa thway  is the  poss ibi l i ty  of  syn thes i s  of  
c a r b o h y d r a t e  f rom u n s a t u r a t e d  f a t t y  acids by  
the  classical g luconeogen ic  pa thway .  

The  present  e x p e r i m e n t s  have ~oeen con-  
d u c t e d  to  d e t e r m i n e  w h e t h e r  unsa tu ra t ed  long 
chain  fa t ty  acids yield m e t h y l m a l o n a t e  as 
Sinclair  p roposed .  

MATERIALS AND METHODS 

Sources  of  d ie tary  ingred ien ts  are s h o w n  in 
Table  I. Radioac t ive  fa t ty  acids were ob ta ined  
f r o m  A p p l i e d  Science Labora to r ies ,  Sta te  
College, Pennsylvania ,  or Tracer lab ,  Wal tham,  
Massachuset ts .  The  non- rad ioac t ive  f a t ty  acids 
were ob t a ined  f rom the  Hormel  Ins t i t u t e  or 
Appl ied  Science.  Col lec t ion  of  CO 2, in vivo, 
was as previously  r epo r t ed  (10) .  The  in vi t ro 
i n c u b a t i o n s  (11)  were carr ied ou t  in 25 ml 
E r l e n m e y e r  flasks s toppe red  wi th  r u b b e r  serum 
s toppers  which  were f i t ted wi th  a hanging  
plast ic  cup.  At  the  end  of  the  i n c u b a t i o n ,  0.2 
ml e t hano l amine -me thy l ce l l o so lve  (1 : 2 v/v)  was 
in jec ted  in to  the  cup using a needle  and  syringe 
and  the  i n c u b a t i o n  was s topped  and  the  CO 2 
l ibe ra ted  by  in jec t ing  0.5 ml of 0 .6N HC104 
di rec t ly  in to  the  med ium.  The  i n c u b a t i o n  was 
c o n t i n u e d  for  at least  90 min to al low absorp-  
t ion  of  the  CO 2 . The  cup and  its c o n t e n t s  were 
c o u n t e d  in 15 ml  of  Bray 's  sc int iUant  (12) .  

E x t r a c t i o n  of  d icarboxyl ic  acids f rom liver 
was by  h o m o g e n i z a t i o n  in a Waxing Blendor  
wi th  5 vol of  ace tone  acidif ied wi th  HC1. The  
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TABLE II 

Rf Values on Silica Gel a Developed With a 
Water-Saturated Diethyl Ether-Formic 

Acid (15 : 1) Solvent b 

Acid Rf 

Malic 0.58 
Lactic 0.67 
~hydroxybutyric 0.73 
Succinic 0.82 
Methylmalonic 0.87 
Fumaric 0.90 
Fatty Acids 1.00 

aMallinckrodt precoated plates 7 G. 
bSee reference 24. 

homogena te  was fi l tered and solvents evapo- 
rated. The residue was dissolved in a small 
amoun t  of  acid ace tone  and an al iquot  used for  
thin layer chromatography .  

Incuba t ion  flask con ten t s  were adjusted to  
pH 12 by addi t ion of  NaOH to hydrolyze  any 
methy lmalony l -CoA present  (13,14).  Carrier di- 
carboxyl ic  acids were added.  The sample was 
then  acidified to  pH 2 and homogenized  in a 
Waring Blendor  with 2 vol of acetone.  The  
homogena te  was fi l tered and the acetone evapo- 
rated. The aqueous residue was ext rac ted  3 
t imes with  2 vol of  e thyl  ether.  The e thyl  e ther  
was evaporated and the residue t reated the 
same as liver extracts.  Organic acids were 
ext rac ted  f rom urine by washing 3 t imes wi th  
e thyl  e ther  after acidif icat ion to pH 2 with HC1. 

Thin layer ch romatography  of  d icarboxyl ic  
acids was per formed  on pre-coated silica gel 
plates, obta ined f rom MaUinckrodt,  by the 
me thod  of  Ting and Dugger (15). The plates 
were act ivated at 100 C for 30 min prior to use. 
Samples were streaked on 5 x 20 cm plates. The 
developing solvent used by Ting and Dugger 
was water-saturated diethyl  ether  and 88% 
formic  acid in a ratio of  7 to 1. For  the sepa- 
rat ion of  me thy lma lona te  f rom fumarate  we 

found  a ratio of  e ther - formic  acid 15:1 to be 
satisfactory.  Plates were developed for approxi-  
mate ly  65 rain at r o o m  tempera ture  in solvent 
saturated glass tanks. Bands were detected by 
spraying with  a mixture  of  0.1% methyl  red and 
0.3% brom phenol  blue (1 : I ) .  The bands were 
yel low to  orange on a blue-purple background.  
Table II shows the Rf values of  some organic 
acids as de termined  in this laboratory.  Absolu te  
Rf  varied f rom t ime to t ime,  but  relative 
posi t ion of  the acids found was constant.  Bands 
were scraped f rom the plates into scinti l lat ion 
vials and counted  in to luene  scintillant con-  
taining 4 g  2 ,5-diphenyloxazole  and 50 mg 
1 , 4 - d i  2-(  5-p  h e ny  lo  x az o lyl ) -benzene/ l i ter .  
Radioact iv i ty  de terminat ions  were made using a 
Beckman Liquid Scinti l lat ion system Model  
LS200.  Correct ions  were made for background 
count ing and quenching.  

EXPERIMENTAL PROCEDURES 

In Vivo Experiments 

Experiment 1. Young adult  female rats 
(Sprague-Dawley derived, Labora tory  Suppliers, 
At lanta)  were made def ic ient  in biot in by 
feeding a 30% egg white  diet wi thout  biot in  
(Table I) for  11 weeks. These and the controls  
fed casein and biot in were given a dose of  
U -14C-palmitate  or  -l inoleate as the sodium salt 
in t raper i toneal ly .  Expired CO 2 was col lected 
for 1 hr  and the rats were then  killed and liver 
me thy lma lona te  ext rac ted  and analyzed. 

Experiment 2. Male Hol t zman  rats (50-60 g) 
were fed diets containing different  fat sources 
at the level of  20% with  or  wi thou t  sup- 
p lementa l  vi tamin B 12 (Table I). Corn oil was 
subst i tu ted for beef  ta l low in order to  change 
the  dietary intake of  l inoleate.  As a fur ther  
stress of  the vi tamin B12-requiring systems 2% 
sodium propiona te  was added to the  c o r n  oil  
diet (17-20).  

Af te r  the rats were on their respective 

TABLE III 

Incorporation of U- 14C.Palmitat e or -Linoleate 
Into Methylmalonate and CO 2 by Female Ratsa 

14C expired 
in 1 hr b 14 C in methylmalonate c 

Label Biotin Per cent of dose dpm/liver 

Palmitate + 2.60 + 0.25 60 -+ 31 
Palmitate 3.82 - 0.43 10 -F 3 
Linoleate + 7.82 + 1.64 290 -+ 226 
Linoleate 6.22 + 1.08 23 + 9 

aTotal of 0.8 btc per rat (630 mc/m mole) as the Na salt. 
bSix rats per group. 
CThree to four rats per group. 
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TABLE IV 

Body Weight at 6 Weeks After Weaning of Male Holtzman Rats 
Fed a Diet Containing 20% Fat :!: Vitamin BI2 

481 

Number Average 
Dietary treatment  ab or rats body  weighk g 

I Beef tallow - BI2 11 258 + 36 c 
II Beef tallow + B12 10 2"/0 + 20 

III Corn oil-  B12 18 234 +29 
1V Corn oil + BI2 17 282 + 23 
V Corn oil + 2% 

Propionate  - B12 7 178 + tO 
VI Corn oil + 2% 

Propionate + BI2 7 260 + 33 

aSee Table I for detailed compos i t ion .  

bstatistical " t "  tests: I vs. II: ns; I vs. III: ns; II vs. IV: ns; I!I vs. IV: ~ . 0 0 1 ;  I vs. V: 
"(.001 ; I1 vs. VI: ns; V vs. VI: ~ . 0 0 1 ;  I11 vs. V: ~ .001  ; IV vs. VI: ns. 

CMean +- standard error. 

d ie ta ry  t r e a t m e n t s  for  6 weeks,  U -14C-l inoleate  
was admin i s t e r ed  in t r ape r i tonea l ly .  Ur ine  was 
co l lec ted  for  4 days  and  ana lyzed  for  radio-  
act ive d ica rboxyl ic  acids. 

In Vitro Experiments 

Whole Homogenate. Rat  hear t s  were h o m o -  
genized in 9 vol of  Krebs  p h o s p h a t e  buf fe r  
minus  CaC12 and  the  h o m o g e n a t e s  were incu-  
ba ted  wi th  U-14C-palmi ta te ,  -oleate or  -lino- 
lea te  (5)  in a l bumin  complex .  M e t h y l m a l o n a t e  
and  succinate  were isolated and  14C de ter -  
mined .  

Lysed Mitochondria. Hear t ,  red (rectus 
femoris) and whi te  (adductor magnus) skeletal  
muscles  were o b t a i n e d  f rom male H o l t z m a n  
ra t s  fed l abora to ry  chow.  A 10% h o m o g e n a t e  
was made  in 0 .175 M KC1 using an Omni-Mixer ,  
t h e n  a Tef lon-pes t le  t issue homogen ize r .  Nuclei  
and  cell debr is  were r em oved  by cent r i fug ing  at 
600  X g for 10 rain;  the  s u p e r n a t a n t  was 
r ecen t r i fuged  at 8500  X g for  20 rain at  4 C. 
The  m i t o c h o n d r i a l  f rac t ion  was r e suspended  in 
dist i l led water.  The  i n c u b a t i o n  m e d i u m  was 

t h a t  used by  Fr i tz  and  Yue (21)  minus  malate .  
P ro te in  was d e t e r m i n e d  by  the  mic rob iu re t  pro-  
cedure.  

RESULTS 

In Vivo Experiments 

Biot in  def ic ien t  ra ts  i n c o r p o r a t e d  signifi- 
cant ly  less rad ioac t iv i ty  f rom U-14C-l inolea te  
i n to  m e t h y l m a l o n a t e  t han  con t ro l  ra ts  (Tab le  
III).  As previously  s h o w n  (1-4) ,  l inolea te  was 
ox id ized  more  rapid ly  t h a n  pa lmi t a t e  in con t ro l  
an imals  (P < 0 .005) .  The  d i f fe rence  b e t w e e n  
l inolea te  ox ida t i on  ra tes  in b io t in  def ic ien t  and  
con t ro l  ra ts  was no t  s ignif icant .  Pa lmi ta te  oxi- 
da t ion  was s ignif icant ly  greater  (P < 0 .025)  in 
b i o t i n  def ic ien t  t h a n  con t ro l  rats.  B io t in  
def ic iency  decreased the  in vivo i n c o r p o r a t i o n  
of  b o t h  f a t ty  acids in to  m e t h y l m a l o n a t e ;  the  
ef fec t  on  l inoleate  was more  severe. 

V i t amin  B12 def ic iency  as evaluated  by  
g rowth  r e t a rda t ion ,  s h o w n  in Table  IV,  was 
p r o d u c e d  by a corn  oil  basal die t  bu t  no t  by  
one  con ta in ing  beef  ta l low as the  sole d ie ta ry  

TABLE V 

Urinary Excretion of 14C-Methylmalonate and -Succinate F'rom 
U-14C-Linoleate of Male Rats Fed 20% Beef Tallow or Corn Oil 

+ Vitamin B 12 for 6 Weeks After Weaning a 

Vitamin 
BI2 

Beef tallow, dpm/rat Corn oil, dpm/rat 

Time Succ. Memal. Succ. Memal. 

0-12 218 603 1281 2379 
12-24 289 166 244 348 
24-48 266 214 355 59 

0-12 344 1275 1243 2223 
12-24 185 355 229 547 
24-48 141 207 222 659 

aTotal of 2.9/Jc rat (630 mc/m mole) as the Na salt. Three rats per group. 
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TABLE VI 

Incorporation of U-14C-Fatty Acids Into 
Methylmalonate by Whole Rat Heart Homogenates a 

Methylmalonate 
Label dpm/mg tissue 

Palmitate 6 
Oleate 16 
Linoleate 54 

aMedium: Krebs phosphate buffer minus CaCI 2, 
0.014 mM bovine serum albumin, O.l mM fatty acid 
(2 mc/m mole), 11 mg tissue per flask. Total volume, 
1.2 ml. Incubated 30 rain at 37 C. 

fat (P < 0.001). A further growth depression (P 
< 0 . 0 0 1 )  was f o u n d  when 2% sodium 
propionate was incorporated into the corn oil 
basal diet deficient in vitamin B 12. 

Radioactivity found in urine of these rats for 
the 48 hr following intraperitoneal injection of 
U-14C-iinoleate is shown in Table V. In the first 
12 hr after injection of U-14C-linoleate rats fed 
corn oil with or without vitamin Bt2 supple- 
ment excreted more labeled methylmalonate 
and succinate than rats fed beef tallow, but rats 
f e d  beef tallow with vitamin B 12 excreted the 
least labeled methylmalonate and succinate of 
all groups. In the second 12 hr and in the 
second day there were no differences between 
beef tallow with or without B~2 and corn oil 
with B]2. The rats fed corn oil without B~2 
c o n t i n u e d  to excrete 14C-methylmalonate 
through the second day, while those receiving 
B12 excreted very little laC-methylmalonate 
on the second day. 

In Vitro Experiments 

Incorporation of U J 4 C  fatty acids into 
methylmalonate by whole heart homogenates is 
shown in Table VI. The incorporation of label 
into methylmalonate follows the same pattern 
as production of 14CO2 from laC-fatty acids 
as reported by Bressler and Friedberg (5). 

Lysed mitochondria from different muscle 
tissues were incubated with U-taC-llnoleate or 
-palmitate. The data in Table VII indicate that 

4C-methylmalonate and -succinate produced 
from linoleate was 20 to 30 times that from 
palmitate in heart and white muscle mito- 
chondria. The different results in palmitate 
metabolism by red skeletal muscle are of 
interest to the study of energy metabolism. 

DISCUSSION 

Some indirect evidence has accumulated to 
suggest that linoleate can be catabolized by the 
metabolic pathway which exists for propionate. 
Hahn et al. (22) have consistently shown an 
increase in blood glucose level after linoleate 
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i n t u b a t i o n  to  i n f a n t  rats.  The  f inding t ha t  satu-  
ra ted  fa ts  are more  ke togen ic  t h a n  u n s a t u r a t e d  
fats  (10 ,23 ,24 )  f u r t h e r  suppor t s  the  premise  
t h a t  l inoleate  has the  po ten t i a l  to  supply  
oxa loace ta te .  

We have d e m o n s t r a t e d  t h a t  b io t in  and  
v i t amin  B 12 def ic iencies  adversely a f fec ted  in 
vivo l inolea te  u t i l iza t ion .  The  i n c o r p o r a t i o n  of  
U - 1 4 C - l i n o l e a t e  i n to  ur inary  14C-methyl -  
m a l o n a t e  and  the  s lower  ra te  of  i ts  disap- 
p e a r a n c e  f r o m  t h e  u r i n e  o f  v i t a m i n  
B 12-def ic ient  ra ts  (Tab le  V) ind ica ted  t h a t  l ino- 
lea te  was a source  of  u r inary  m e t h y l m a l o n a t e .  
It  cou ld  be one  o f  the  sources  o f  u r inary  
m e t h y l m a l o n a t e  excre ted  by v i tamin  B12 
def ic ien t  h u m a n s  (25 ,26) ,  ra ts  (27 ,28 )  and  
h a m s t e r s  (29) .  The abi l i ty  o f  a diet  con ta in ing  
h ighly  u n s a t u r a t e d  lipid (Table  IV)  to  e n h a n c e  
a v i t amin  B12 def ic iency  resembles  the  well- 
k n o w n  effect  of  d ie ta ry  p r o p i o n a t e  (17-20) .  
The  slight g r o w t h  r e t a r da t i on  caused by  a 
d e f i c i e n c y  of  v i t amin  B12 in the  group 
receiving beef  ta l low was p r o b a b l y  caused by 
t he  o lea te  in bee f  ta l low,  

These  resul ts  s t rongly  suppor t  Sinclair ' s  
h y p o t h e s i s  t ha t  u n s a t u r a t e d  f a t t y  acids can be 
par t ia l ly  ox id ized  via the  pa t hw ay  wh ich  exists  
for  p r o p i o n a t e  ca tabol i sm.  The  physiological  
s ignif icance for  th is  p a t h w a y  and  the  one  pro-  
posed  by Stoffe l  (7)  needs  to be s tudied.  
R e c e n t  r epor t s  have suggested t ha t  comple t e  
o x i d a t i o n  of  o lea te  and  l inolea te  occurs  in l iver 
on ly  via f l -oxidat ion (30 ,31) .  A n d e r s o n  (30)  
suggests t ha t  U-14C-l inolea te  yields pr imar i ly  
a ce toace t a t e  a n d / ~ - h y d r o x y b u t y r a t e  u p o n  incu-  
b a t i o n  wi th  isola ted rat  liver m i t o c h o n d r i a .  
A n t o n y  and  L a n d a u  (31)  give ev idence  t h a t  
10-14C oleate  yields p r e d o m i n a n t e l y  ace ta te  
u p o n  i n c u b a t i o n  wi th  liver slices in the  presence 
of  glucose. 

O u r  studies have s h o w n  t h a t  oleate  is 
me t abo l i z ed  at a d i f fe ren t  ra te  f rom l inoleate ,  
bu t  t h a t  b o t h  yield grea ter  a m o u n t s  of  m e t hy l -  
m a l o n a t e  in vivo and  in vi t ro  t han  pa lmi t a t e .  
Liver  me tabo l i zes  f a t t y  acids d i f fe ren t ly  f rom 
muscle .  Whe the r  all poss ible  p a t h w a y s  exist  in 
all t issues or d i f f e ren t  t issues use specific pa th-  
ways  r ema ins  to  be  de t e rmined .  

The  p r imary  ques t i on  to  be answered  has  
been  by  wha t  means  u n s a t u r a t e d  f a t t y  acids are 
more  rapidly  ox id ized  t han  sa tu ra ted  fa t ty  
acids, P roof  o f  the  m e t h y l m a l o n a t e  p a t h w a y  
w i l l  r e q u i r e  d e m o n s t r a t i o n  t ha t  m e t hy l -  
m a l o n a t e  is der ived d i rec t ly  f rom unsa tu ra t ed  
f a t t y  acids and  no t  f rom sa tu ra ted  ones.  The  
p resen t ly  r epo r t ed  s tudies  ind ica te  s t rongly  t h a t  
such  is the  case, and  t h a t  in consequence  the  
o x i d a t i o n  o f  u n s a t u r a t e d  f a t t y  acids is more  
rap id  t h a n  t ha t  of  s a tu ra t ed  f a t t y  acids. 
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Preparation of 14C.Labele d Fatty and Anacardic Acids 
from Ginkgo biloba 

JOANNE L. GELLERMAN and HERMANN SCHLENK, 
University of Minnesota, The Horrnel Institute, Austin, Minnesota 55912 

ABSTRACT 

Acetate labeled with 14C was infused 
into shoots of Ginkgo. Up to 16% of the 
radioactivity was incorporated into lipids. 
Most of it was found in the leaves and 
stems, but after 9 days, the lipids of roots 
also contained an appreciable amount of 
r a d i o a c t i v i t y .  Radioac t ive  palmitic, 
linoleic and other common acids were iso- 
lated as methyl esters; 5,11,14-20:3 and 
esters of similar type were isolated pure 
or together with their isomers of normal 
structure; anacardic acids were separated 
as such from the fatty esters. 

INTRODUCTION 

An investigation of the toxic effects of 
anacardic  acids (6-alkylsalicyclic acids) on 
microorganisms has been undertaken in this 
laboratory (1) on the basis of recent advances 
in analysis and preparation of these acids (2). 

OH COOH 

R is n-alkyl, C 13, Cts ,  or C 17 with 0 to 3 
double bonds; abbreviated An l3 :0 ,  A n l 5 : l ,  
etc. 

Anacardic acids labeled with 14C were 
needed for further pursuit of such studies and it 
was decided to prepare them by biological 
synthesis from ginkgo plants. Ginkgo produces 
A n l 5 : l  and A n l 7 : l  as major anacardic acids. 
In addition, 5,11,14-20:3 and related polyenoic 
acids with a double bond remote from others 
occur in ginkgo lipids together with common, 
saturated and unsaturated fatty acids (3,4). 

In view of the simplicity of application, the 
use of radioactive acetate as precursor seemed 
preferable to 14CO2, The technique involves 
infusion of the aqueous solution of the radio- 
active precursor by means of a wick which is 
threaded through the stem of the plant. This 
procedure had been used mainly with small 
amounts of precursors at low level radioactivity 
to explore biosynthetic pathways (5). There- 
fore some pilot experiments were made to 
ascertain the efficiency of this method for our 
preparative purposes, These results are reported 

together with those of a larger scale experiment 
where 6 mc 1-14C-acetate was applied. 

PROCEDURES AND RESULTS 

Ginkgo plants were used outdoors with 
shoots of one season's growth from four year 
old roots. The biggest diameter of the stems 
was about �88 in. and the plants were 23 to 30 
in. in height when the radioactive sodium 
acetate was administered in experiments during 
August 1968. Heavy cotton knitting yarn was 
threaded through the stem just above the first 
leaf from the ground. One end of yarn was cut 
flush with the stem and the other end was cut 
to 3-4 cm in length. A 5 ml beaker was 
mounted somewhat below that point, but not 
fastened to the stem. The end of the yarn was 
placed into the beaker and sodium acetate, 2 
mg (200 pc 14C) or 82 mg (2,000pc 14C) in 2 
ml water was added. The solution was taken up 
in daylight within 4-12 hr varying with individ- 
ual plants and weather conditions. At least 2 ml 
of distilled water was then added to rinse resid- 
ual acetate from the beaker and wick into the 
plant. Time periods from beginning of infusion 
to harvesting were 11/2 to 9 days as specified in 
Table I. 

Leaves, stems and, with the higher activity 
preparation, also the roots were cut, weighed 
and extracted twice in an Omnimixer with 
CHC13:CH3OH , (2:1 v/v). The extracts were 
washed with 0.2 volume of 0.9% NaC1 in water. 
Aliquots of the chloroform phases were taken 
to dryness, weighed and counted in a scintil- 
lation counter. The extracts were colored and 
correction factors for quenching were deter- 
mined from model mixtures with radioactive 
standards. The main portions of lipids were 
saponified by refluxing for 4 hr in 2N ethanolic 
KOH. Nonsaponifiables were extracted with 
diethyl ether. 

Fatty and anacardic acids were recovered 
and the former were esterified selectively by 
reflux for 30 min in 10 vol of dry methanol 
containing 3% sulfuric acid (2). The mixture of 
fatty esters and anacardic acids was extracted 
by diethyl ether after addition of 10 vol of 
water. Esters and acids were then separated by 
chromatography on silicic acid. For example, 
70 g SiO 2 (Malhnckrodt 100 mesh) was used in 
a column 3 cm O.D. and 30 cm long for 1.6 g 
of the mixture. The adsorbent had been acti- 
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vated at 120 C overnight but  was then slightly 
deactivated to minimize trailing of anacardic 
acids. Commercial  hexane with diethyl ether, 
increasing in concentration from 1% to 4% was 
used as developing solvent and eluent (2). The 
effluent fractions were combined according to 
radioactivity and TLC analysis of aliquots. 

The specific activity of  anacardic acids and 
fat ty acid methyl  esters was determined (Table 
I). The anacardic acids consisted mainly of  
A n l 5 : l  and A n l 7 : l  and further fractionation 
was not  necessary for our purpose. The distri- 
b u t i o n  o f  rad ioac t iv i ty  among individual 
anacardic acids was determined on microscale 
by GLC of their dimethyl ether esters. GLC was 
carried out in aluminum tubing, 107 cm x 6.3 
mm O.D., packed with cycloheptaamylose 
acetate, 5% on Chromosorb W, silicone treated, 
60-80 mesh (Johns-Manville), at 236 C and 3.1 
atm inlet pressure (2). The fractions were col- 
lected and counted (6) (Table II). 

The puri ty of anacardic acids from prepara- 
t ion 3, leaves plus stems, was carefully checked. 
About  3.5% of the radioactivity appeared in 
GLC with the solvent front (Table II) whereas 
their chemical puri ty was about 99.8%. Special 
experiments showed that the contaminants 
were mainly fa t ty  acids which emerge as methyl  
esters close to the solvent front in GLC of 
anacardic acid dimethyl ether esters. The ratio 
of specific activities of fat ty  acids-anacardic 
acid is about  20:1 (Table I). Therefore, these 
small amounts  of fat ty acids account for the 
r e l a t i v e l y  large percentage of radioactive 
impuri ty in this area. The selective esterifi- 
cation procedure was repeated by refluxing the 
sample for 20 rain in 1.33N HC1 in dry 
methanol.  After  chromatography on SiO2 96% 
of the anacardic acids were recovered. Their 
radioactive contamination had been decreased 
from 3.5% to 0.2%. Accordingly,  their chemical 
contamination by fat ty acids is in the order of  
0.01%. 

Fa t ty  esters obtained by the initial sepa- 
ration from anacardic acids were analyzed by 
GLC and counting (6) (Table II). Individual 
fatty esters from Experiment 3, leaves plus 
stems, were then isolated by liquid-liquid 
chromatography followed by GLC of port ions 
up to 200 mg (4,6). Their specific activities 
were determined and are listed in Table III. 

DISCUSSION 

More than 700 mg of anacardic acids having 
a 14C activity of approximately 9 x 104 
DPM/mg have been obtained in high puri ty.  
Between 4 and 15 mg of polyenoic fat ty acids 
with a double bond structure 5,11... have been 
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TABLE 11 

Percentage Composition and Activity of Acids a 

Exp. No. 

Composition, % Radioactivity, % 

3 1 2 3 
Leaves Roots Leaves Leaves Leaves Roots 
+ stems + stems + stems + stems 

Anacardic 
Acids 

Solvent front . . . . .  2.9 1.6 3.5 b 18.4 
Anl3:0 3.2 3.6 6.6 S.1 9.1 3.0 
Anl 5:1 60.9 74.2 70.0 65.8 73.6 57.9 
AnlT:l  35.9 21.6 20.5 27.4 18.7 20.7 
Fatty Acids c 

14:0 3.2 --- 1 1.2 1.6 --- 
16:0 22.1 17.2 31.4 28.8 23.9 26.9 
16:1 3.6 2.9 2.4 2.7 2.6 2.$ 
18:0 4.5 --- 3.2 3.4 2.7 --- 
18:1 9.2 12.9 33.7 21.6 17.0 31.3 
18:2 14.1 32.8 19.2 25.5 33.1 25.8 
18:3 37.5 10.0 3.8 10.8 10.7 3.6 
20:3 3.1 14.4 3.4 4.2 5.2 5.0 
20:4 1.4 --- 0.4 0.7 1.2 --- 

aGLC area per cent and per cent 14C in collected fractions of anacardic ether esters and 
fatty esters. 

bMainly fatty acid methyl esters. 
eStructures, see Table III. 

isolated and their  activity was in the order  of  
106 DPM/mg. In addi t ion ,  numerous  c o m m o n  
fa t ty  acids of  similar activity were ob ta ined .  
The specific activities of  individual c o m p o u n d s  
f rom the  same b iosyn the t i c  expe r imen t  are dif- 
fe rent  (6) and one  has also to  expec t  d i f fe rent  
levels o f  activities wi thin  each c o m p o u n d  (7). 
Unequal  labeling may be part icularly pro-  
nounced  in molecules  of  anacardic acids where  

an a romat ic  ring and an al iphat ic  chain are com- 
bined.  

When compar ing specif ic  activities, it is seen 
that  14C was inco rpo ra t ed  more  eff ic ient ly  
f rom 2-14C - than f rom 1-14C- acetate (Table I, 
Exp.  2 vs. 1 and 3). Incorpora t ion  in fa t ty  acids 
was essentially the same af ter  1V2 and 9 days 
whereas the  p ropor t ion  o f  radioact ivi ty in ana- 
cardic acids had increased within this period 

TABLE III 

Fatty Acid Methyl Esters Isolated From Leaves and Stem of Ginkgo a 

Compound mg DPM x 106/mg Position of double bonds b 

14:0 6.9 1.07 
16:0 106.6 1.69 
16:1 9.7 1.30 9- and trans-3 -c 
16:2 2.2 0.95 7,10- and 9,12- 
16:3 15.2 0.53 mainly 7,10,13- 
18:0 4.6 1.70 
18:1 51,0 2.39 mainly 9- 
18:2 66.7 3.14 87% 9,12-; 13% 5,11- or 5,9- 
18:3 166,1 0.36 9,12,15- with I% 5,11,14- 
20:1 0.7 2.41 ? 
20:2 4.6 0.94 5,11- 
20:2 2.2 2.03 11,14- 
20:3 15.6 1.59 S,l 1,14- 
20:4 10.2 0.22 5,11,14,17- 

aExperiment 3 of Tables I and II. 
bBy comparison of retention times with those of authentic samples (4). 
CCompound newly reported from ginkgo leaves; identified by ozonolysis, IR spectrum 

and mp. 
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(Exp. 1 and 3). The biosynthetic sequences 
leading to anacardic acids apparently proceed 
slower than the synthesis of fatty acids. 

Although the percentage of radioactivity 
incorporated in fatty acids did not markedly 
change after IV2 days, the distribution of 14C 
shifted with time in favor of the more unsatu- 
rated acids. For example, chemical percentages 
of 18:2 in leaves and stem are similar in experi- 
ments 1, 2 and 3 while its radioactive percent- 
age was higher in the longer term experiments 2 
and 3. The distribution of 14C among fatty 
acids in roots after 9 days is very similar to that 
of the fatty acids in the leaves from the shorter 
term experiment 1. Similarly, the percentage of 
14 C in anacardic acids is smaller in leaves from 
experiment 1 and in roots from experiment 3 
than in leaves from experiments 2 and 3. Under 
the assumption that transport of lipids as such 
does not take place in the plant, one may state 
that with the acetate infusion method the 
radioactive syntheses are slower in roots than in 
leaves. 

The radioactive synthesis of fatty acids is of 
more general interest than that of anacardic 
acids and other plants than ginkgo can be used 
for synthesis of the former. Between 8% and 
16% 14C was recovered from acetate as lipids 
and between 7% and 13% 14C was in fatty 
acids. Puncture and infusion of an aqueous 
solution of 4% sodium acetate did not cause 
any visible damage to the small ginkgo plants. 
Similarly, one can expect that the tolerance to 
radiation damage permits higher dosage than 2 
mc of 14C per plant as it had been used here. 

Radioactive lipids often have been prepared 
from bacteria or algae and acetate, but plants 

usually are less demanding in maintenance than 
microorganisms. With plants, in many cases the 
wick method and 14C acetate will be more 
expedient than photoassimilation of 14CO 2 
since infusion is less complicated in regard to 
apparatus and precautions (8,9). Radioactive 
yields by infusion may be lower than by other 
methods (9), but no special equipment is 
required. 
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A Comparative Study of Gangliosides From the 
Brains of Various Species 
C. -L. SCHENGRUND1 and O. W. GARRIGAN, Department of Chemistry, 
Seton Hall University, South Orange, New Jersey 07079 

ABSTRACT 

A comparison is made of the sialic acid 
and hexose content of crude gangliosides 
from the brains of 13 species, including 
mammals, a bird, an amphibian, a reptile 
and fish. The sialic acid content is rela- 
tively constant from species to species. 
Gangliosides are less abundant in tissues 
other than the brain. Four species (cat, 
dog, pig and sheep) were selected for the 
determination of their major ganglioside 
subfractions. The ganglioside subfractions 
were isolated (after extraction and parti- 
tion dialysis) using descending thin layer 
c h r o m a t o g r a p h y .  The populat ion of 
ganglioside molecules varied from species 
to species. From dog and sheep a mono-, 
a di-  and  a trisialoganglioside were 
obtained; from cat a mono-, a di- and 
two trisialogangliosides; and from pig a 
mono- and two disialogangliosides. Each 
ganglioside subfraction was found to con- 
tain glucose, galactose and galactosamine 
in the ratio of approximately 1:2: 1. The 
fat ty  acid moieties consisted of more 
than 80% stearic acid with lesser amounts 
of  arachidic, palmitic and behenic acid. 
Sphingosine analyses indicated ratios of 
sphingosine to icosisphingosine of 7:3 for 
the monosialo-, 1:1 for the disialo- and 
3:7 for the trisialogangliosides. 

INTRODUCTION 

It has been recognized for some time that 
the term ganglioside includes a variety of  
molecular species. Among the lipids, ganglio- 
sides are uniquely complex; they are theoreti- 
cally capable of bearing information for species 
specificity. Patterns of ganglioside variability 
may correlate with differences in function 
among the various ganglioside types and diver- 
gent pathways of biosynthesis. 

A survey of gangliosides was undertaken to 
find out  which of the possible variations are 
actually realized in a representative selection of 
brain tissue. It was also of interest to learn if 
gangliosides prepared on different occasions 
from the same species varied as much from each 

Ipresent  address: Department of Biological 
Chemistry, College of Medicine, Pennsylvania State 
University, Hershey, Penn. 17033. 

other as gangliosides prepared from different 
species. Ganglioside materials from tissues other 
than the brain were not  studied with any thor- 
oughness. 

The gangliosides of several species were 
examined in greater detail to determine if the 
composition of ganglioside subfractions is con- 
sistent from species to species. A convenient 
apparatus for the descending thin layer separa- 
tion of ganglioside subfractions is described. 
The general composit ion of the subfractions, 
their content of sphingosine and icosisphin- 
gosine and their fat ty acid profile were deter- 
mined. 

EXPERIMENTAL PROCEDURES 

Materials 

Ox, pig and sheep brains were obtained from 
commercial abattoirs within an hour of slaugh- 
ter and packed in ice or dry ice for transport  to 
the laboratory.  Mink brains were obtained on 
the day of slaughter from a commercial mink 
ranch. Cod (Gadus morrius) were obtained in 
mid-winter at a New York market (caught off 
the coast of New England). The heads were 
kept in ice for several hours before the brain 
tissue was extracted. 

The dogs, cats, rabbits and frogs were adult 
laboratory animals. The dogs and cats had been 
used (under Nembutal)  for blood pressure and 
urine experiments respectively, in a medical 
student physiology laboratory;  the experiments 
were terminated by allowing air. into the coro- 
nary arteries of the animals. The rabbits were 
made insensitive in an atmosphere of carbon 
dioxide,  and bled rapidly from the throat.  The 
rats (200 g adults) were decapitated. The frogs 
(Rana pipiens) were pithed before the removal 
of the brains. The Florida alligators (Alligator 
mississippienis) were 1 year old and about 50 
cm long; they were killed by rapid freezing. In 
each case, the brains were removed, frozen if 
necessary, and the extraction procedure begun 
within several hours of the animals' death. 

The electric eel (Electrophorus electricus) 
brains were obtained from live animals over the 
course of several days and kept at -10 C until 
sufficient pooled material was collected. 

Separation of Gray Matter From White Matter 

Gray matter was separated from the under- 
lying white layer of cerebral cortex tissue of the 
ox, sheep, pig, dog and cat. 
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It was found that removing the gray matter  
by suction (water pump) resulted in a more 
rapid and thorough separation of gray from 
white than by the most careful dissection. The 
gray matter  was stripped from the tissue and 
drawn into a sidearm flask through a short 
piece of glass tubing. 

Isolation of the Gangliosides 
The gangliosides were extracted from the 

tissue using the modified partit ion dialysis 
method of Folch-Pi et al. (1,2). At first the 
gangliosides were purified by redistribution in 
c h l o r o f o r m - m e t h a n o l  solution through a 
column of cellulose. It was found, however, 
that the ganglioside subfractions could be iso- 
lated by direct thin layer chromatography 
(TLC) of  the crude (unpurified) gangliosides. 

The ganglioside subfractions were isolated 
using preparative descending TLC. An all glass 
descending TLC apparatus (Fig. 1) was con- 
structed, suggested by the model of Privett et 
al. (3). A 10 cm X 17 cm plate was spread with 
silica gel H, prepared according to Stahl, and 
activated at 130C for 3 h r ( 4 ) . A  10 m g p o r -  
t ion of the total  ganglioside sample to be frac- 
t ionated was applied to the plate. The solvent 
used for elution of the sheep ganglioside sub- 
fractions was propanol-water (7:3 v/v) (4). The 
solvent used for elution of the cat, dog and pig 
subfractions was propanol-water (3:1 v /v ) (5 ) .  
The lat ter  solvent system gave better separation 
of the ganglioside subfractions. The chamber 
was saturated with the solvent before the plate 
was inserted. A Whatman No. 1 paper wick was 
used to carry the solvent from the solvent 
trough to the top of the plate. This wick was 
found to give the best flow rate for separation 
of the subfractions. The plate was developed 
for five days. Separate fractions (about 0.5 ml 
each) were collected every 1.5 hr. The first 
gangliosides were eluted in about 36 hr. Every 
f i f t h  f ract ion was taken for analysis by 
ascending TLC. The ascending TLC plates 
(coated with silica gel G) were developed in 
propanol-water (3:1 v/v) for 5 hr, and the gan- 
glioside spots visualized with resorcinol spray 
(6). Fract ions were combined on the basis of  
identical TLC behavior for the analysis of their 
carbohydrate  and sphingosine components.  

The advantage of eluting the ganglioside sub- 
fractions from the plate by descending TLC is 
that the fractions may be taken directly for 
analysis. When the fractions are extracted from 
ascending TLC plates, some silica gel is also 
extracted. A second purification step is neces- 
sary to obtain the ganglioside subfraction alone. 
Although good separation of the ganglioside 
subfractions was obtained,  a major problem 

FIG. 1. Preparative descending TLC apparatus for 
the isolation of ganglioside subfractions. The chamber 
consists of a battery jar closed at the top, with a hole 
drilled in the bottom for a tight-fitting tube E leading 
to the fraction collector. The solvent trough A is 
supported by a glass frame. B is the paper wick; C the 
TLC plate and D the collecting trough. 

with the descending TLC is the length of t ime 
required for complete elution of the different 
gangliosides from the plate. Sialic acid has been 
reported to be split off by prolonged contact 
with silica gel (7). However, no splitting off of 
sialic acid was observed in the following experi- 
ment. Cat ganglioside subfractions eluted from 
a descending TLC plate were combined and run 
a second time. The relative amount and compo- 
sition of each subfraction remained the same. 
In addition, monitoring by ascending TLC con- 
sistently showed the same pattern of ganglio- 
s ide  s u b f r a c t i o n s  both  before and after 
descending TLC. 

The ganglioside subfractions taken for fat ty 
acid analysis were isolated using preparative 
ascending TLC. A 10 X 20 cm plate was spread 
with silica gel H and activated at 130 C for 3 hr. 
The plate was developed in propanol-water (3:1 
v/v) for 4-5 hr, removed from the chamber and 
air dried. The plate was scraped in 1 cm 
sections which were collected separately. A 2 
cm strip running the length of  the plate was not  
scraped. The spots on this strip were visualized 
with resorcinol spray. This method was less 
time-consuming than the descending TLC; fat ty 
acids were shown to remain intact during 
exposure to TLC and the contaminating silica 
gel was tolerable in the analysis of fat ty acids. 

Methods of Analysis for the Ganglioside Components 

Sialic acid was determined using the direct 
Ehrlich reaction (8). The other carbohydrate 
m o i e t i e s  (glucose, galactose and N-acetyl- 
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T A B L E  1 

S p e c i m e n s  o f  C r u d e  G a n g l i o s i d e  P r e p a r a t i o n s  F r o m  Brain Tissue 

S p e c i m e n  

H y p e r p h a s i c  
N u m b e r  o f  Per  c e n t  sialic G a n g l i o s i d e  Per cen t  sialic ac id  

b ra ins  acid  in m g / g  w e t  so l ids  in as per  c en t  
p o o l e d  gang l io s ide  t issue t i ssue  e d ry  w e i g h t  

E l ec t r i c  10 15.8  2.1 15 .0  0 .25  
eel 6 20 .9  2 .2  
C o d  30 11.1 4.1 15.9  0 . 2 9  

4 3  11.1 2 .4  
F r o g  109  20 .2  1.1 14.5 0 .15  
A l l i ga to r  10 21 .9  3.1 14 .0  0 . 4 9  
C h i c k e n  33 16 .2  3.2 17.2  0 . 3 4  

61 16.1 3.8 
51 2 0 . 8  2.5 

2 2 9  15 .8  3 .8  
Mink  b 19 17.8  3.3 2 1 . 6  0 .27  
R a t  6 21 .5  2 .0  2 0 . 0  0 .33  

11 2 0 . 4  3.1 
R a b b i t  2 15 .3  4 .2  2 1 . 0  0 . 2 6  

6 2 4 . 8  3.1 
3 11.1 5 .7  

O x  a 8 2 0 . 8  3.2 20 .2  0 . 3 3  
10 18 .9  3.5 
10 21.1  2 .9  

Pig a ,b  7 13 .4  2 .7  17 .7  0 .21 
78  20 .2  2 .8  

S h e e p  a 8 1 ft. 5 3.7 18 .3  0 . 3 4  
Ca t  a 8 1 '7.9 3 .0  19 .4  0 . 2 8  

5 21.1  2.5 
Dog  a 11 18.8  4 .4  18 .6  0 . 4 3  

12 15 .8  5 .3  
2 18 .0  3 .9  

a G a n g l i o s i d e s  we re  p r e p a r e d  f r o m  i so l a t ed  g ray  m a t t e r .  

b U n p u b l i s h e d  d a t a  o f  E. J. lo r io  a n d  O.  W. G a r r i g a n ,  S e t o n  Hall  Un ive r s i ty .  
CAveraged  va lue  fo r  all p r e p a r a t i o n s .  

galactosamine) were isolated using the hydroly- 
sis procedure given by Ledeen and Salsman (9). 
The hydrolysis of the ganglioside subfractions 
and  the  subsequent neutralization of the 
solution by passage through a mixed ion 
exchange column was accompanied by no 
detectable loss of hexose. Total hexose was 
determined both before and after hydrolysis 
using the anthrone reaction (10). Qualitative 
identification of the sugars by paper chroma- 
tography using n-butanol-pyridine-water (9) 
indicated only glucose and galactose in the 
hydrolysate.  The spots were visualized with an 
aniline-phthalic acid spray (11) which was 
found to .be sensitive to as little a s  10 /ag of 
sugar. Approximately 400/gg of crude ganglio- 
sides were used for the isolation of the sugars. 
Therefore, any sugar present and not detected 
would account for less than 2% of the ganglio- 
side. When more than 60/ag of either sugar was 
present in the mixture applied to the paper 
chromatogram, overloading became noticeable 
and the separation of glucose from galactose 
was not clear at the end of the 20 hr developing 

period. Glucose was determined using the glu- 
cose oxidase method (12) and galactose by 
difference between the glucose and the total 
hexose content.  Hexosamine was analyzed 
us ing  t h e  E l son-Morgan  procedure (13). 
Galactosamine was qualitatively identified by 
degradation to pentose with ninhydrin in a 
sealed capillary tube, followed by chroma- 
tography using butanol-ethanol-water (4:1:1 
v / v / v )  ( 1 4 ) .  The sphingosine bases were 
extracted from the hydrolysate used for the 
carbohydrate analyses. The sphingosine was 
oxidized to give fat ty acids in an extension of 
the method of Sweeley and MoscateUi (15), as 
developed by Rosenberg and Stern (16). A 
permanganate-periodate reagent (17) was used 
for oxidat ion at the double bond; 2.0855 g of 
sodium periodate and 0.3951 g of potassium 
permanganate were dissolved in 100 ml of 
water. One milliliter of the permanganate- 
periodate solution was mixed with 4 ml of 
redistilled t-butanol (A. Rosenberg, private 
communication).  Sphingosine samples of less 
than 1 mg were dissolved in 1.0 ml of the 
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Sial ic Ac id  a n d  H e x o s e  C o n t e n t  o f  C r u d e  Gang l io s ides  I s o l a t e d  F r o m  the  
Species  S t u d i e d  a n d  o f  t he  Ind iv idua l  S u b f r a c t i o n s  o f  Ca t ,  Dog, Pig a n d  S h e e p  Brain G a n g l i o s i d e s  
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Molar  r a t io  
Gang l ios ide  Weigh t  per  c e n t  Weigh t  per  cen t  hcxose-s ia l i c  

S o u r c e  S u b t r a c t i o n  sialic ac id  h e x o s e  ac id  

E lec t r i c  C r u d e  ! 8 14 2 :2  
eel 
C o d  C r u d e  11 12 3 :2  
F r o g  C r u d e  2 0  18 3 :2  
Al l iga to r  C r u d e  22 18 3 :2  
C h i c k e n  C r u d e  18 22  4 : 2  
R a t  C r u d e  21 22  3 :2  
Rabbit  C r u d e  i 7 18 3 :2  
O x  C r u d e  20  2 7  4 : 2  
Pig C r u d e  2 0  23  4 : 2  

Monos i a lo -  14 i 6 1.9:1 
Disialo-  1 24  2 0  2 . 8 : 2  
Disialo-  2 2 0  17 2 . 8 : 2  
C r u d e  17 16 3 :2  
M onos i a lo -  17 ! 4 1.3:1 
Disialo- 2 9  22  2 .5  : 2 
Trisialo-  33 21 3 . 0 : 3  
C r u d e  2 0  18 3 :2  
Monos ia lo -  11 I 1 1.7: I 
Disialo-  22  17 2 .6 :  2 
Trisialo- 1 34 21 3 . 0 : 3  
Trisialo-  2 35 17 2 . 4 : 3  
C r u d e  18 24  4 : 2  
Monos ia lo -  14 15 1 .8:1  
Disialo- 27  2 0  2 . 4 : 2  
Trisialo- 29  14 2 . 4 : 3  

S h e e p  

Cat 

D o g  

reagent and the oxidation was allowed to pro- 
ceed at room temperature for 4-24 hr. At the 
end of the time allowed for oxidation, solid 
sodium hydrosulfite was added, with mixing, 
until  all of the purple permanganate and brown 
manganese dioxide were reduced. The pale 
yellow solution was cooled in an ice-water bath 
and acidified with concentrated hydrochloric 
acid. The fatty acids obtained from the oxi- 
dation were heated with boron trifluoride- 
methanol (47% w/v and freshly prepared) (18) 
for 5 min at 100 C to obtain the methyl esters 
(16). 

The fatty acids of the ganglioside subfrac- 
tions were hydrolyzed and the methyl esters 
were formed with boron trifluoride-methanol 
without prior removal of the silica gel. Three 
hours were sufficient for hydrolysis and methyl 
ester formation (16). 

The fatty acid methyl esters were deter- 
mined both qualitatively and quantitatively 
using a Research Specialties Series 600 gas 
liquid chromatograph. A 6 ft x I/8 in. stainless 
steel column, packed with 15% diethylene 
glycol succinate on chromasorb WAW 60/80 
was used for the analysis. The column tempera- 
ture was 195 C and the flow rate of the nitro- 
gen carrier gas was 45 ml/min. The identifi- 
cation of the fatty acid methyl esters was con- 

firmed using a 6 ft x 1/8 in. stainless steel 
column, packed with 20% Apiezon L on 
Chromasorb W. The column temperature was 
260 C and the flow rate of the nitrogen carrier 
gas was I0 ml/min. 

The identification of the fatty acids using 
these columns was confirmed by using hydro- 
genation and internal standards consisting of 
known fatty acid methyl esters. 

RESULTS 

Survey of Brain Gangliosides From Various Species 

Crude ganglioside preparations were made 
from brain tissue of 13 species, including 
mammals, a bird, an amphibian, a reptile and 
fish, in quantities listed in Table I. The amount 
of crude gangliosides and the content of sialic 
acid in the gangliosides were both quite con- 
stant in tissues of such diverse origin. The 
variation from species to species was of the 
same order of magnitude as the variation among 
preparations from the same species. It may be 
noted that the sialic acid content of gray matter 
(when the brains were developed enough to 
make this discrimination practical) did not dif- 
fer widely from the sialic acid content of whole 
brains in the lower species. The content of sialic 
acid in the ganglioside fraction, averaged over 
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TABLE III 

Carbohydrate Content of the Major Ganglioside Subfractions of the 
Gray Matter of Cat Brain and of  the Total Gangliosides o f  the 

Gray Matter of Cat, Dog, Pig and Sheep Brains 

Ganglioside 
subfraction 

Ratio o f  
galactosamine- 

Per cent Per cent Per cent galactose- 
galactosamine galactose glucose glucose 

Cat monosialo- 
Disialo- 
Trisialo- 1 
Trisialo- 2 
Total 

Dog total 
Pig total 
Sheep total 

3.0 5.0 3.2 1:1.7:1.1 
5.5 9.9 5.5 1:1.8:1.0 
6.1 12.9 5.1 1:2.1:0.8 
5.4 9.7 6.3 1:1.8:1.2 
3.7 10.0 3.7 1:2.7:1.0 
5.6 10.0 5.9 1:1.8:1.1 
4.5 9.7 5.4 1:2.2:1.2 
5.0 7.2 4.0 1:1.6:0.8 

the 13 species, was 0.31% of the dry weight of 
tissue. 

The hexose to sialic acid ratio found for 
crude gangliosides is shown in Table II. Crude 
gangliosides, it may be noted, are merely the 
water-soluble, hyperphasic fraction after a 
single partition dialysis of the chloroform- 
methanol extract. The typical range of sialic 
acid content is 17% to 22%; cod has only 11% 
sialic acid. The hexose to sialic acid ratios range 
from 2.4/2 to 4.4/2. The theoretical hexose to 
sialic acid ratio in the disialoganglioside, which 
has been found to be the major subfraction, is 
3:2 (4). In the monosialo- and trisialoganglio- 
sides the ratios are 3:1 and 3:3 respectively. 
The high values of hexose to sialic acid ratios 
obtained may be due to the presence in the 
crude material of hexose-containing contami- 
nating lipids such as sulfatides and cerebrosides. 

Reproducibility of the Preparative Technique 

Crude gangliosides were prepared from 3 
individual ox brains and from 3 individual dog 
brains. The ox brains yielded 3.87, 3.75 and 
3.88 mg of gangliosides per gram of wet gray 
matter with a sialic acid content of t7.7%, 
16.1% and 19.3% respectively. The dog brains 
yielded 6.5, 5.4 and 4.8 mg of gangliosides per 
gram of wet gray matter with a sialic acid con- 
tent of 14.6%, 16.6% and 17.5% respectively. 
The individual dog brains seemed more similar 
to each other when their content of sialic acid 
per dry weight of gray matter was calculated. 
On this basis (per cent dry weight) they con- 
tained 0.45%, 0.49% and 0.43% hyperphasic 
sialic acid. 

Hyperphasic Preparations From Non-Cerebral Tissues 

The procedure employed with cerebral tissue 
was used to prepare crude gangliosides from 
such  t i s sues  as cerebellum, spleen, lung, 
thymus, kidney, heart and the electric organ of 
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the electric eel. In general, only in the cere- 
bellum was a hyperphasic chromagen (giving a 
pink color with p-dimethylaminobenzaldehyde) 
observed in amounts comparable with cerebral 
gangliosides. It is of interest that the partition 
dialysis method confirms the presence of hyper- 
phasic chromagen in spleen and kidney, first 
observed over 40 years ago (19,20). 

The electric organ of the electric eel con- 
tributed an amount  of material (to the water 
phase after partition dialysis) three or four 
times the amount usually found from brain. 
Sialic acid was found to be absent from this 
material by both the direct Ehrlich (8) and the 
2 - t h i o b a r b i t u r i c  acid (21) methods. This 
material contained 6.6% hexose and 1.9% phos- 
phorus. 

Cat, Dog, Pig and Sheep Ganglioside 
Subfraction Analysis 

Ascending TLC of the total gangliosides of 
the gray matter of cat, dog, pig and sheep 
brains upon visualization with resorcinol spray 
showed 3 major subfractions for the ganglio- 
sides of the dog, pig and sheep, and 4 for the 
cat. The subfraction which showed the greatest 
mobility was a monosialoganglioside; the sub- 
fraction which migrated immediately behind 
was identified as a disialoganglioside. This sub- 
fraction appeared as the darkest spot and was 
therefore the one containing the most sialic 
acid. These two subfractions were the same for 
each species. For the dog, pig and sheep one 
subfraction was found to migrate more slowly 
than the disialoganglioside; for the dog and 
sheep it was found to be a trisialoganglioside 
while for the pig it was identified as a second 
disialoganglioside (using the criteria given 
below). The cat ganglioside gave 2 spots which 
migrated more slowly than the disialoganglio- 
side; both of these were identified as trisialo 
compounds. 
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FIG. 2. Mass per cent of C16 , C18 , C20 and C22 found in 1, cat; 2, dog; 3, pig; and 4, sheep 
gangliosides. [] Monosialo-, [] disialo-, ~ disialo- 2 (found in pig). ~ trisialo- and �9 total 
ganglioside. 

In addition to identifying the subfractions as 
monosialo-, disialo- or trisialogangliosides by 
their migration patterns on TLC, two other 
criteria were used. One was the sialic acid con- 
tent of the isolated subfraction as determined 
on the unhydrolyzed sample, and the second 
was the sialic acid to hexose ratio. The sialic 
acid to hexose ratios obtained are shown in 
Table lI. 

Qualitative identification of the sugars indi- 
cated only glucose and galactose. Qualitative 
identification of the hexosamine moiety indi- 
ca ted  o n l y  galactosamine. The ratios of 
N-a c e t y lgalactosamine-galactose-glucose were 
found to approximate 1:2:1 for each subfrac- 
tion. In Table |II can be seen the percentages 
and the ratios obtained for the cat brain sub- 
fractions and for the total gangliosides obtained 
from each species. It can be seen that the crude 
cat gangliosides show a ratio of 1:3:1. The 
reason for the variation of this ratio from the 
expected ratio of 1:2:1 may be the presence of 
contaminating hexose-rich lipids, such as sulfa- 
tides and cerebrosides. This may also be the 
reason for the higher than expected ratios of 
hexose to sialic acid obtained for some of the 
crude preparations of gangliosides (Table II). 

The hexose to sialic acid ratio obtained for the 
total gangliosides of dog brain was found to 
decrease (toward the theoretical value) upon 
further purification of the t6tal gangliosides. 

The major fatty acids found in the various 
gangliosides subfractions are shown in Figure 2. 
It was found that the major component (80% 
or more) was C] 8, stearic acid, in each sample. 
Arachidic acid, C20, was found to be present in 
the next greatest quantity with lesser amounts 
of palmitic, C16 , and behenic acid, C22, also 
found. It was found that the total gangliosides 
contained small amounts (less than 2%) of C24 
and C26 fatty acids. 

The results of the oxidation and subsequent 
formation of the methyl esters of the fatty 
acids obtained from the sphingosine samples 
prepared are reported in Table IV. It can be 
seen that the C14 to C16 ratio decreases as one 
goes from a monosialo-, to a disialo-, to a 
trisialoganglioside. This would indicate that the 
amount of icosisphingosine increases and pre- 
dominates in the trisialo compound, while 
sphingosine is the major component of the 
monosialoganglioside. 

Only single samples of the ganglioside sub- 
f r a c t i o n s  were available for sphingosine 
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R a t i o  o f  the  C 1 4  M e t h y l  Es t e r  to  the  C I 6  M e t h y l  Es te r  O b t a i n e d  
F r o m  O x i d a t i o n  o f  S p h i n g o s i n e  F r o m  Ca t ,  Dog ,  Pig a n d  S h e e p  Bra in  Gang l i o s ide s  

Ratio C 1 4 : C 1 6  
Gang l ios ide  

f r a c t i o n  Ca t  Dog  S h e e p  Pig 

Monos ia lo -  8 0 : 2 0  7 4 : 2 6  71 : 29  7 4 : 2 6  
Disialo- 5 0 : 5 0  5 3 : 4 7  3 7 : 6 3  4 8 : 5 2  
Disialo- 2 . . . . . . . . . . . .  2 9 : 3 1  
Tris ia lo-  1 :99  3 4 : 6 6  3 9 : 6 1  . . . .  
Tris iaio-  2 22 : 7 8  . . . . . . . . . . . .  
To ta l  (9)  5 3 : 4 7  4 8 : 5 2  4 3 : 5 7  5 1 : 4 9  
Tota l  (16)  . . . .  4 8 : 5 2  4 9 : 5 1  44:56 

analysis. Duplicate sphingosine analyses, how- 
ever, were performed on the total gangliosides. 
Sphingosine was determined both by the 
method of Ledeen and Salsman (9) and by that 
of Rosenberg and Stern (16). Both preparations 
were oxidized in the same manner. It can be 
seen in Table IV that the results obtained agree 
with each other and that there are approxi- 
mately equal amounts of sphingosine and ico- 
sisphingosine in the total gangliosides of the 4 
species. 

Thin Layer Chromatography of Cod Ganglioside 

All ganglioside preparations were extracted 
from wet tissue by chloroform-methanol; they 
then passed into the aqueous phase, from which 
they were not dialyzable. When purification of 
cod b ra in  gangliosides was attempted by 
repeating the isolation procedure, it was found 
that the material was no longer soluble in 
chloroform-methanol. The gangliosides of eel 
brain behaved similarly. 

Thin layer chromatography of the total gan- 
gliosides of cod brain showed that the major 
sialic acid-containing fractions migrated more 
slowly than the gangliosides (even the trisialo- 
gangliosides) of the other species studied. In 
fact, a major portion (about one fourth) of the 
sialic acid was recovered from the origin 
portion of the thin layer chromatogram. This 
migration behavior might indicate the presence 
of a polysialoganglioside or some other sialic 
acid rich compound or aggregate of high 
polarity. 

DISCUSSION 

Of the lipids already characterized, ganglio- 
sides are among the most complex. A trisialo- 
ganglioside, for example, may contain 7 polar 
and  2 nonpolar units; many variants are 
possible in the position and structure of these 9 
units. The structural complexity of the ganglio- 
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sides and theft ambivalent solubility (they are 
soluble in both aqueous and organic solvents) 
may be related to the function of gangliosides 
in neural tissue (22,23). From the present study 
it appears that no brain studied lacks ganglio- 
sides, that the total population of ganglioside 
molecules is grossly constant in the species 
studied, and that the details of ganglioside com- 
position and structure differ from species to 
species. 

Lower species might be expected to reflect 
in some way a more primitive stage of ganglio- 
side evolution (24). In this study, using siaiic 
acid as an index, no obvious phylogenetic trend 
was observed. The study was limited, of course, 
to one subphylum, since only animals with 
brains large enough for handling on the gram 
scale were investigated. The electric eel, frog 
and dog each had about 20% sialic acid in crude 
ganglioside preparations. Crude gangliosides 
from cod brain did have some resemblance to 
the early stages of chick embryo brain (2) with 
respect to behavior upon redistribution and 
somewhat lower content of sialic acid. 

Variation in ganglioside polarity is mediated 
by such differences as the number of sialic acid 
residues and the length of hydrocarbon chains 
in the fatty acid and the sphingosine moieties. 
Kuhn et al. (25) first isolated and identified the 
4 major ganglioside subfractions of a normal 
brain. They found a monosialoganglioside, 2 
i s o m e r i c  disialogangliosides and a trisialo- 
ganglioside.  The molar ratios of glucose- 
galactose-N-acetylgalactosamine were 1:2:1 for 
all 4 fractions. In the present work, the major 
ganglioside subfractions were also monosialo-, 
disialo- or trisialoganglioside compounds. The 
ratio of glucose-galactose-N-acetylgalactosamine 
was also about 1:2:1 in each instance. The sialic 
acid-hexose ratios indicate that in the gray 
matter of a cat brain there are two major 
trisialo- fractions, each having the same compo- 
sition. The existence of several trisialoganglio- 
sides has been noted by others (26,27). The 
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apparent  isolat ion of  only  one disialoganglio- 
side in mos t  cases does no t  preclude the 
presence of  2 i someric  substances.  It may be 
tha t  under  the  cond i t ions  used to  isolate the 
subfrac t ions  the  two  disialoganglioside com-  
pounds  were no t  separated,  or tha t  the second 
one was present  in a minor  amoun t .  

Large a m o u n t s  of  stearic acid were f o u n d  in 
a l l  t h e  g a n g l i o s i d e  subfract ions  s tudied.  
Kish imoto  and Radin  (28) have found  stearic 
acid to  account  for  over 80% of  the fa t ty  acids 
present  in gangliosides and have p roposed  tha t  
this be used as a cr i ter ion of  ganglioside pur i ty .  
It may  be tha t  the  enzymes  responsible  for  the  
incorpora t ion  o f  f a t ty  acids in to  the  ganglio- 
sides are specific for  stearic acid. The present  
s tudy shows tha t  the  minor  fa t ty  acid compo-  
nen t s  o f  the  gangliosides do not  vary in a way 
suggestive of  a t rend.  Minor fa t ty  acids may  
f ind their  way f rom a (diet  dependen t )  meta-  
bolic pool  in to  the gangliosides due to an 
incomple te  specif ic i ty  of  the enzymes  respon-  
sible for  ganglioside biosynthesis .  The presence  
of  C24 and C26 fa t ty  acids in the crude ganglio- 
side prepara t ions  may  be due to  con tamina t ing  
lipids, such as cerebrosides  and phosphol ip ids ,  
b o t h  of  which were ident i f ied  by TLC in to ta l  
ganglioside prepara t ions .  Toge ther  w i t h  the 
C18 , the minor  c o m p o n e n t s  C16 , C20 and C22 
were ident i f ied  in mos t  subfrac t ions ,  and would  
appear  to be t rue  c o m p o n e n t s  of  the ganglio- 
sides. 

T h e  o b s e r v e d  p a t t e r n  o f  d e c r e a s e d  
sphingosine and increased icosisphingosine in 
the  gangliosides of  higher  sialic acid c o n t e n t  
may indicate  tha t  gangliosides rich in ico- 
sisphingosine and those  rich in sialic acid are 
related e i ther  s t ructural ly  or by a c o m m o n  bio- 
syn the t i c  pa thway .  
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The Distribution and Excretion of Tritium Labeled 
Cerebroside (Galactosyl Ceramide) Radioactivity 
by the Monkey a 
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ABSTRACT 

Tritium labeled galactosyl ceramide 
was administered intravenously to three 
male monkeys (Macaca mulatta). Blood, 
u r i n e ,  feces and organs obtained at 
autopsy were examined for radioactivity 
after 1 hr, 8 hr and 37 days. The radio- 
active galactosyl ceramide was taken up 
by the reticuloendothelial system. Very 
little radioactivity appeared in brain tis- 
sue. The radioactivity was excreted pri- 
marily in urine. 

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

The glycolipid cerebroside occurs widely in 
animal tissue but appears in white matter of the 
central nervous system in the largest amounts as 
galactosyl ceramide, i.e., about 5% of the wet 
weight. Abbreviations and nomenclature used 
in this paper are presented in "Lipid and 
Lipidoses" (1). 

Gaucher's disease is characterized by the 
accumulation of large amounts of cerebrosides 
(as glucosyl ceramide) in cells of the reticulo- 
endothelial system. In this disease the central 
nervous system appears not to be affected; no 
abnormal amounts of cerebrosides have been 
seen in brain tissue. Lesions similar to those 
seen in Gaucher's disease (histological and 
chemical) were produced in the rabbit by 
admin i s t e r ing  large amounts of galactosyl 
ceramide (2). Similar experiments in which 
large amounts of galactosyl ceramide were given 
daily intraperitoneally to rats over a long period 
of time failed to show tissue accumulation of 
c e r e b r o s i d e s  (Bur ton ,  unpublished obser- 
vations). Since the amount of cerebroside 
required to produce lesions in rabbits was large 
(0.5 g daily intraperitoneal or 1 g daily orally) 
and the dose which failed to produce tissue 
accumulation in the rats was large (0.2-4.8 g 
daily intraperitoneally), it is indicative of a 
rapid elimination of cerebrosides by metabo- 
lism or excretion. To study this aspect in 
greater detail, radioactive galactosyl ceramide 

apresented at the 137th Meeting of the American 
Chemical Society. 

was p r e p a r e d  and administered in sma11 
amounts to monkeys. Blood, urine and feces 
collected daily and tissues at autopsy were 
examined for radioactivity and cerebrosides. 
The details of these experiments are reported in 
this paper. 

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

Cerebrosides (galactosyl ceramides) were iso- 
lated from beef brain by the procedure of 
Radin et al. (3). 

Cerebroside (500 mg) was exposed to 2 c 
tritium gas at 0.38 atm and room temperature 
for two weeks [Wilzbach, (4); service per- 
f o r m e d  by New England Nuclear Corp., 
Boston]. Exchangeable tritium was removed by 
repeated crystallization from methanol. The 
labeled cerebroside was passed over Dowex-1, 
Dowex-50 and Florisil (3). It was chromato- 
graphed on silicic acid and eluted with chloro- 
form-methanol (10:1 v/v) [see Figure 3 (5)]. 
The specific activity of 3H-cerebroside is 1.2 x 
106 cpm/mg; the yield, 89%. Both cerebroside 
and 3H-cerebroside are white, waxy solid with 
the same melting point both separate and 
mixed (rap 178 C uncorrected, Fisher-Johns 
unit). X-ray diffraction powder patterns for 
both the normal and tritium label cerebrosides 
are identical (Fig. 1). While cerebroside hydrates 
readily on heating with water and forms a 
smooth ,  stable colloid, the 3H-cerebroside 
hydrates with difficulty and does not form a 
stable colloid. 3H-Cerebroside was hydrolyzed 
(3.5 N HC1 18 hr reflux) and the products sub- 
sequently separated by organic solvent-aqueous 
phase  partitioning with acid and alkaline 
aqueous phases. The sphingosine, fatty acids 
and ceramides were identified by silicic acid 
chromatography. The ceramides were recycled 
through the procedure. The sphingosine was 
quantitated by the procedure of Brady and 
Burton (6) and the fatty acids by titration. The 
galactose was identified by paper chromato- 
graphy (7) and quantitated by the anthrone 
procedure of Radin et al. (3), The products, 
galactose, sphingosine, ceramide and fatty acids 
showed a random labeling pattern approaching 
the theoretical distribution (41.0% sphingosine, 
54.6% fatty acids and 4.0% galactose found; 
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theory 39.3%, 54.0%, as lignoceric acid, and 
6.7%). 

3H-Cerebroside (40 mg) was suspended in 25 
ml normal saline at 100 C and cooled. This was 
injected into a left leg vein of the pentobarbi ta l  
anesthetized male monkey (Macaca mulata; 2.5 
kg body weight) and followed immediately by a 
slow intravenous infusion of 1000 ml normal 
saline to promote  diuresis. An inlieing catheter 
was used for total  urine collections. Monkey D 
was given penicillin and chloromycetin pro- 
phylactically because of the danger of  infection 
due to the catheter being in place for an 
extended period of time. Blood samples (2 ml) 
were drawn from the right leg vein at frequent 
intervals, i.e., every minute for the first 5 min, 
every 5 rain for 1 hr, then every 30 min for 8 hr, 
and three times weekly for 37 days. Organ 
weights and tissue samples were obtained at 
autopsy of  each monkey.  Monkey B was killed 
by exsanguination 1 hr after 3H-cerebroside 
administration, monkey C, 8 hr, and monkey 
D, 37 days later. Tissue samples were processed 
as described earlier (5), Cerebrosides were iso- 
lated by the method of Radin et al. (3). Radio- 
activity was determined with the Packard Tri- 
Carb Liquid Scintillation Spectrometer,  when 
necessary correcting for quenching by the use 
of internal standards. Tissue was dissolved in 
Hyamine  base [Hyamine 10 - x base, p- 
(d i i sobuty lc resoxy  ethoxy ethyl) dimethyl-  
benzylamine] prior to counting, and urine was 
counted in toluene-ethanol mixture (6). 

R ESU LTS 

Blood Plasma Level and Urinary Excretion of 
Radioactivity From 3H-Cerebroside. 

I m m e d i a t e l y  following the injection of 
3H-cerebroside, the high blood radioactivity 
began to fall (Fig. 2). Within one to two days, 
two thirds of the radioactive cerebroside had 
been removed from the blood. After  the third 
day, the level of radioactivity in the blood 
plasma began to rise to a new level at 8 days, 
remaining constant until the 25th day post  in- 
jection. Experiments have shown that the radio- 
activity in blood resides with the plasma frac- 
tion, little or no radioactivity being associated 
with the red blood cells. The urinary excretion 
of radioactivity was rapid during the period of  
saline infusion, but after the first day, dropped 
to  a l o w ,  constantly decreasing, rate of 
excretion. During the 37 days, monkey D 
excreted 60% of the total  injected radioactivity 
in urine. In contrast to blood plasma where 
most of the radioactivity appears to be protein 
bound 3H-cerebroside, the tri t ium in urine is 
present to a large extent  as water and water- 

FIG. 1. Comparison of galactosyl ceramide with 
trilium-labeled galactosyl eeramide. 

soluble unidentified compounds.  No radio- 
activity was found in the feces. 

Tissue distribution of radioactivity derived 
from 3H-cerebroside is shown by the data in 
Table I. The data presented in Table I indicate 
the range of organ weights  for the three 
monkeys and the total  radioactivity for many 
of the organs. The recovery of radioactivity for 
the monkeys ranged from 96% to 107%. The 
tissues that  contained the bulk of the radio- 
activity in order of  decreasing amounts,  were 
lung, liver, spleen, blood plasma and kidney. 
However, on a specific activity basis the order 
of activity decreased as follows: lung, spleen 
liver and kidney (Monkey B, 5000,60,71,31: 
m o n k e y  D, 1100,144,54,18 cpm/mg wet 
weight). Other tissues such as adrenals, pan- 
creas, heart, skeletal muscle, testes, lymph 
nodes and blood vessels contained little radio- 
activity. 

During the 37 day interval following the in- 
ject ion,  radioactivity in the spleen increased 
over two fold even though 60% of the total  
tr i t ium administered had been excreted in the 
urine. The level of t r i t ium in the liver decreased 
on a specific activity basis, but  increased 85% 
on a to ta l  organ basis. Abdominal  fat, which 
had no radioactivity at the 1 hr interval con- 
rained tr i t ium after 37 days. Bone marrow also 
showed a marked increase in radioactivity.  The 
results indicate that  little radioactive cerebro- 
side is taken up by the central nervous system 
tissue (Monkey D, 0.1-1.1 cpm/mg wet weight). 

Of particular interest is the large amount  of 
radioactivity in lung tissue which decreases with 
time. In view of the difficulty with which 
3H-cerebroside hydrates,  it seems probable that  
l u n g  t i s s u e  m e c h a n i c a l l y  retained larger 
particles of 3H-cerebroside. Addit ional  evidence 
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FIG. 2. Blood and urine radioactivity from administered 3H-cerebroside. This linear plot presents 
the data in the most convenient form to emphasize the minimum value at day I and 2 and the 
constant blood radioactivity from day 8 to day 25. A plot of the log radioactivity vs. tissue, yields 
t l /2  (initial blood level) = 7.5 hr and a t l /2  (urine) = 32.5 days. 

w h i c h  i n d i c a t e d  that this explanat ion is 
probably valid, was obtained from similar 
exper iments  using rats. The 3H-cerebroside was 
suspended in hot water  and cooled. It was 
administered by subcutaneous  inject ion in the 
upper  dorsal region. The radioactivi ty in these 
exper iments  was distr ibuted in a similar manner  
to the monkey ,  except  that the concent ra t ion  
in lung tissue was less than that in the liver and 
spleen. In the monkey  exper iments  repor ted  in 
Table I, the lung tissue 3H-cerebroside was 2-to 
20-fold higher than the fiver radioact ivi ty on a 
total  activity basis and was even more dra 
matically higher on a specific activity basis. 

When the tissues f rom monkeys  B and C 
(killed 1 hr and 8 hr post inject ion) were 
examined ,  all of the radioact ivi ty was present as 
cerebroside. However after 37 days (monkey  D) 
the radioact ivi ty present as cerebroside was 
considerably reduced. Some of the tri t ium 
appeared as qcater soluble componen t s  or  as 
water itself. The radioact ivi ty in adipose tissue 
was primari ly glycerides. Other  tissues con- 
tained some glycerides and phospholipids,  how- 
ever a large part of  the radioact ivi ty was not 

removed with the neutral  lipids and phospho-  
lipids. This residual radioact ivi ty  was shown to 
consist entirely of  cerebrosides. 

DISCUSSION 

The in t roduct ion  of  recoil labeling of  com- 
pounds by tr i t ium has made available many 
radioactive compounds  whose synthesis are dif- 
ficult (4). The use of  these randomly labeled 
compounds  in biology must be approached 
with caut ion;  there is danger of  decomposi t ion  
products  being present and of abnormal  effects  
due to the subst i tut ion of  t r i t ium for hydrogen 
with the consequent  a l terat ion in mass and 
molecular  radii. In these studies, the tr i t ium- 
labeled cerebroside appeared normal in all 
a s p e c t s  e x a m i n e d  ( i s o l a t i o n  procedures,  
chromatographic  behavior,  x-ray powder  dia- 
gram and melt ing point)  except  that the t r i t ium 
labeled cerebroside had a more crystalline 
appearance and failed to hydrate  as readily as 
unlabeled cerebroside. These experiments  are a 
study only of  the fate of tr i t ium labeled 
galactosyl ceramide in the monkey .  
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TABLE I 

Monkey Tissue Weights and Total Radioactivity 

499 

Total radioactivity 

Wet weight Monkey B Monkey C Monkey D 
Tissue (Range) (1 hr) (8 hr) (37 days) 

g cpm b cpm b cpm 
Monkey a 2500-2530 55 x 106 40 x 106 55 x 106 

S p l e e n  4 -4 .9  335  x 103  4 0 6  x 103  7 0 3  
L ive r  5 1 - 1 1 0  3 , 6 7 0  x 4 , 0 0 0  x 6 , 7 4 0  
K i d n e y s  8-12 372  x 102  x 153  
A d r e n a l s  1 6 x 153  
Pancreas 1 . . . . . .  
Testes 1 .4. 1 x 
Lymph nodes 1 --- 4 x --- 
Adipose 296-490 c 0 76 x 338 x 
Bone marrow 5 c 5 x 11 x 178 x 
Lung 11-15 53,336 x 27,200 x 15,150 x 
Skeletal muscle 1100 c --- 836 x --- 
Heart muscle 7-9 108 x 13 x 18 x 
Cerebrum, total 71-74 144 x 44 x 17 x 
Cerebe l l um  total 8-9 7 x 3 x 0.4 x 
Spinal cord 5 1 x 0.7 x 2 x 
Blood plasma 100-109 964 x 508 x 135 x 
Urine . . . . . .  5,068 x 30,000 x 

Total 1671-1991 58,942 38,280 53,434 
Per cent of 
administered 
c e r e b r o s i d e  --- 107  9 6  97  

6 7 . 7 9  d . . . . . . . . .  

x 103 
x 
x 
x 

aBody weight and cerebroside radioactivity administered. 
bAll of the radioactivity was present as 3H-cerebroside, except for 13% excreted in 

urine as water and water soluble compounds. 
CApproximation of total body tissues. 
dper cent of monkey tissues recovered. The skin, skeleton and other tissues not tabu- 

lated were disposed of by incineration. 

These expe r imen t s  show that  3H-cerebroside 
is associated wi th  a p ro te in  f rac t ion  of  b lood  
plasma ra ther  than  wi th  the b lood  cells. 3H- 
Cerebroside is removed  f rom the  b lood  and 
depos i ted  in tissues, especially of  the ret iculo-  
endothe l ia l  sys tem.  Au topsy  of  two  monkeys  
(1 hr and 8 hr post  in ject ion)  show tha t  the 
tissue radioact ivi ty is present  as galactosyl 
3 H - c e r a m i d e .  Lit t le access to the central  
nervous system is gained by periferal 3H- 
cerebroside.  This is consis tent  wi th  the pa- 
tho logy  observed in Gaucher ' s  disease; however  
the  cerebroside accumula ted  in this disease is 
glucosyl ceramide,  not  galactosyl ceramide.  
Kopaczyk  and Radin (8) have shown that  
emulsif ied cerebrosides  injected in to  the brains 
of  rats can be metabo l i zed  by this tissue. 

3 H - C e r e b r o s i d e  is metabol ized  by the 
monkey  as indica ted  by t r i t ium containing 
water  and water  soluble c o m p o u n d s  in the 
urine and the appearance  of non-cerebros ide  
radioact ive c o m p o u n d s  in the organs examined.  
Radioact ivi ty  f o u n d  in the brain af ter  37 days 

occurs  as lipids o the r  than  cerebrosides.  The 
initial rapid loss of  b lood  radioact ivi ty  must  
reflect  a d is t r ibut ion  of cerebrosides  to  the tis- 
sues. The half  life for  this initial phase is t I /2  = 
7.5 hr. The reason for  the mi n i mu m occurr ing 
in the radioact ivi ty of b lood plasma at 3 and 4 
days is u n k n o w n  (Fig. 2). It could represent  a 
red is t r ibut ion  of  the 3H-cerebroside or a per iod 
of  induc t ion  or unmasking  of  3H-cerebroside 
metabol iz ing  enzymes .  The cons tan t  b lood level 
of  radioact ivi ty  b e t w een  the eighth and 26th  
day ref lects  the release of  3H-cerebroside and 
metabol i tes  f rom tissue depots .  The urinary 
pa t t e rn  of  t r i t ium excre t ion  ref lects  a complex  
metabol ic  p ic ture ;  the  net  result  o f  the  to ta l  
degradat ion of  3H-cerebroside to  t r i t ium con- 
raining water  and water  soluble compounds .  
The rate of  ur inary excre t ion  of  t r i t ium is con- 
s tant ly decreasing,  wi th  a half  life of  32 days, 
which  indicates  tha t  the  metabol ic  sys tem for  
the tota l  degradat ion  and excre t ion  of  3H- 
cerebroside has no t  been sa tura ted by the 
amo u n t  of  glycolipid adminis te red .  
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T h u s ,  t h e s e  in v ivo  e x p e r i m e n t s  are  c o n s i s t -  
e n t  w i t h  t h e  s t u d i e s  o f  B r a d y  et  al. ( 9 , 1 0 ) ,  G a t t  
( 1 1 ) ,  a n d  Ha j ra  e t  al. ( 1 2 )  w h i c h  s h o w  t h e  
p r e s e n c e  o f  h y d r o l y t i c  e n z y m e s  c a p a b l e  o f  
h y d r o l y z i n g  c e r e b r o s i d e s .  
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Essential Fatty Acid-Deficient Rats: 
I. Growth and Testes Development 

E. AAES-J~RGENSEN and G. H~LMER, Department of Biochemistry and Nutrition, 
and the Danish Fat Research Institute, Polytechnic Institute, Lyngby, Denmark 

ABSTRACT 

Partially hydrogenated oils as the sole 
dietary fat enhances the development of 
essential fa t ty  acid (EFA) deficiency in 
young rats. Partially hydrogenated her- 
ring oil (HHO) caused total  impairment 
of the spermatogenic tissue after five 
weeks of experiment,  while partially 
hydrogenated arachis oil (HAO) caused 
severe degeneration of this tissue in 15 
weeks. A fat-free diet caused degenera- 
t ion in 26 weeks. In the dietary fats, the 
total  content of t rans  acids, calculated as 
elaidic acid, was 47% and 23% in HAO 
and HHO, respectively. Further,  varying 
amounts of  different positional isomeric 
fat ty acids were also present in the par- 
tially hydrogenated oils. Besides the spe- 
cific tissue changes, poor growth, poor 
feed efficiency and skin signs characteris- 
tic of EFA deficiency were noticed. On 
the other hand, partially hydrogenated 
soybean oil (HSO) as the sole dietary fat 
kept  the animals normal in all respects. 
This oil still contained 32% linoleic acid; 
the total content of t rans  acids amounted 
to 11%, calculated as elaidic acid. 

INTRODUCTION 

Essential fat ty acid (EFA) "deficiency in 
weanling male rats causes very severe impair- 
ment of the spermatogenic tissue after about 24 
weeks on a fat-free diet (1-3). It is our experi- 
ence that diets containing partially hydrogen- 
ated vegetable oils as the sole dietary fat 
enhance the degeneration of the spermatogenic 
tissue as compared to fat-free diets (3-5). It 
should be mentioned that all the effects of 
feeding partially hydrogenated oils are pre- 
vented by the presence of  small amounts of 
essential fat ty acids. In the present studies, we 
are reporting on experiments comparing the 
effects on growth and testes development of 
weanling male rats fed on partially hydrogen- 
ated vegetable oils or a partially hydrogenated 
herring oil. Thus, the fat ty acid spectrum in the 
experimental dietary fats is quite different. This 
fact may be of interest in case the fat ty acid 
pattern as such, or the isomeric unsaturated 
fat ty  acids, are of  importance for the degener- 
ative changes in the spermatogenic tissue in 

EFA deficiency. Details on the fat ty acid com- 
posit ion of the dietary fats and of the different 
lipid classes of the testes will be given in forth- 
coming publications (6,7). 

EXPERIMENTAL PROCEDURES 

One hundred and fifty weanling male rats 
were divided into five groups of 30 animals. 
Each of these groups was further divided into 
three subgroups of 10 animals. One subgroup 
from each of the main experimental groups was 
killed after 5, 15 and 26 weeks, respectively. 
Group 1 received a fat-free diet of  the following 
composit ion:  Vitamin Test Casein (Genatosan 
Ltd., Loughborough, England), 20%; sucrose, 
74%; vitamin mixture [0.5 g of the vitamin 
mixture consisted of: biotin, 0.05 mg; folic 
acid, 0.2 mg; para-aminobenzoic acid, 1 mg; 
riboflavin, 1.5 mg; pyridoxine,  HC1, 1.5 mg; 
thiamin, HC1, 1.5 mg; inositol, 5 mg; niacin- 
amide, 5 mg; calcium pantothenate,  5 mg; 
ascorbic acid, 10 mg; tocopherol acetate, 5 mg 
(as Ephynal acetate.F.  Hoffmann-La Roche & 
Co.); vitamin K, 0.5 mg (as Synkavit, F. 
Hoffmann-La Roche & Co.); vitamin B12, 
0.003 mg (as Bendogen, GEA); vitamin A, 1000 
IU, and vitamin D3, 100 IU (as Rovimix AD3, 
50/5, F. Hoffmann-La Roche & Co.); and 
sucrose, 500 mg],  0.5%; salt mixture [ 100 g of 
the salt mixture contained: NaC1, 6 g; Mg 
(HCO3)2, 5 g; HC1, 7 g; K2HPO4, 17 g; 
NaH2PO4, 2 H20,  10 g; Ca (H2PO4)2, 2 H20,  
17 g; Ca-lactate, 5 H20,  36 g; ferric citrate, 2 g. 
The following trace elements were added per 
100 g of salt mixture: Ca(IO3) 2, 6 H20,  5.81 
mg; zinc carbonate, basic (56% Zn), 72 mg; 
MnCO 3 (47.8% Mn), 42 mg, NaY, 40 mg; 
NaMoO4, 2 H20,  5 mg; Cr2(SO4)3, 15 H20,  
1.3 mg; SeO2, 0.32 mg. In total:  185.43 mg per 
100 g of salt mixture.] 5.0%; and choline chlo- 
ride, 0.5%. Groups 2, 3, 4 and 5 received the 
fat-free diet in which 28 wt % of sucrose was 
replaced by 28 wt % of partially hydrogenated 
arachis oil (HAO) (Aarhus Oliefabrik Inc., 
Aarhus, Denmark), partially hydrogenated soy- 
bean oil (HSO) (Aarhus Oliefabrik Inc.), nor- 
mally refined arachis oil (AO) (Aarhus Oliefab- 
rik Inc.) or partially hydrogenated herring oil 
(HHO) (Dansk Sojakagefabrik Inc., Copen- 
hagen, Denmark), respectively. 

Diets and water were provided ad libitum. 
The animals were weighed and inspected week- 
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TABLE I 

Fatty Acids of Dietary Oils (Wt %) 

Partially Partially Partially 
hydrogenated hydrogenated hydrogenated 

Fatty acids, arachis oil soybean oil Araehis oil herring oil 
per cent of oil (HAO) (HSO) (AO) (HHO) 

Saturated 29.3  19.8 19.1 
Monoenolc 67.0  a 41 .4  b 50.9 c 
Polyenolc 3.3 39.0 29.9 
C18:2, OJ6 
Linolelc acid 0.8 31.8 28.8 
C18:3, OJ~ 
Llnolenlc acid --  3.4 I.I 
Total trans 
acida ( u  
Elaldlc acid) 47 10.7 0 

41.9 
44.8d 
13.2 

0.6 

22.9 

C16:1, 1~; C18:1 , 64.8%; C20:I ' 1.2%. 
C16:1 , 0.6%; C18:1 ' 40.8%. 

r , 0.3%; C18:1 ' 48.$%; C20:1 ' 1.7%. 
dc16:1, 5,6% C18:1 ' 13.0%;C20:1 ' 11.3%;C22.1, 14.1%. 

ly. On autopsy, after 5, 15 and 26 weeks, re- 
spectively, the left testis was removed, weighed 
and frozen for Hpid analysis (6,7), while the 
right testis and epididymis were fixed in 4% 
formaldehyde for histological examinations. 

RESULTS AND DISCU881ON 

Dietary Fatl 

The d i e t a ry  fats were all commercial 
products. However, the partially hydrogenated 
soybean off was hydrogenated by means of a 
special technique, which primarily eliminated 
the high content of trienoic acid from the origi- 
nal off. Gas chromatographic analyses of all the 
dietary fats are published in detail in a follow- 
ing publication (6). 

A summary of the composition of the die- 
tary fats is shown in Table I. The greatest dis- 
crepancies in composition are between the 
HHO and the other three dietary fats. HHO has 
a large content of different monoenoic fatty 
acids, especially C~o:I and C22:1 (6). In the 
HAO, the unsaturated fatty acid picture is 
dominated by C l s : l .  The HSO and the AO 
contain about equal amounts of mono-and  
dienoic acids. 

In the partially hydrogenated oils the con- 
tents of trana acids are considerable. The 
amount of these fatty acids in HSO is half that 
of  HHO and one quarter that of HAO. The 
trana acid in HAO and HSO is practically all 
elaldic acid. In HHO, the trans acids comprise 
about equal amounts of C18:I, C20:i and 
C2~: t .  Further, several other isomers are also 
present, e.g., cla, trans C20;2 and C22:2, and 
cls, ds, trans 20:3 and 22:3. The content of con- 

jugated fatty acids appears negligible in all four 
experimental fats. 

Growth Rates and Skin Signs 

On the EFA-deficient diets, growth rates 
began to level off after five to seven weeks, i.e., 
Groups 1, 2, and 5 (Fig. 1). The animals on the 
fat-free diet resumed growth during the l l th 
through the 14th week, and then again leveled 
off at a somewhat higher plateau. In contrast, 
the animals fed HAO or HHO gained very little 
weight from the 8th through the 25th week. 
The former of the two fats had twice as much 
trans acids as the latter (Table I), and both were 
very low in linoleic acid. The HSO contained 
even more essential fatty acid than the AO 
(Table I). The animals fed on the HSO diet 
grew slightly more than the controls fed AO. 
These results indicate that a possible stressing 
effect of partially hydrogenated dietary otis was 
eliminated or counteracted by the presence of 
EFA. 

The scaliness of the feet, tail and skin did 
not develop to any great extent (Table II). The 
humidity in the animal quarters varied from 
30-40% during the last two months. The 
yellow-brown pigment on the back of the 
animals developed normally in the non-EFA- 
deficient animals, Groups 3 and 4, but did not, 
or practically not, occur in the EFA-deficient 
rats (Table II). 

Food Consumption 

Measurement of food intake in the various 
groups was carried out through the 9th and 
10th week, and again through the 24th and 
25th week (Table II). The highest caloric con- 
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FIG. 1. Average growth rate of male rats fed on a diet with 28% partially hydrogenated soybean oll 

(HSO), 28% partially hydrogenated herring oil (HHO), 28% partially hydrogenated arachts oU (HAO), 
28% arachis oil (AO), or a fat-free diet (Fat-free). 

sumption during both periods was observed in 
the two groups fed AO or HSO (Table II). 
These animals also grew the most (Fig. 1). The 
weight increase in these animals was to a great 
extent due to very large quantities of depot fat. 

The caloric intake per square meter surface 
during both testing periods (Table II) was great- 
est for the rats fed HAO or HHO, respectively, 
At the end of the experiment, a somewhat simi- 
lar picture was obtained with the animals on 
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the fat-free diet (Table II). These data com- 
pared to those obtained with animals fed AO or 
HSO illustrate the poor caloric efficiency in 
the EFA-deficient animals. This corroborates 
the findings of previous experiments from this 
laboratory  (8,9). The reduced caloric efficiency 
may possibly be explained, at least to some 
extent,  as an uncoupling of the oxidative phos- 
phorylat ion process (10-15). I t  is tempting to 
speculate that the present results may partially 
be explained as an effect of the fat ty  acid pat- 
tern of the dietary partially hydrogenated oils. 
Thus, the affinity for isomeric unsaturated fat- ~ 
ty  acids, e.g., in the build up of l ipoproteins,  
may be much less than for EFA,  and for the 
isomeric acids synthesized in EFA-deficiency. �9 
The incorporat ion of  isomeric unsaturated fa t ty  
acids into l ipoproteins may result in drastic ~= 
changes in the physico-chemical characteristics .~. 
of  membranes and enzyme moieties, thereby 
directly influencing formation of  normal cells, .~ 
e.g., in spermatogenesis, or indirectly by dis- .W 
turbing the normal course of oxidative phos- 
phorylat ion.  However, the rather similar data 
obtained after long-term experiments with 
animals fed on the fat-free diet indicate that ,  
apart from a possible specific role of dietary '= 
isomeric unsaturated fat ty  acids, a similar effect = .~ 
eventually results from the disappearance of  
EFA,  which favors the biosynthesis of large ~ 
quantities of positional isomers of unsaturated < 
fat ty acids. ~" "~ 

Testes: Weight and Histology 
- r  

On gross examination,  no differences in size 
were observed between the left and the right 
testes from the same animal in any of  the 
experimental groups. 

After  five weeks of experiments,  the abso- 
lute and relative weights of the left testis from .z 
the animals fed HHO were significantly lower 
than those of any of the other groups (Table 
III). Histological examination of the right testis Y= 
from the former animals revealed an almost .~ 
complete degeneration of the spermatogenic 
tissue (Table liD�9 ~ 

The fat-free diet and that with HAO also 
caused a remarkably lower absolute weight of 
the testis after five weeks compared to that of 
the EFA supplemented animals (Table III). 

During the folloWing 10 weeks the absolute 
and the relative weibhts of the testis decreased 
in the animals fed flo fat or 28% HAO (Table 
III). The decrease in relative weight is to some 
extent  explained by a weight increase in the 
animals on the fat~free diet (Group 1, Fig. 1), 
whereas the animals fed 28% HAO hardly 
gained in weight during this period (5th-15th 
week, Fig. 1). The decrease in testis weight 
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occurred simultaneously With an increasing 
degree of degeneration of the spermatogenic tis- 
sue. These developments are further underlined 
by the findings that a much more severe de- 
generation of the spermatogenic tissue occurred 
in the animals on HAO than in those on the 
fat-free diet (Table Ill). 

During the following experimental period 
(15th through 25th week), there was practically 
no change in body weight of the animals fed 
the fat-free or the HAO diets. However, the 
absolute and relative weights of the testis of 
these animals decreased and the degenerative 
changes of the spermatogenic tissue increased. 

The HHO had only half the amount of trans 
acids observed in HAO (Table I). The former 
oil, however, contained about equal amounts of 
t rans  C18:1 , C20:1 and C22:1 and smaller 
amounts of trans dienes and trienes, whereas 
HAO contained practically all of its trans acids 
as elaidic acid. The partially hydrogenated oils 
also contained varying but rather small amounts 
of positional isomers (6). Whether the effects 
observed may, in part be ascribed to either the 
geometric or the positional isomers, or a com- 
bination of the two types of isomeric fatty 
acids is the subject of  further studies. 

The present findings raise two questions. 
First, the appropriateness of talking about de- 
generation of the spermatogenic tissue after five 
weeks of feeding 28% HHO to these young 
animals. Maybe the degeneration is merely a 
dietary effect resulting in a delay in the devel- 
opment of the spermatogenic tissue during the 
period of sexual maturation. In this case, it 
must be concluded from the results obtained 
during the last 21 weeks of the experiments 
(Table III) that the spermatogenic tissue never 
did develop in these animals. Davis et al. (16) 
have reported that changes in lipid composition 
occur in the rat testes at the same time as the 
appearance and maturation of the spermatids. 
Second, during the experimental period a slight 
increase in the absolute and relative weights of 
the testis was observed in these animals (Table 
III). Whether this weight increase concerns the 
deposition of lipids or their compositional 
changes will be shown by analytical work which 
is in progress. 

It should be pointed out that the relative 
weights of the testes of Groups 1, 2, 3 and 4 
(Table III), after 26 weeks of experiment, are 
almost equal, although the degenerative changes 
of those from Groups 1 and 2 are very severe, 

while the testes from Groups 3 and 4 are 
normal. 

The present experiments underline the fact 
that partially hydrogenated oils devoid of EFA, 
as the sole dietary fat of rats, stress the EFA 
def ic iency.  Further, partially hydrogenated 
marine oils apparently have a stronger effect in 
this respect than partially hydrogenated vegeta- 
ble oils and fat-free diets. The reduced caloric 
efficiency and the tissue degenerations de- 
scribed can possibly be explained as membrane 
changes or reduced enzymatic activity, or both, 
due to changes in lipoprotein structures. 
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Essential Fatty Acid-Deficient Rats: II. On the Fatty Acid 
Composition of Partially Hydrogenated Arachis, Soybean 
and Herring Oils and of Normal, Refined Arachis Oil 
G. H~LMER and E. AAES-J~)RGENSEN, Danish Fat Research Institute and 
Department of Biochemistry and Nutrition, Polytechnic Institute, Lyngby. Denmark 

ABSTRACT 

The fatty acid composition of partially 
hydrogenated arachis (HAO), partially 
hydrogenated soybean (HSO) and par- 
tially hydrogenated herring (HHO) otis 
and of a normal, refined arachis oil (AO) 
was studied in detail by means of direct gas 
liquid chromatography, ultraviolet and in- 
frared spectrophotometry and by thin 
layer chromatography fractionation on 
silver nitrate-silica gel plates followed by 
gas liquid chromatography. It was shown 
that the partially hydrogenated oils all 
contained fatty acids with trans double 
bonds. In the plant otis, the trans acids 
were present mainly as elaidic acid. The 
HHO showed an almost equal distribution 
between trans 18:l w9, trans 20:1 60>9 
and trans 22:1 <,0>9. Some trans con- 
figuration was also found in the C20 - and 
C22-dienes and trienes of the HHO. In all 
the otis, conjugated fatty acids were 
present in minor amounts only (<0.5%). 
Special attention was given to the w-acids 
known to be of specific nutritional value. 
The HSO contained about 32% linoleic 
acid, whereas the content of cis, trans + 
trans, cis and trans, trans octadecadienoic 
isomers was 1.7% and 0.5%, respectively. 
The amount of linoleic acid in the HSO 
was even higher than that of AO (29%). 
The HAO contained only 0.8% 18:2 606 
(linoleic acid). Further, two 18:2 fatty 
acids with w>6,  a cis, cis and a trans, trans 
isomer, were present in small amounts. 
The  HHO contained 0.5% 18:2 6o6 
(linoleic acid). Isomers of 18:2 60>6 were 
also found in the HHO. They may be 
hydrogenation products of higher unsatu- 
rated C 1 a-acids originally present. All the 
C2o- and C22-dienes and trienes were 
shown to have an w-chain greater than 6. 
Fatty acids with w6-structure were not 
formed during partial hydrogenation of 
the otis studied. 

INTRODUCTION 

Analyses of the fatty acid composition of 
unhydrogenated plant or fish otis are easily per- 
formed and therefore widely reported in the 
literature (1-3). Partially hydrogenated oils are 

much more complicated and varied in fatty acid 
composition because of formation of positional 
and geometrical isomeric acids. Only a few data 
for such oils have been published so far (4,5). 
Because of the complexity of the fatty acid pat- 
tern, only trends of their structure have been 
demonstrated. Our nutritional experiments (6) 
with this type of oil made it necessary to deter- 
mine, as far as possible, the fatty acid com- 
position of partially hydrogenated arachis oil 
(HAO) partially hydrogenated soybean oil 
(HSO) and partially hydrogenated herring oil 
(HHO), as well as of normal refined arachis oil 
(AO). 

MATERIALS AND METHODS 

All the oils examined were commercially 
processed and refined oils (6). The melting 
points were given as follows: HAO, 41 C; HSO, 
27 C; and HHO, 35-37 C. 

Gas Chromatography 

The methyl esters were prepared according 
to the t r a n s - m e t h y l a t i o n  method of Stoffel et 
al. (7). Fifty milligrams of the oil samples were 
methylated with a mixture of 8 ml of 5% dry 
HCI in superdry methanol and 1 ml of benzene. 
To prevent oxidation, 1 ml of a solution of 
0.1% hydroquinone in dry methanol was added. 
The mixture was refluxed for 2 hr at 80 C on a 
water bath. 

Thin layer chromatography (TLC) on Silica 
Gel G (Merck, Darmstadt, Germany) of the 
methyl esters in a system of petroleum ether- 
diethyl ether (9:1 v/v) proved complete methyl- 
ation of all samples. 

Gas chromatography of the methyl esters 
was performed on a Beckman GC 4 instrument 
with a FID detector using a 1/8 in. o.d. x 6 ft 
column packed with 15% DEGS on Chromo- 
sorb W (A W) (Applied Science Labs. , Inc., 
State College, Pa.); column temperature was 
175 C detector temperature 240 C and inlet 
temperature 230 C. Helium was used as carrier 
gas at a flow rate of 38-40 ml/min; air flow was 
250 ml/min and hydrogen flow was 40 ml/min. 
The signals were recorded on a 1.0 mV Texas 
Servoriter recorder equipped with a DISC inte- 
grator. Calibration of the detector was made by 
means of a quantitative standard mixture 
(Applied Science Labs., Inc., Standard No. H 
104). Direct quantitation of the integrator 
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T A B L E  I 

F a t t y  A c i d  C o m p o s i t i o n  o f  D ie t a ry  F a t s  D e t e r m i n e d  by Direc t  G L C  
(w % o f  To ta l  Methy l  Es te r s )  

Par t ia l ly  Part ial ly Part ial ly 
h y d r o g e n a t e d  h y d r o g e n a t e d  h y d r o g e n a t e d  

F a t t y  a rach is  oil a s o y b e a n  oil Ara c h i s  oil a he r r ing  oil 
acid ( H A O )  ( H S O )  ( A O )  ( H H O )  

12 :0  1.1 0.2 Trace  Trace  
14 :0  0.8 0 .4  Trace  7.4 
1 5 : 0  br. - . . . . . . . .  0.8 
15 :0  . . . . . . . . .  0.7 
16 :0  br . . . . . . . . . .  0.3 
16 :0  10.7 10.6 9.3 14.9 
16:1  1.0 0 .6  0 .3  5.6 
17 :0  . . . . . . . . .  1.2 
1"/: 1 . . . . . . . . .  0.8 
18 :0  13.9 8.2 3.5 6.5 
18:1 64.8 40 .8  48.5 13.0 
18:2  co~6 2.5 1.6 
18 :2  to6 0.8 34.8 b 28.8  b 1.3 
18 :3  to3 --- 4.2 c 1.1 --- 
2 0 : 0  2.0 1.4 4.8 
20 :1  1.2 1.7 11.3 
2 0 : 2  . . . . . . . . .  3.5 
2 0 : 3  . . . . . . . . .  1.6 
2 0 : 4  . . . . . . . . . . . .  
2 2 : 0  1.3 0.3 2.8 5.3 
22 :1  . . . . . .  0.4 14.1 
2 2 : 2  . . . . . . . . .  3.3 
2 2 : 3  . . . . . . . . .  1.9 
2 4 : 0  --- 2.1 Trace  
24 :1  . . . . . . . . . . . .  

I~ s a t u r a t e d  29 .8  19.7 19.1 41.9  
I~ m o n o e n o i c  67.0 41 .4  50.9 44.8  

p o l y e n o i c  3.3 39.0 2 9 . 9  13.2 

aThe  H A O  did no t  o r ig ina te  f r o m  the A O  used in these  e x p e r i m e n t s .  

b C o n t a i n s  i s omer s  as m i n o r  c o m p o u n d s .  

CSmall a m o u n t s  o f  C 2 0 : 0  and C20:  1 are  inc luded.  

strokes corresponded with weight percentages. 
Therefore the calculations of fatty acids were 
made without using correction factors. 

Peak identifications were made with refer- 
ence methyl  esters obtained from The Hormel 
Institute, Austin, Minn., or, when standards 
were not available, by plotting carbon numbers 
versus log relative retention times. 

Ultraviolet Spectrophotometry 

The content of conjugated fat ty acids was 
determined by the technique described in 
AOCS Official Methods (8). Readings for con- 
jugated dienes and trienes were taken at 233 
and 268 nm, respectively, in a Beckman DU 
spectrophotometer .  

Infrared Analysis 

All the oils were submitted to infrared 
analysis to determine the total  content of trans 
fatty acids. A Perkin Elmer model 257 infrared 
spectrophotometer  was used for the measure- 

ments. NaC1 microcells, pathway 0.1 ram, 
total ly containing about 25 /ll, were used. 
Measurements were performed on 10% solu- 
tions of the methyl esters in CS 2 (Merck, 
Darmstadt,  Germany). Elaidic acid (British 
Drug House, Ltd., Poole, England), recrystal- 
lized from alcohol, was converted to its methyl  
ester. A standard solution containing 10.71 mg 
ester per 100 pl was used for quantification. 
The presence of single trans-double bonds, 
absorption peak at 10.35 my (965 cm-1), and 
of conjugated trans bonds, absorbing at 10.14 
m/~ (986 c m ' l ) ,  was investigated. The results 
are given as percentage of trans monoene. 

Thin Layer Chromatography 

The partially hydrogenated oil samples all 
contained a variety of positional and geo- 
metrical isomers. Therefore, a simple gas 
chromatographic separation of the fatty acid 
methyl  esters of these oils gave rise to over- 
lapping of several peaks. 

LIPIDS, VOL. 4, NO. 6 



E F A  D E F I C I E N T  R A T S  I1 

T A B L E  II 

F a t t y  Ac id  C o m p o s i t i o n  o f  Par t ia l ly  H y d r o g e n a t e d  A r a c h i s  Oil  (w t  %) 
D e t e r m i n e d  b y  T L C  F r a c t i o n a t i o n  o n  S i lver -n i t ra te  P la tes  a n d  S u b s e q u e n t  G L C  
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Rel.  re t .  Per c en t  o f  Per c e n t  o f  
F a t t y  ac id  t i m e  ( 1 8 : 0 )  fr~iction t o t a l  oil  

F r a c t i o n  1: 12 :0  0 . 1 5 8  1.7 1.1 
S a t u r a t e d  14 :0  0 . 2 8 8  ~. 1 0 .8  
ac ids  1 6 : 0  0 . 5 3 5  37 .0  10.7  

1 7 : 0  0 . 7 2 1  T r a c e  Trace  
18 :0  1 . 0 0 0  4 7 . 9  13.8  
2 0 : 0  1 .84  5 .6  2 .0  
2 2 : 0  3 .43  4 .0  1.2 
2 4 : 0  6 .37  1.8 Trace  

F r a c t i o n  2: t 16:1  0 . 6 2 4  1.2 0 .7  
Trans t 18 :1  1.15 9S .4  42 .1  
M o n o e n e s  t 20 :1  2 .02  2 .4  0 .6  

t 22 :1  3 .68  1.0 Trace  

F r a c t i o n  3: c 16:1 0 . 6 3 0  1.9 0 .3  
Cis c 18:1  1 .14  88 .2  22 .7  
M o n o e n e s  + c 20 :1  2 .07  3.7 0 .6  
trans, trans c 22 :1  3 .86  Trace  Trace  
Diene c 24 :1  6 .72  T r a c e  Trace  

t , t  18 :2  t o ~ 6  1 .37  6.1 0 .9  

F r a c t i o n  4:  c ,c  18 :2  w~>6 1 .34  65 .7  1.6 
Cis-dienes c,c  18 :2  to6 1 .44  34 .3  0 .8  

Per cen t  trans f a t t y  ac id  ( 1 0 . 3 5  m// )  M e a s u r e d  ( IR)  47  

C a l c u l a t e d  45 .2  

Thin layer chromatography on silver nitrate 
plates is commonly used to separate methyl 
esters from unhydrogenated oil according to 
the unsaturation (9,10), and according to the 
position of the double bond (11). This tech- 
nique was used for fractionation of the partially 
hydrogenated oils used in these experiments. 
The plates were prepared in the following way: 
30 g of Silica Gel G was slurried in 60 ml of a 
12.5% solution of AgNO 3 (Merck, Darmstadt, 
Germany). The slurry was spread in a 0.25 mm 
layer on 20 x 20 cm glass plates. These were 
air-dried for 40 min, then activated for 45 min 
at 110 C and stored in a desiccator in a dry 
atmosphere in the dark. For separation of 
methyl esters, the solvent system benzene- 
petroleum ether (9:1 v/v) recommended by de 
Vries and Jurriens (10) was used. Four fifths of 
the plate were uniformly loaded with 5 mg of 
the methyl esters to be studied. For com- 
parison, lard methyl esters containing molecules 
with 0, 1 and 2 double bonds, respectively, 
were spotted on the last fifth of the plate. After 
16 cm of migration, the bands were located by 
spraying with 2,7-dichlorofluoresceine (0.2% in 
ethanol) and examined under UV light. The 
bands were scraped off and eluted three times 
with 10 ml portions of wet diethyl ether 
(ether-water, 98:2). The extracts were dried 
over anhydrous sodium sulfate, filtered and 
concentrated for GLC. 

RESULTS 

Direct Gas Chromatography 

The total content of Saturated acids is much 
higher in the HAO and the HHO than in the 
HSO and the AO (Table I). Furthermore, the 
higher values for saturated acids in the two 
former oils are due to different types of acids. 
In the HAO, palmitic and stearic acids are the 
d o m i n a t i n g  saturated acids, whereas the 
spectrum of saturated acids in the HHO is more 
evenly distributed, ranging from 14:0 to 22:0. 

Monoenoic acids are present in considerable 
amounts in all the oils examined. The C18- 
monoenoic acid is the main component in the 
plant oils, whereas the partially hydrogenated 
marine oil contains about equal amounts of 
octadecenoic, eicosenoic and docosenoic acids; 
furthermore, palmitoleic is present. The trans 
content of these acids will be discussed later in 
this paper. 

The HSO and the AO contained very large 
amounts of C 18-dienoic acid. However, for the 
HSO it remains to be verified whether this acid 
is linoleic acid only, or whether it contains iso- 
mers with less or no potency as essential fatty 
acid. 

In HAO and HHO, only small values for 
18:2 are seen. Thee main component of these 
18:2 acids is identified below as an isomer of 
linoleic acid. 
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T A B L E  II I  

Fa t ty  Ac id  Compos i t i on  of  Part ial ly H y d r o g e n a t e d  Soybean  Oil (wt  %) 
D e t e r m i n e d  by TLC on Silver-ni trate Plates and  Subsequen t  GLC 

Rel. re t .  Per cent  of  Per cent of  
F a t t y  acid t ime  ( 1 8 : 0 )  f rac t ion  to ta l  oil 

Frac t ion  1: 
Sa tu ra ted  
acids 

Frac t ion  2: 
Trans 
m o n o e n e s  

Frac t ion  3: 
Cis m o n o e n e  + 
trans, trans 
Diene 

Frac t ion  4: 
Cis m o n o e n e  

Frac t ion  5 : 
Cis, trans 
Diene 
(cis m o n o e n e )  

Frac t ion  6: 
Cis, cis diene 

Frac t ion  7: 
Cis, cis, cis 
t r iene 
(cis, cis 
diene)  

12:0 0 ,159  0.5 0.2 
14:0 0 .290  1.4 0.4 
16:0 0 .535 52.9 10.6 
1 8 : 0  1.000 41.0  8.2 
20 :0  1.81 2.2 0.4 
22 :0  3.36 1.9 0.3 
24 :0  6.41 --- Trace  

t 16:1 0 .615 3.2 0.6 
t 18:1 1.16 96.8 10.6 
t 20:1 2.08 --- Trace  

c 18:1 t o ~ 9  1.22 90.6 7,1 
c 20:1 2.08 5.2 0.3 

t , t  18:2 ~o6 1.44 4.2 0,5 

c 16:1 0 .617  --- Trace 
c t8 :1  co9 1.19 100 23.0 

c , t  18:2 co6 1.46 85.7 1.7 
t,c 

c 18:1 (co~>9) 1.15 14.3 Trace  

c,c 18:2 co6 1.46 100 31.8 

c,c,c 18:3 (.o3 1.94 83.6 3.4 

c,c, 18:2 (,o6 a 1.46 16.3 0.8 

Per cent  trans f a t ty  acid (10 .35  m/R) Measured b 10.7 
Calculated 13.8 

aMore  than  one  m e t h y l e n e  group  b e t w e e n  the double  bonds .  

bln this sample  small  a m o u n t s  of  con juga ted  trans m a y  also be present .  

The HHO contained a rather high amount of 
total polyenoic acids. This is primarily due to 
C20- and C22-dienoic and trienoic acids. The 
nature of these acids will be discussed below. 

Total Conjugated Fatty Acids 
(UV Spectrophotometry) 

The HAO, HSO, AO and HHO contained 
0.3%, 0.4%, 0.2% and 0.4% (weight) re- 
spectively of conjugated dienes, whereas con- 
jugated trienes were absent. Therefore, the 
overlapping of conjugated acids in GLC is of 
minor or no importance. 

Total Trans Fatty Acids (IR Spectrophotometry) 

The HAO contained 47% of trans fatty 
acids. Of these more than 95% were C18- 
monoene as deduced from GLC (Table II). In 
HSO, only 10.7% total trans fatty acids were 
found (Table III). 

The HHO showed 22.9% trans fatty acids 
present (Table V). In contrast to the two par- 

tially hydrogenated plant oils, this oil had 
greater amounts of monoenes with longer 
chains (C20 and C22 ) and also some long chain 
dienes and trienes, among which the trans 
bonds could be distributed (Table I). The pos- 
sible occurrence of trans dienes in HSO and 
HHO will be discussed below. 

Conjugated trans acids were not present in 
a p p r e c i a b l e  amounts in any of the oils 
examined in accordance with the direct spectro- 
photometric determination of total conjugated 
fatty acids. 

TLC Argentation Chromatography of Methyl 
Esters Followed by GLC 

Partially Hydrogenated Arachis Oil. TLC on 
silver nitrate plates gave four distinct bands for 
HAO (Table II). From these results it is evident 
that directly measured trans configuration and 
the calculated values are in agreement. This sup- 
ports the identification procedure of the fatty 
acids. The main trans component is apparently 

L1PIDS, VOL. 4, NO. 6 



EF A D E F I C I E N T  R A T S  1I 

T A B L E  IV 

F a t t y  Acid  Compos i t i on  of  A.rachis Oil (wt  %) 
D e t e r m i n e d  by T L C  on Silver-nitrate Plates Fo l lowed  by GLC 
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Rel. ret .  Per cen t  of  Per cen t  of  
F a t t y  acid t ime  ( t  8: O) f rac t ion  to ta l  oil 

Frac t ion  1 : 12:0 0 .155 --- Trace  
Sa tu ra t ed  14:0 0 .288  --- Trace  
acids 16:0  0 .545 50.6 9.3 

17:0 0.721 --- Trace  
18:0  1 .000 19.9 3.5 
20 :0  1.84 7.1 1.4 
2 2 : 0  3.44 14.1 2.8 
2 4 : 0  6.41 8.4 2,1 

Frac t ion  2: c 16:1 0.631 0.6 0.3 
Monoenes  c 18:1 1.19 95.4 48.5 

c 20:1 2 .09  3.2 1.7 
c 22:1 3.81 0.8 0.4 

Frac t ion  3: c,c 18:2 t~6 1.47 99.5 28.8 
Diene c 18:1 w]>9 1.15 0.5 Trace  
(cis m o n o e n e )  

Frac t ion  4: c,c,c 18:3 t J3  1.92 --- 1.1 
Tr iene  

elaidic acid. The trans, trans-C18-dienoic acid 
does not have the co6-configuration, as deducted 
from the GLC retention time which indicates a 
l o n g e r  co-chain. A corresponding cis, cis- 
C 18-dienoic acid is also present. Only about 
0.8% of linoleic acid (cis 9,cis 12-18:2) seems 
to be left in the sample after the partial hydro- 
genation. Palmitic and stearic acids are the 
dominating saturated fatty acids of HAO. 

Partially Hydrogenated Soybean Oil. In this 
oil, argentation chromatography gave seven 
bands which were analyzed (Table III). 

The relatively small amounts of total trans 
fatty acids in HSO are to a great extent due to 
monoenoic acids, primarily elaidic acid. By the 
highly selective hydrogenation technique used 
for this oil, trans isomers of dienoic acid were 
not formed. Further, the content of trienoic 
acid is low, 3.4%, and it seems to be present as 
linolenic acid only. 

The fact that the amount of calculated trans 
acids is higher than the actually measured 
amount  could throw the identification of the 
trans-diene isomers into doubt. However, it 
appears more reasonable to suggest that the 
experimental deviations in the IR determi- 
nation and in the TLC fractionation may 
account for the difference because of the small 
amounts present. 

Arachis Oil. Fractionation of the unhydro- 
genated arachis oil by TLC on silver nitrate 
plates showed that no positional isomers were 
present. 

Four different zones were separated (Table 
IV) and the methyl esters recovered. 

Monoenoic acids are nearly exclusively 

represented by oleic acid, which constitutes 
half of all the fatty acids of the arachis oil. 

Linoleic acid is recovered in a band together 
with very small amounts of an isomer of a 
C 18-monoenoic acid. The C 18-dienoic w6-acid 
comprised 28% of the fatty acids and is the 
only polyenoic acid found, apart from a minor 
amount of linolenic acid. 

Partially Hydrogenated Herring Oil. Partial 
hydrogenation of highly unsaturated fish oils 
gives rise to a variety of isomers, geometric as 
well as positional. An attempt to account for all 
constituents was not tried. Fractionation on 
AgNO3-plates revealed eight distinct bands 
which were analyzed by GLC (Table V). How- 
ever, fractions 7 and 8 contained very small 
amounts of fatty acids, which were detectable 
only as traces in the original oil. The efforts 
were concentrated on identifying geometric and 
positional isomers together with cis-co-6-acids. 

For this oil sample (HHO), the large number 
of isomers made it more convenient to calculate 
the area percentage of peaks with the same 
retention time instead of using percentage of 
fraction. This method of calculation thus gives 
the percentage of total area response i n  GLC 
for each component with almost the same 
retention time. 

A tentative identification was made by 
means of TLC and GLC. On silver nitrate 
plates, trans fatty acids will migrate further 
than the corresponding cis acids, but in GLC 
the retention times will be nearly equal. For 
positional isomers, both the co-chain and the 
number of methylene groups between double 
bonds influence the TLC migration (10,11). 
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T A B L E  V 

F a t t y  Acid  C o m p o s i t i o n  o f  Par t ia l ly  H y d r o g e n a t e d  He r r i ng  Oil (wt  %) 
D e t e r m i n e d  by TLC on Si lver -n i t ra te  Plates F o l l o w e d  by  G L C  

Pe rcen tage  
o f  peak  w i t h  

Rel. ret .  s a m e  ret .  Per cent  o f  
Fa t t y  acid t ime  ( 1 8 : 0 )  t ime  total  oil 

F r a c t i o n  1 : 12 :0  0 .145 --- Trace  
S a t u r a t e d  14 :0  0 .290  --- 7.4 
acids  t 5 :0  br. 0 .321 --- 0.8 

15 :0  0.381 --- 0.7 
16 :0  br. 0 .465  --- 0.3 
16 :0  0 .535  --- 14.9 
17 :0  0 .712  --- 1.2 
18 :0  1 .000 --- 6.5 
2 0 : 0  1.86 --- 4.8 
2 2 : 0  3.50 --- 5.3 
2 4 : 0  6.35 --- Trace  

F r a c t i o n  2 :  14 :0  0 .288  . . . . . .  
Trans m o n o e n e s  16 :0  0 .530  . . . . . .  
+ small  a m o u n t s  18 :0  1.000 . . . . . .  
o f  l ower  t 18:1 oj9 1.16 8,6 1.1 
s a t u r a t e d  acids  t 20 :1  tu~>9 2.09 36.8 4,2 

t 22 :1  c ~ ' 9  3.84 40.1 5.7 

F rac t i on  3: t 16:1 cu7 0 .634  21.2 1.2 
Trans m o n o e n e s  t 18:1 t~9 1.16 30.8 4.0 

t 20 :1  r  2.06 11.9 1.3 
t 22 :1  t~:>9 3.80 4.6 0.6 
t 2 4 : 1  ~ > 9  7 ,07 100 Trace  

F rac t i on  4:  c 16:1 (t,J7) 0 .630  27.8  1.6 
Cis m o n o e n e s  c 17:1 ( w S )  0 .850  36.4 0.3 

c 18:1 eu9 1.15 8.5 1.1 
c 18:1 u ~ ( 9  1.24 3.6 0.5 
c 20:1  t o ~ 9  2 .14 39.0 4.4 
c 22 :1  ( co~9)  3.84 52.5 7,4 

F rac t i on  5: c 16:1 (cuT) 0 .639  51.0 2.8 
Cis m o n o e n e s  c 17:1 ( w 8 )  0 .855  63.6  0.5 
Cis, t ransd ienes  c 18:1 c~9 1.16 48 .6  6.3 
Cis, trans, trans t r iene c, t 18:2  cu~6 1.36 39.8 0.6 

c , t  18:2  cu6 1.47 9.7 0.1 
c 20:1  w ~ ' 9  2 .07 12.3 1.4 

c , t  2 0 : 2  cu~6 2 .46 37.4 1.3 
c , t , t  2 0 : 3  cu~6 2 .76 13.3 0.2 

c 22:1  cu~9 3.79 2.7 0.4 
c , t  2 2 : 2  cu~6 4 .46  39.1 1.3 

F rac t ion  6: c,c 18:2 cu~6 1.36 50.8 0.8 
Cis, cis dienes  c,c 18:2  cu6 1.47 48 .0  0.6 
Cis, cis, t rans t r i enes  c,c 2 0 : 2  c ~ 6  2.44 55.5 2.0 

c ,c , t  2 0 : 3  co~6 2.68 55.9 0.9 
c,c 22 :2  co~6 4.41 57.0  1.9 

c ,c , t  2 2 : 3  w~>6 4.97 53.9 1.0 

Frac t ion  7: c,c 18:2  t ~ ' 6  a 1.36 9.4 0.2 
Cis, cis dienes  c,c 18:2  t~6 a 1.47 42 .3  0.5 
Cis, cis, cis t r ienes  c,c 20 :2  w~>6 a 2 .40  7.2 0.2 

c,c,c 2 0 : 3  t J ~ 6  2.72 30.8 0.5 
c,c 2 2 : 2  cu~6 a 4 .30  3.9 0.1 

c,c,c 2 2 : 3  w ~ 6  5,11 46.1 0.9 

F rac t ion  8: Tr ienes  and t e t r a e n e s  "Mth r  T r a c e  

Per cent  trans f a t t y  acid (10 .35  m/A) Measured  22.9 
Ca lcu la ted  24.1 

aThese  acids  m a y  have a m e t h y l e n e  i n t e r r u p t i o n  be twe e n  doub le  bonds  d i f f e r e n t  f r o m  
the s imi lar  acids  in F rac t i on  6. 
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However, Morris et al. (11), studying the sepa- 
ration of isomers, claim that benzene-petroleum 
ether (80:20) at room temperature, and one 
development, does not separate the isomers 
completely. In the present work only one devel- 
opment was used. Therefore, the separation 
according to positional isomerism probably is 
not complete. GLC of fatty acids with different 
co-chains would give rise to different retention 
times. 

Figure 1 shows the plot of log relative 
retention time versus carbon number for fatty 
acids of various TLC fractions of HHO. From 
the plots it can be deduced whether or not the 
longer chain dienoic and trienoic fatty acids 
have the 606 configuration. It was found that 
none of the dienes or trienes formed during the 
partial hydrogenation were fatty acids with '6o6 
configuration. Comparison of retention times 
for the 20:3 and 22:3 from partially hydrogen- 
ated herring oil, with retention times for 20:3 
609 and 22:3 609 found in tissues of fat- 
deficient rats, indicates an co-carbon chain of 
about 9 carbon atoms; in the same way it was 
recognized that the C20- and C22-monoenoic 
acids had an 60-chain greater than 9. The 
c o - c h a i n s  i n  C 1 6 - m o n o e n o i c  a n d  
C 17-monoenoic acids were shorter than 9, they 
apparently were the original 607 and 608, 
respectively. 

The total amount of EFA in HHO is 0.6% 
cis, cis-18:2 606 (Table V). Trace amounts of 
cis, trans 18:2 co6 will not influence the EFA 
deficiency syndromes, as this type of fatty acid 
is questionable as EFA (12). Trans, transqinoleic 
acid apparently is not present. 

The total content of trans fatty acids 
amounted to 24.1% in HHO, which fits fairly 
well with the directly measured 22.9% (Table 
V). Correction for non-additive appearance of 
trans-double bonds in dienes (4,5) were not 
made. This would give even better agreement 
with the direct measurement. 

The distribution of corresponding cis and 
trans fatty acids is also seen in Table V. Geo- 
metric isomers show the same relative retention 
time in GLC, therefore the total percentage of 
any trans isomer can be seen in, or calculated 
from, the Table. Thus, the content of cis, trans- 
20:2 6o>6 is 37% of the total 20:2 co~6. The 
cis, cis isomer accounts for about 55%, whereas 
the remaining 7% probably is a positional iso- 
mer with more than one methylene group inter- 
rupting the double bonds. The docosadienoic 
acid shows about the same proportions between 
its isomers. 

The trienoic acids 20:3 60>6 and 22:3 co>6 
are also present as isomers. Cis, trans, trans 20:3 
co>6, cis, cis, trans 20:3 co~6 and all-cis 20:3 

~l.  ret time 

~riene~ 

gienes 
a/6- 

Monoenes 

[ C-a/D~.' 

FIG. 1. Identification of fatty acid isomers in frac- 
tions of partially hydrogenated herring oil. 

60>6 constituted 13%, 56% and 31% of the 
total 20:3 60>6, respectively, whereas the all- 
trans isomer was absent. For 22:3 60>6, no all- 
trans nor cis, trans, trans isomers were recog- 
nized, whereas the cis, cis, trans and the all-cis 
isomers were present in about equal amounts. 

DISCUSSION 

The main differences in fatty acid distri- 
bution of the dietary oils were pointed out in 
Table I. Neither geometric nor positional iso- 
mers were discussed in this connection. How- 
ever, the AgNO 3 fractionation made it possible 
to make comparisons of the isomers of the dif- 
ferent dietary oils. In the plant oils, the occur- 
rence of co6 acids, i.e., essential fatty acids, is 
only possible among the C 1 s-acids, whereas the 
HHO has both C2o and C22-acids with two or 
three unsaturated bonds. 

The HAO contained 0.8% 18:2 r This is 
about the same amount as found in HHO. How- 
ever, this latter oil also contained 0.5% of a 
cis, cis 18:2 isomer with an co6 carbon chain, 
but probably with more than one methylene 
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group interrupting the double bonds. This 
finding is in clear contrast to the very high 
amount of linoleic acid, 28% in AO. 

The HSO, which could be expected to con- 
tain high amounts of geometrical isomers of 
18:2, contained about 32% linoleic acid, only 
1.7% cis, trans isomers, and even less trans, trans 
isomers, namely 0.5%. 

None of the isomers formed during partial 
hydrogenation of the higher unsaturated fatty 
acids originally present in the herring oil 
belonged to the 606 family, All of the acids 
identified showed co-carbon chains greater than 
6. 

From the TLC fractionations and the GLC 
identifications it can be said that nearly all the 
trans content in the HAO is present as elaidic 
acid. This is also the case for HSO; however, it 
was shown that cis, trans and trans, trans isomers 
of linoleic acid are present in smaller amounts. 

In the HHO, trans bonds are present in many 
different fatty acids. About 18% of the total 
fatty acids are monoene trans fatty acids distri- 
buted equally among trans 18:1 6o9 (elaidic 
acid), trans 20:1 co>9 and 22:1 co>9. The rest 
of the trans double bonds (6%) are distributed 
in seven different components, among which 
are cis, trans 20:2 60>6 and 22:2 co~6 as well as 
cis, cis, trans 20:3 6o>6 and 22:3 co~6 acids. 
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Essential Fatty Acid-Deficient Rats: III. Distribution of 
Lipid Classes in Rat Testes After Feeding Partially 
Hydrogenated Oils 
G. H~LMER and E. AAES-J~RGENSEN, Danish Fat Research Institute 
and Department of Biochemistry and Nutrition and Polytechnic Institute, Lyngby, Denmark 

ABSTRACT 

Total and relative amounts of neutral 
lipids (NL) and phospholipids (PL) as 
well as the distribution of various lipid 
classes in these were determined in testes 
of rats fed different types of partially 
hydrogenated oils for 5,15 and 26 weeks. 
The dietary fats were partially hydro- 
genated arachis oil (HAO), partially 
h y d r o g e n a t e d  s o y b e a n  o i l  (HSO), 
partially hydrogenated herring oil (HHO) 
and, for comparison, arachis oil (AO). An 
additional series of animals was reared on 
a fat-free diet throughout the entire ex- 
periment.  The total  amount of NL is de- 
creased by EFA deficiency parallel with 
the development of the degenerative 
changes of the spermatogenic tissue. The 
relative amounts of NL in the testis are 
not  influenced by EFA deficiency during 
the first stages of degeneration. However, 
feeding of HHO for 26 weeks resulted in 
a marked decrease in NL. The total con- 
tent of PL is directly related to tissue de- 
generation. This observation is supported 
by the data obtained after 5 weeks of 
feeding HHO and by the correspondence 
between the results found after 15 and 26 
weeks on HAO and the fat-free diets, 
respectively. The relative amount of PL is 
less influenced by EFA deficiency, but 
severe degenerations as found for the 
g r o u p  f ed  HHO are  fo l lowed  by 
decreases. The neutral lipids had three 
main fractions: triglycerides (TG), free 
fat ty acids (FFA)  and cholesterol (Chol). 
F F A  was found to be the main fraction 
of NL after 5 weeks, whereas TG was the 
main component  of NL after 15 and 26 
weeks, especially in the animals with 
degenerated testes. The presence of the 
large quantities of F F A  is discussed. Cho- 
lesterol was decreased markedly in the 
EFA deficient rats fed partially hydro-  
genated oils, but not  in the fat-free reared 
groups. The variations in the PL distri- 
bution during the experiment were small 
with regard to the two main PL classes, 
the phosphatidylcholines and the phos- 
phatidylethanolamines.  The most re- 
markable change among the PL classes 

was an increase in the percentage of 
sphingomyelins when the spermatogenic 
degenerations developed. 

INTRODUCTION 

In a previous paper (1) were reported the 
g r o w t h ,  g ross  symptoms and histological 
changes in the testes and epididymides of  rats 
fed partially hydrogenated arachis oil (HAO), 
partially hydrogenated soybean oil (HSO)and  
partially hydrogenated herring oil (HHO). Ani- 
mals fed arachis oil (AO) were used as controls. 
The fat ty acid pattern of the above mentioned 
oils, which were used as the sole dietary fat, has 
been studied in detail (2). Large individual dif- 
ferences were found in the fa t ty  acid compo- 
sition of the dietary fats. 

Previous studies in this field have been made 
by Bieri and Prival (3), who described some of 
the lipid classes of testes from normal animals 
of different species. Holman affd H0fstetter (4) 
studied the fat ty acid composit ion of  the lipids 
from bovine and porcine reproductive tissues. 
In the present paper we are reporting on the 
distribution of the various lipid classes from the 
testes of rats fed diets containing various 
partially hydrogenated oils, arachis oil or a fat- 
free diet. 

EXPERIMENTAL PROCEDURES 

The details of the animal experiment were 
described earlier (1). The dietary fat comprised 
28% (by weight) of the total  basal diet. After 
the animals were killed, both testes were 
removed immediately,  weighed and frozen. One 
testis from each animal was used for histology 
(1) and the other for lipid analysis. In order to 
get enough material for all the analytical 
examinations it was decided to make two pools 
per group, each consisting of four testes. This 
was especially necessary in the cases of severely 
degenerated testes. 

Homogenization and extraction were made 
simultaneously in a MSE homogenizer with 
CHC13 :CH3OH (2:1 v/v), according to Folch et 
al. (5). The purified extract was chromato- 
graphed on a column (2.6 cm i.d., length 10 
cm), containing a mixture of 15 g silicic acid 
(Baker Analyzed Reagent, Deventer, Holland) 
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T A B L E  I 

T o t a l  a n d  Rela t ive  Weigh t  o f  Neu t r a l  L ip ids  a n d  P h o s p h o l i p i d s  o f  t h e  Righ t  Tes tes  o f  t he  Ra t s  a 

G r o u p  no .  1 2 3 4 5 

Diet  
c h a r a c t e r i s t i c s  b Fa t - f r ee  2 8 %  H A O  28% H S O  2 8 %  A O  28% H H O  

A f t e r  5 w e e k s  on  e x p e r i m e n t a l  d ie t s  
NL t o t a l  (mg)  50 .3  _ 1.1 51.1  _ 2.1 65.1 _ 1.6 62 .3  + 0 .9  27 .5  + 0 .0  
N L re la t ive  ( rag /g)  9 .3  + 0.1 11 .0  + 0.5 10 .4  + O. 3 10.3  + 0.1 12 .3  + O. 1 
PL t o t a l  (nag) 65.5  + 2.5 4 8 . 3  + 0 .7  63 .3  + 0 .3  64 .3  +_ 1 .6  18 .6  + 0 .8  
PL re la t ive  (mg /g )  12.2  + 0 .3  10 .4  + 0.1 10.1 + 0 .0  10 .6  + 0 .3  8 .3  + 0 .4  

A f t e r  15 w e e k s  on  e x p e r i m e n t a l  d ie t s  
N L  to t a l  (mg)  36 .7  +- 4 .3  30 .2  + 2.5 7 2 . 0  _4- 6 .6  7 7 . 4  +- 7 .0  29 .3  + 0 .9  
N L  re la t ive  ( m g / g )  10.1 +- 0 .8  10 .3  + 0 .8  I 1 .9  _ 0 .9  12.5  _+. 1.1 13 .9  4- O. 1 
PL to t a l  (nag) 4 2 . 3  + 4 .3  31 .0  + 0 .7  7 5 . 4  + 5 .2  7 5 . 7  + 4 .2  17 .4  +- 0.1 
PL re la t ive  ( rag /g)  11 .6  + 0 .8  10 .6  + 0 .3  12 .4  + 1.0 12.2  --. 0 .7  8.2 + 0 .2  

A f t e r  26  w e e k s  o n  e x p e r i m e n t a l  d ie t s  
N L  t o t a l  (nag) 2 9 . 8  + 2 .4  33 .8  + 0 .0  81 .4  + 7 . 0  8 2 . 3  + 0 .7  27 .0  + 1.8 
N L  re la t ive  ( m g / g )  9 .6  + 0 .8  10 .6  + 0 .0  10 .6  + 0 .9  11 .8  + 0 .0  7 .7  -+ 0 .4  
PL t o t a l  (nag) 28 .5  + 2 .0  30 .3  + 0 .2  87 .0  + 0 .5  85 .9  + 1.8 27 .9  + c 
PL re la t ive  (mg /g )  9 . 2 +  0 .6  9.5 + 0 . 1  1 1 . 3 + - 0 . 0  1 2 . 3 + - 0 . 2  7 .8+-  c 

a S t a n d a r d  dev ia t ions  fo r  t w o  p o o l s  o f  f o u r  t es tes  each  are given.  

b H A O ,  pa r t i a l l y  h y d r o g e n a t e d  a r ach i s  oi l ;  H S O ,  pa r t i a l l y  h y d r o g e n a t e d  s o y b e a n  oi l ;  A O ,  Arach i s  oil;  a n d  
H H O ,  pa r t i a l l y  h y d r o g e n a t e d  h e r r i n g  oil. 

COnly o n e  q u a n t i t a t i v e  d e t e r m i n a t i o n .  

and 5 g Hyflo supercel (Johns-Manville Co., 
New York), prewashed thoroughly with chloro- 
form. 

The neutral lipids (nonphospholipids,  NL) 
were eluted with 150 ml of chloroform and the 
phospholipids (PL) with 150 ml of methanol.  
These two main fractions were concentrated on 
a rotating vacuum evaporator (Buchi, Switzer- 
land) at a temperature of  40 C. Suitable ali- 
quots were taken for quanti tat ion by weight. 

Lipid classes of the NL fraction were sepa- 
r a t e d  b y  TLC on Silica Gel G (Merck, 
Darmstadt,  Germany) in a solvent system con- 
taining redistilled petroleum ether (bp 60-70 C, 
Chr .  F. Petri, Copenhagen), diethyl ether 
(Ph.Nord., Chr. F. Petri, Copenhagen), and 
acetic acid (Merck, Darmstadt,  Germany) in 
the ratio 70:30:1 (v/v/v). 

Cholesterol and cholesterol esters were 
d e t e r m i n e d  by  the  Liebermann-Burchard 
reaction as modified by Sperry and Webb (6). 
The scrapings from the TLC plate containing 
cholesterol and cholesterol esters were used 
directly for the measurements. Blank areas 
from the plates showed no color reaction. Cho- 
lesterol, purified via the dibromide (7) and cho- 
lesterol palmitate,  purified by TLC, were used 
as standards. The triglycerides and the free 
f a t t y  acids were determined by weighing. 
Elution from the Silica Gel G was made with 
three port ions of wet diethyl ether, ether-water 
(98:2). 

The PL fraction was separated into classes 
by TLC on Silica Gel H (Merck, Darmstadt) 

suspended in 1 mM Na2CO3, according to 
Skipski (8). 

The separation of testis phospholipids was 
performed in a solvent system of chlokoform- 
methanol-water (65:25:4 v]v/v) according to 
Wagner et al. (9). In this system, the phospho- 
lipids present interfered less with each other 
than in other systems tried. The only dis- 
advantage is that  phosphatidylserine (PS) is not  
completely resolved from phosphatidylcholine 
(PC). However, the PS fraction was found to be 
a minor fraction (3-5%) in testis phospholipids 
compared to PC. This is in accordance with the 
findings of Bieri and Andrews (10) and Davis et 
al. (11). 

The TLC was performed in a saturated 
chamber, migration 15-16 cm. Spots were 
visualized with iodine vapor. After disap- 
pearance of the iodine color, the fractions were 
s c r a p e d  o f f  and  p h o s p h a t e  determined 
according to Bartlett (12). It was found that 
direct measurement of phosphate in the TLC 
scrapings gave reproducible results, when the 
plates were prewashed by developing them in 
the solvent system used for PL separation. 
Reactivation of the plate was necessary before 
s p o t t i n g  t h e  phospholipid mixture. The 
analytical procedure was checked by PC and PE 
standards. 

RESULTS AND DISCUSSION 

Neutral Lipids 
Total and relative amounts of NL in a pool 

of four testes are given in Table I. 
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T A B L E  II 
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G r o u p  no .  1 2 3 4 5 

Diet  
c h a r a c t e r i s t i c s  b Fa t - f ree  28% H A O  28% H S O  2 8 %  A O  2 8 %  H H O  

A f t e r  5 w e e k s  on  e x p e r i m e n t a l  d ie t s  
C h o l e s t e r o l  1 5 . 6 -  + 0.1 15.7  + 2 .2  1 2 . 6 -  + 0 .0  14.0-+ 0 .4  11.9-+ 2.1 
Free  f a t t y  ac ids  51 .4  -+ 0.1 57 .2  -+ 1.0 56 .4  -+ O. 1 56 .0  + 0 .4  51 .2  -+ 0 .7  
Tr ig lyce r ides  c 31 .9  -+ 0.1 25 .9  -+ 1.4 30.1 4- 0 .2  28 .8  -+ 0 .2  35 .2  -+ 2 .9  
Cho le s t e ro l  es ters  d 1.0 -+ 0.1 1.2 -+- O. 1 1.0 -+ 0.1 1.1 -+ 0.2 1.4 -+ 0.1 

A f t e r  15 w e e k s  o n  e x p e r i m e n t a l  d i e t s  
Cho le s t e ro l  18 .6  + 1.0 1 2 . 0 _  + 0.1 1 6 . 3 -  + 1.8 11.8  + 0 .3  11.0-+ 0 .3  
Free  f a t t y  ac ids  35.1 -+ 3 .4  36.1 -+ 3 .6  41 .2  + 3.7 29 .5  4" 1.4 29 .3-+  1.3 
Tr ig lyce r ides  c 44 .4  _ 3 .4  50 .9  -+ 3.8 4 1 . 4  _+ 5,2 57 .9  -+ 1.4 58 .7  -+ 1.7 
C h o l e s t e r o l  es te r s  d 1.6_+ 0 .3  1.0 4- 0.1 1.1 -+ 0.2 0 .9  -+ 0.1 1.1 + 0.1 

A f t e r  2 6  w e e k s  o n  e x p e r i m e n t a l  d ie t s  
C h o l e s t e r o l  15.8  -+ 0 .7  8 .3  + 3 .4  16.3  -+ 0.5 12.1 -+ 1.1 7 .9  -+ 1.0 
Free  f a t t y  ac ids  2 7 , 6  -+ 3.4 35 .2  ___ 7 .9  4 6 . 0  -+ 1.7 37.7  -+ 1.7 30.4-1- 9 .0  
Tr ig lyce r ides  e 54 .7  -+ 4 .6  55 .6  4- 4 ,0  36 ,3  + 1.2 4 9 . 3  -+ 2.8 60 .2  -+ 7 .7  

C h o l e s t e r o l  es te r s  d 1.9 -+ 0.5 0 . 9  -+ 0 .4  1.4 -+ 0.1 0 .9  +- 9.1 1.4-+ 0 ,2  

a S t a n d a r d  dev i a t i on  f o r  t w o  poo ls  o f  f o u r  tes tes  e a c h  are  given.  
b F o r  e x p l a n a t i o n  o f  a b b r e v i a t i o n s ,  see Tab le  I. 

CThis f r a c t i o n  also i nc ludes  d i a c y l g l y c e r y l  e thers .  N e u t r a l  p l a s m a l o g e n s  w e r e  o n l y  f o u n d  in t r a c e  a m o u n t s ,  
d e d u c e d  b y  GLC,  

d C h o l e s t e r o l  es ters  p lus  smal l  a m o u n t s  o f  n o n i d e n t i f i e d ,  n o n p o l a r  l ipids.  

Already after five weeks of experimental 
feeding, it is evident that the animals fed HHO 
are very low in total  NL compared~ to those 
receiving EFA (Groups 3 and 4). However, the 
relative amount  of NL in the HHO group seems 
to be even higher than for the animals receiving 
EFA. A suggestive explanation of this obser- 
vation may be that the HHO animals have very 
little, if any, visible depot fat, i.e., all dietary 
fat is, generally speaking, metabolized. How- 
ever, some triglycerides are still present in the 
very small testes resulting in a high relative 
value. This NL may, in part,  be structural NL, 
but may be, in part,  a result of accumulated NL 
because of slow transfer to PL of the rather 
unusual fat ty acids present in the partially 
hydrogenated herring oil (2). A somewhat 
similar tendency is observed in the animals fed 
HAO (Table I). The relative weight of NL was 
lowest for the fat-free groups. This may be due 
to mobilization of NL for PL synthesis. 

After  15 weeks of experiment,  a remarkable 
decrease in total  NL was observed in the rats on 
the fat-free diet or with 28% HAO (Table I). 
Simultaneously, the absolute weight of the 
testes, especially in the HAO group, decreased 
markedly. 

After 26 weeks on the experimental  diets, 
the absolute amount  of NL in the testes was at 
the same level and very low in all three EFA- 
deficient groups of animals (Table I). The 
relative amount of NL was very low in the ani- 

mals fed HHO or a fat-free diet. The absolute 
weight of the testes from the HHO animals was 
increasing from the 5th through the 25th week 
of experiment.  The data (Table I) clearly indi- 
cate that this increase in absolute weight is not 
due to increased deposit ion of  NL. The histolo- 
gical studies of the left testis from all of the 
animals (1) showed severe degenerative changes 
of the spermatogenic tissue after a short feeding 
period with HHO. A similar picture was 
observed later with the HAO diet, and finally 
with the fat-free diet. It  may thus be concluded 
that  the relative amount of NL in the testes is 
not  necessarily affected to any marked degree 
by EFA deficiency, whereas the total  amount  
of NL and the weight of the testes give valuable 
information about the functional status of  the 
spermatogenic tissue. Whether the fat ty acid 
profile of  the NL compounds may further en- 
large our understanding of these problems will 
be the subject of forthcoming papers. 

Phospholipids 
Values for total  and relative amounts of 

phospholipids in testes of rats fed different 
d i e t a r y  f a t s  fo r  5, 15 and 26 weeks, 
respectively, are shown in Table I. 

Five weeks of feeding HHO caused a very 
drastic decrease in the total  as well as in the 
relative content  of PL in the testes. Feeding of 
HAO reduced the total  content of PL in the 
testes to some extent,  whereas the relative 
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FIG. 1. Distribution of neutral lipids in testes 
from rats after five weeks of experimental feeding. CE, 
cholesterol esters; DAGE, diacyiglycerol ethers; TG, 
triglycerldes; FFA, free fatty adds; CHOL, choles- 
terol. The figures correspond to the various group 
numbers in the tables. 

amount of PL was not affected (Table I). This 
ra ther  short experimental period did not 
influence the content of PL in the testes of the 
fat-free reared animals, but the relative amount 
was increased even compared to the EFA- 
supplemented animals. 

Fifteen weeks of experiment caused a very 
pronounced decrease in the absolute content of 
PL compared to the results after 5 weeks in the 
rats fed HAO and the fat-free diet, respectively. 
This decrease in PL is paralleled by a pro- 
nounced decrease in the weight of the testes in 
these groups. 

After 26 weeks of experimental feeding, a 
further decrease was noticed in the total 
amount of PL in the testes of the animals fed a 
fat-free or a 28% HAO diet (Table I), The 
relative amounts of PL were also reduced. 

It should be noticed that after 26 weeks the 
total amount of PL increased somewhat when 
the HHO diet was used. This is also indicated 
by an increase in the weight of the testes. How- 
ever, the absolute and the relative amounts of 
PL in aU of the deficient groups are now of the 
same order and significantly lower than in the 

G. H~LMER AND E. AAES-J~RGENSEN 

EFA-supplemented groups. 
The present data thus indicate that degener- 

ation of the testes tissue caused by EFA 
deficiency (1) can be stressed by the type of 
dietary fat. It is paralleled by decrease amounts 
of total PL and NL. The relation between these 
facts seems well established, especially by the 
findings after 5 weeks of feeding HHO and the 
correspondence between the developments 
after 15 and 26 weeks on HAO and the fat-free 
diet, respectively. The relative amount of PL is 
decreased in severely degenerated animals. 
However, the relative content of NL does not 
parallel the increase in degeneration: 

Distribution of Neutral Lipid Classes in Rat Testes 

The results of fractionation of the NL into 
lipid classes are given in Table II and Figure 1. 

In qualitative TLC, a distinct spot of diacyl- 
glyceryl ethers (DAGE) was seen in all groups 
throughout the experiment. In preparative 
work, i.e., quantitation of lipid classes and 
preparation of methyl esters for GLC, this frac- 
tion was not completely resolved and therefore 
was taken together with the triglycerides (TG). 

Five weeks of experimental feeding gave 
nearly the same NL distribution in all groups 
examined(Table II). Surprisingly enough, the 
main component in the NL fraction was free 
fatty acids, which represented more than half 
of the neutral lipids. 

A large amount of free fatty acids has 
previously been found in mflt from herring. 
Here, 13-14% of the total milt off were free 
fatty acids (13). Holman and Hofstetter (4) 
reported 10% free fatty acids in the total lipids 
of beef testes, whereas the content in pork was 
only 0.5%. Therefore, it is possible that the 
amount of free fatty acids present in the testis 
NL fraction may play a role in the male repro- 
ductive organs of some species. 

After 15 weeks of experiment, the distri- 
bution of lipid classes in the NL fraction was 
different from that observed after 5 weeks. 
Now, the main component Was the triglycer- 
ides, except for the rats on HSO, where nearly 
equal amounts of triglycerides and free fatty 
acids were found. Simultaneously, the amount 
of free fatty acids decreased considerably. 

Extension of the experiment to 26 weeks 
further underlines the changed distribution of 
the main components of NL observed~already 
after 15 weeks. The triglycerides are now the 
dominant component, except in the HSO 
group. Further, the cholesterol content in the 
HAO and HHO groups is significantly lower 
than that of the EFA-supplemented groups. 

The reversal of the proportion of free fatty 
acids and trigiycerides during the 26 weeks of 
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experiment could be the result of tissue changes 
related to physiological circumstances in con- 
nection with sexual maturity. However, the 
findings of Davis et al. (11) on changes in lipid 
composition of the maturing rat testis are not 
in agreement with our findings. They did not 
find free fatty acids at all in the testes. Davis et 
al. fed rats a Purina laboratory chow (fat per 
cent is not given), whereas our diets contained 
28% of specific oils in a semisynthetic basal 
die t .  Thus, these dietary differences may 
influence the results substantially. Oshima and 
Carpenter (14) used commercial rat pellets con- 
taining about 5.5% crude lipid, which was 
rather high in linoleic acid and contained cho- 
lesterol. They found free cholesterol and tri- 
glycerides to be the predominant classes of NL 
of prepubertal and adult rat testes. Only trace 
amounts were found of materials with Rf values 
corresponding to free fatty acids and free alde- 
hydes. They stress that in order to avoid pos- 
sible contamination of testes lipid with adipose 
tissue the tunica albuginea of the testis was 
removed. This coat was not removed in our 
experiments, but the epididymides and its fat 
pad was removed very carefully. We feel that 
discrepancies between their data and ours are 
not related to this latter fact. 

In the present experiments: (a) only 
very small values were found for diglycer- 
ides and monoglycerides; (b) lysophospholipids, 
were not present in appreciable amounts; (c) 
free fatty acids in great amounts occurred in 
the NL fraction from all three experimental 
periods; and (d) storage of NL extracts for 
several months at -20 C did not increase the 
free fatty acid content markedly. The presence 
of the great amounts of free fatty acids have 
also led to the idea that they could be artifact, 
i.e., they were liberated during storage or 
analytical procedures. Davis e t  al. (11) and 
Oshima and Carpenter (14) extracted the testes 
immediately after killing the animals. We have 
stored the testes at -20 C for several months 
before extraction and analysis, because of the 
large number of animals killed at various times 
during a maximum experimental period of 26 
weeks. Therefore, we cannot exclude the long 
storage as a partial explanation of the high 
values found for free fatty acids, although we 
did not find any intermediates, e.g., mono- and 
diglycerides or lysophosphatides. 

Distribution of Phospholipid Classes in Rat Testes 

Distribution of the total PL fraction from 
column chromatography gave seven separate 
phospholipid classes (Fig. 2). The results of 

FIG. 2. Distribution of phospholipids in rat testes 
after five weeks of experimental feeding, CL, cardio- 
lipin; PA, phosphatidic acid; FE, phosphatidyl- 
ethanolamines; PGP, polyglycerophosphatidic acid; PI, 
phosphatidylinositols; PC, phosphatidylcholines; SPH, 
sphingomyelins; PS, phosphatidylserines. The figures 
correspond to the various group numbers, the re- 
maining samples were standards. 

these studies are given as percentage lipid phos- 
10horus (Table III). 

After five weeks of experimental feeding, it 
was seen that the group fed HHO had an 
extremely high amount of sphingomyelin 
(SPHM) compared to all the other groups. In 
the latter groups, minor differences only were 
observed in SPHM. In the HHO group, the high 
value for SPHM resulted in somewhat lower 
values for PE. 

The relative amount of SPHM (mg/g tissue) 
in the HHO group was 1.2 (Tables I and III), 
whereas the values for the other groups ranged 
from 0.7 to 0,9. This indicates a real increase in 
the SPHM in the testes of HHO animals. 

The results obtained after 15 weeks of 
experiment (Table III) showed a pronounced 
increase of the SPHM content in the testes from 
the rats fed HAO and the fat-free diet, com- 
pared to the data after 5 weeks. In these cases 
the increase seems primarily to be compensated 
by decreases in the minor PL constituents. The 
relative content of SPHM in these two groups 
of animals was 1.2 (mg/g tissue). This is in 
a c c o r d a n c e  with an increasing degree of 
degeneration of the spermatogenic tissue (1) 
and similar to the picture seen in the HHO rats 
already after five weeks. After 15 weeks, the 
SPHM content was 1.6 mg/g tissue for these 
latter animals. 

After 26 weeks on the experimental diets, 
the SPHM fraction increased further in the 
groups on HAO and the fat-free diet. Thus, at 
this stage, with total degeneration of the 
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TABLE III 

Distribution of Phospholipids (Weight Per Cent of Phosphorus) in Testes of Rats 

Group no. 1 2 3 4 5 

Diet 
characteristics a Fat-free 28% HAO 28% HSO 28% AO 28% HHO 

After 5 weeks on experimental diets 
SPHM d 5.7 __. 1.1 b 8.4__. 9.4 7.7_+ 0.7 6.2 _+ 0.1 15.2 -4- 2.1 
PC + (PS) 51.2 -+ 0.6 49.5 + 2.1 46.5 4- 0.5 49.8 + 0.8 45.6 -I- 1.2 
PI 2.8 _+ 0.5 4.1 + 0.2 3.5 4 0.5 4.7 _+ 0.2 4.1 _+ 0.0 
PE + PE-plasmalogen 33.4_+ 2.1 33.9_+ 1.4 38.3_+ 1.0 34.1 _+ 0.0 29.8_+ 1.1 
PGP 3.6_+ 0.3 2.0_+ 0.1 1.6_+ 1.5 2.5 _+ 0.1 3.0_+ 0.1 
CL 3.1 _+ 0.5 2.1 4"_ 0.1 2.6 -+ 0.1 2.0 _+ 0.4 1.7 __. 0.0 
PA 0.4 -+ 0.4 Trace Trace 1. I -+ 1.0 Trace 

After 1S weeks on experimental diet 
SPHM 10.5-+ 1.5 11.0_+ 1.0 8.5_+0.5 9.0_+ 1.0 19.0+ 3.0 
PC + (PS) 54.8 -+ 0.8 51.5 + 1.5 50.0-+ 4.0 54.0-+ 1.0 43.5 -+ 4.5 
PI 0.4 + 0.3 Trace 2.5 _+ 0.5 Trace Trace 
PE + PE-plasmalogen 32.9 _+ 0.9 33.0 _+ 3.0 36.5 _+ 2.5 35.0 _+ 0.0 34.0 _+ 1.0 
PGP Trace Trace Trace Trace Trace 
CL 1.3 _+ 0.6 1.5 _+ 0.5 2.0 _+ 0.0 2.0 _+ 0.0 3.5 __. 0.5 
PA 0 2 e 0.5 _+ 0.5 0 0 

After 26 weeks on experimental diet 
SPHM 13.5 _+ 0.5 17.0_+ 1.0 9.0 _+ 0.0 8.5 _+ 0.5 15.8 + 0.5 
PC + (PS) S 1 .S -+ 2.S 48.0 -+ 1.0 49.0 -+ 0.0 51.0 -+ 1.0 45.5 _+ 1.1 
PI 0 Trace 2.5 _+ 0.5 2.5 + 0.5 3.0 -+ 0.3 
PE + PE-plasmalogen 32.0 4 4.0 32.0 _+ 2.0 34.5 _+ 0.5 33.0 _+ 1.0 34.4 _+ 0.0 
PGP Trace Trace 3.0 _+ 0.0 2.5 _+ 0.5 Trace 
CL 3.0 _+ 1.0 3.0 4- 0.0 2.0 -4"- 0.0 2.5 + 0.5 1.4 _+ 0.0 
PA 0 Trace 0 Trace 0 

aFor explanation of abbreviations, see Table I. 
bStandard deviations for two pools of four testes each. 
COnly one determination. 
dSPHM, sphingomyelin; PC + (PS), phosphatidyleholine + phosphatidylserine; PI, phosphatidylinositol; PE, 

phosphatidylethanolamine; PGP, polyglycerophosphatide; CL, cardiolipin; and PA, phosphatidic acid. 

spe rmatogen ic  tissue (1),  the  SPHM values 
(expressed  as wt  % P) were abou t  the  same in 
all the  EFA-def ic ien t  animals and significantly 
higher  than  in the  E F A - s u p p l e m e n t e d  animals. 
It should  be no t i ced  also tha t ,  t h r o u g h o u t  the  
expe r imen t ,  the  changes (calculated as per  cent  
o f  phosphorus )  were very small in the  t w o  
m a j o r  PL groups,  PL and PE. Bieri and Andrews  
(I  0) f o u n d  a similar relative increase in SPHM 
c o n t e n t  when  they  compared  normal  and 
vi tamin E-def ic ient  rat  testes.  

I n  t h e  E F A - d e f i c i e n t  animals,  the  mg 
SPHM/g tissue was 1.2, 1.6 and 1.2 for  the fat- 
f r e e ,  t h e  H A O  and the  HHO fed rats,  
respect ively;  thus  indicat ing a real increase in 
SPHM with  increasing degenera t ion  of  the  
spe rmatogen ic  tissue. The value of  1.2 for  the  
HHO testes,  which  were degenera ted  already at 
an early stagg of  the  expe r imen t ,  may be 
re la ted to increasing amoun t s  o f  connec t ive  
t issue resul t ing in a small increase in absolute  
weight  o f  these tes tes  ( I ) .  

The changes in the  amoun t s  o f  the  minor  
phospha t ides  were less clear cut ,  but  it  should  
be m e n t i o n e d  tha t  long t ime  feeding  wi th  
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EFA-def ic ien t  diets decreased the  con ten t  o f  
po lyg lyce rophospha t id i c  acid (PGP) and per- 
haps  also of  phospha t idy l inos i to l s  (PI), whereas  
cardiol ipin (CL) was always present  in small 
a m o u n t s  only.  

F r o m  the  d is t r ibu t ion  of  PL (Table III) and 
the  to ta l  a m o u n t s  o f  PL (Table I) it appears  
tha t  E F A  def ic iency decreased PC and PE,  
k n o w n  as s t ructural  e lements  of  membranes ,  
more  severely than  the  SPHM. A similar com-  
par ison of  the  relative amo u n t s  (mg/g tissue) o f  
PC and PE revealed a slight decrease,  whereas  
SPHM increased somewha t .  The exp lana t ion  o f  
this d i f ference  may be that  the pa thways  
fo l lowed in b iosynthes is  o f  SPHM are d i f fe rent  
f rom those  fo l lowed  in the  synthesis  o f  glycero-  
phosphol ip ids  and,  apparent ly ,  less E F A -  
dependen t .  This may  be due to the fa t ty  acid 
compos i t i on  of  the  SPHM, which is m u c h  less 
unsa tura ted  than that  o f  the glyce~ophos- 
phat ides .  Feeding  o f  isomers,  geometr ical  as 
well as posi t ional ,  as f o u n d  in partially hydro -  
gena ted  oils, may great ly restr ict  the  building 
up o f  g lyce rophospha t ides  containing two  long 
chain fa t ty  acids in very close steric pos i t ion .  
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Although the sphingomyelin molecule in its 
steric form has a resemblance to PC, it is 
obvious that the molecular position of one of 
the long chains, namely the sphingosine, is 
fixed, i.e., only one fatty acid has to be fitted 
into the structure. Furthermore, the fatty acid 
pool in EFA-deficient animals has a large con- 
tent of monoenes and saturated acids which are 
the main fatty acids in normal sphingomyelins, 
whereas a high degree of unsaturated fatty acids 
is necessary in the glycerophosphatides. 

The fatty acid composition of the NL and 
the PL of the generated and normal testes of 
rats will be reported later. 
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Differential Incorporation of Acetate and Glucose 
in Maturing Douglas Fir Seeds 1 
TE MAY CHING and S. C. FANG, Department of Farm Crops and 
Agricultural Chemistry, Oregon State Universiw, Corvallis, Oregon 97331 

ABSTRACT 

In order to discern the synthetic path- 
ways of lipids in coniferous seeds, de- 
coated maturing Douglas fir seeds were 
incubated with 2-14C-acetate and ul- 
14C_glueose for 3 hr in phosphate buffer 
at pH 6.0. About  52% of incorporated 
acetate was found in lipids, but  only 9% 
of the absorbed glucose was converted to 
lipids. Distribution of incorporated radio- 
activity in lipid classes was similar for 
both substrates, 45% in polar lipids, 22% 
in diglycerides, 15% in triglycerides, 7% 
in sterol esters, 4% in each of fat ty acids 
and monoglycerides, and 3% in sterols. 
High specific activity was found in free 
fat ty acids, diglycerides, monoglycerides 
and polar lipids indicating a rapid turn- 
over of the intermediates for reserve tri- 
glycerides and structural polar lipids. De- 
gradation analyses showed that  50% of 
incorporated acetate and glucose in lipids 
were in fat ty  acid moiety.  Acetate con- 
tr ibuted more in sterols and other un- 
saponifiables than in glycerol, and the 
reverse was true for glucose. All the data 
indicated that  acetate is the direct precur- 
sor of fat ty acids and sterols. General 
synthetic pathways prevail in fir seeds. 
Methods for complete analysis of chemi- 
cal and radio-chemical composit ion were 
presented and results discussed. 

INTRODUCTION 

Mature Douglas fir seeds (Psendotsuga men- 
zienssii, F.) contain 45% lipids (3,4). Their lipo- 
genic pathways, however, have not  been invest- 
igated yet  even though incorporation of glucose 
to reserve lipids and structural components has 
been demonstrated in this seed (2).Radioactive 
glucose and acetate were used as tracers to dis- 
cern the biosynthetic activities in maturing 
seeds. 

MATERIALS AND METHODS 

Maturing Douglas fir cones with seeds at the 
linear phase of  dry weight accumulation (1), 

1Technical paper 2346 Oregon Agricultural Ex- 
periment Station. 

about 100 days after pollination, were col- 
lected. Seeds were dissected from the cones. 
Two replications of 1.25 g decoated seeds were 
incubated with shaking at 25 C for 3 hr in 10 
ml of 0.1 M potassium phosphate (pH 6.0) con- 
taining 0.2 mmoles ul-14C-glucose with an ap- 
proximate radioactivity of t0  pc or 4 mmoles 
of 2A4C-acetate of 8 pc. 

Carbon dioxide was collected hourly in 50 
ml 0.2 N NaOH. Two aliquots were counted in 
a Packard Tricarb liquid scintillation spectro- 
meter after adding 10 ml counting solvent (5 ml 
toluene containing 20 mg 2,5-diphenyloxazole 
and 0.25 mg 2,2-paraphenylene bis 5-phenyl- 
oxazole and 5 ml ethyl cellusolve containing 
0.25 g naphthalene). At the end of the incuba- 
tion period, seeds were rinsed, surface dried and 
weighed. For  further fractionating to various 
chemical components,  the general procedure 
for Douglas fir seeds was followed (4). The 
seeds were first extracted by chloroform- 
methanol (2:1 v/v), and the extract was washed 
with water. The washed chloroform-methanol 
extracts contained total  lipids from which two 
aliquots were taken and counted. The counting 
efficiency was calculated and the quenching ef- 
fect corrected by adding 7-14C-benzoic acid 
with known dpm to all samples as internal 
standard. Generally a counting efficiency of 
50% was obtained. 

An aliquot of the total  lipids was separated 
into different classes on a silica gel G plate (250 
p in thickness) in petroleum ether-ether-acetic 
acid (70:30:1 v/v) (9) .The  plate was scanned 
b y  a P a c k a r d  radiochromatogram scanner 
model 7201. The distribution of radioactivity 
in each lipid class was estimated from peak area 
of the radiogram. Quantitative thin layer chro- 
matographic technique (11) was used to calcu- 
late the weight distribution in each class using 
cholesterol palmitate,  triolein, oleic acid, di- 
olein, 13-sitosterol, monolein and phosphatidyl 
choline as standards. Specific radioactivity of 
each lipid class was calculated by dividing 
weight into the absolute radioactivity. For  
further tracing of the differential incorporation 
of the substrates, lipid classes were isolated 
from the thin layer chromatogram and saponi- 
fied in 10% sodium hydroxide in 75% metha- 
nol. The unsaponifiables, fatty acids and water 
solubles were separated (3) and counted. 

Further fractionation of the fat-free residue 
was conducted (4) for calculating total  recovery 
and completeness of the tracer analysis. 
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Distribution of Weight and Radioactivity, and Specific Incorporation in Various l:ractions of 
Maturing Douglas Fir Seeds Incubated With 2-14C-acetat e and ul-I 4C.Glucos e 

,3 z.~J 

2-14C.acetat e ul- 14C_glucose 

Weight Incorp. a Weight Incorp. a 
Substrate Expt. mg % Sp. act. b mg % Sp. act. b 

CO 2 I 9.30 0.17 0.33 13.70 6.16 6.16 
II 10.60 1.08 1.81 15.60 6.82 5.72 

Lipids I 332.00 51.75 2.80 299.00 8.70 0.40 
I1 306.00 51,70 3.12 265.00 8.61 0.42 

Amino I 9.74 16.32 33.00 10.08 6.94 9.56 
acids !I 7.00 16.88 43.20 8.98 6.44 9.30 
Anionic 1 3.49 12.52 64.40 2.95 4.35 20.20 
solubles II 3.54 9.12 49.40 2.41 4.42 24.00 
Sugars I 6.60 0.69 1.87 6.60 48.65 101.60 

lI 7.60 0.64 1.45 5.80 53.45 121.30 
Soluble I 1.00 0.26 4.68 1.52 0.07 0.72 

proteins II 1.42 0.15 1.81 1.42 0.05 0.50 
RNA I 4.32 3.43 14.30 3.60 3.25 12.40 

1I 3.85 3.77 16.70 3.71 3.78 13.40 
DNA I 0.32 O. 15 7.92 0.39 0.28 10.10 

II 0.33 0.16 8.24 0.34 0.28 10.80 
Insoluble ! 114.00 1.29 0.21 126.00 1.51 0.16 

proteins II 138.00 1.48 0.19 116.00 1.58 0.18 
Starch I 11.05 0.19 0.30 10.80 1.05 1.28 

11 10.44 0.32 0.54 11.92 1.09 1.24 
Fibers 1 27.50 0.28 0.18 29.40 0.75 0.35 

II 29.50 0.32 0.19 28.60 0.87 0.38 

alncorporation, per cent of total recovery, 
bSpecific activity, m/Ic/mg. 

RESULTS AND DISCUSSION 
The  r e d u c t i o n  o f  r ad ioac t iv i ty  f rom media  

a f te r  3 hr  i n c u b a t i o n  was  f o u n d  to  be 20%, o f  
wh ich  90% was  recovered  f r o m  d i f fe ren t  frac- 
t ions .  

Ut i l i za t ion  o f  ace ta te  was  rapid  and ma in ly  

for  the  s y n t h e s i s  o f  l ipids (Tab le  I). A b o u t  
17% of  the  to ta l  r ad ioac t iv i ty  was  f o u n d  in the  
so lub le  ca t ion ic  f r ac t ion  c o m p o s e d  chief ly  o f  
a m i n o  acids and amides ,  and  on ly  11% radio-  
act ivi ty  was  obse rved  in the  an ion ic  f r ac t i on  
con t a in ing  m o s t l y  o rgan ic  acids.  S u b s t r a t c  ace- 

TABLE II 

Distribution of Radioactivity and Weight, and Specific Incorporation in Lipid Classes 
of Maturing Douglas Fir Seeds Incubated With 2-14C-acetate and ul-14C-(;lucose for 3 hr at pt |  6,0 a 

2-14C.Acetat e ul- 14C.Glucose 

Radio- Radio- 
Weight activity Sp. act. Weight activity Sp. act. 

Substrate mg dpm x 10 .3 m/de/rag mg dpm x 10 .3 m/dc/mg 

Sterol esters 3.8-+0.3 0.9-+0.2 7.22-+0.51 4.2-+0.4 5.0-+0.6 0.46+-0.08 
Triglycerides 86.4 -+ 1.7 16.9 -+ 0.9 0.51 -+ 0.06 86.3 + 1.4 12.3 -+ 1.1 0.06 4- 0.01 
Free fatty acids 0.5-+0.1 3.4-+0.2 19.74-+1.66 0.2 :t 0.0 5.3-+0.3 11.18-+0.62 
Diglycerides 1.6 -+ 0.1 21.4 -+ 1.2 40.65 4- 2.06 1.6 -+ 0.2 22.8 -+ 2.1 5.77 -+ 0.67 
Sterols 2.0-+0.1 2.0-+0.2 2.88-+0.29 1.7-+0.2 3.0-+0.1 0.73-+0.05 
Monoglycerides 0.4 -+ 0.1 3.9 4" 0.3 24.35 4- 1.52 0.3 -+ 0.0 3.8 -+ 0.4 5.85 + 0.62 

and others b 
Polar lipids c 5.0-+0.2 43.4-+2.7 24.45-+0.50 5.8-+0.4 4 7 . 8 + 1 . 8  3.47-+0.18 
Total 319 -+3 2,040 -+4 2.96-+0.11 282 -+4 257 +2 0.41 -+0.04 

aThe mean 4- standard deviation of four replications. 
bMainly monoglycerides and esterified sterol glucosides. 
Cphosphatidyl cthanolamine, phosphatidyl choline, phosphatidyl serine, phosphatidic acid, sterol gfucosides. 

glycolipids and aminolipids. 
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TABLE 111 

Per Cent Distribution of Radioactivity in Various Moieties of Lipid Classes in Maturing Douglas Fir 
Seeds Incubated With 2.14,C.Acetate and ul-14C-Glucose for 3 hr at pH 6.0 a 

2 - 14C_Acetat e ul- 14C.Glucos e 
Substrate 
moiety Total Uns c Soluble FA b Total Uns c Soluble FA b 

Sterol esters 9.0 5.6 --- 0.5 0.3 -+ 0.0 3.1 --- 0.3 5.0 1.3 + 0.2 0.5 - 0.1 3.3 -+ 0.4 
Triglycerides 16.9 --- 0.4 • 0.0 16,5 + 1.1 12.3 --- 1.1 + 0.1 11.2 -I- 1.2 
Fatty acids 3.4 . . . . . .  3,4 + 0.2 5.3 . . . . . .  5.2 +- 0.3 
Diglycerides 21.4 --- 1.0 + 0.1 20.4 - 1.6 22.8 --- 5.3 - 0.6 17.5 -+ 2.1 
Sterols 2.0 2.0 + 0.2 3.0 3.0 --- 0.1 
Monoglycerides, 3.9 2.2 "t"0.2 0.3 --+0.0 1.4 +0.3 3.8 0.1 +0.0 1.6 -1"0.2 2.1 -+0.1 

etc. 
Polar lipids, 43.4 25.8 + 3.1 7.4 -+ 0.8 10.2 - 1.0 47.8 10.5 --- 0.8 24.0 + 1.7 13.3 -+ 1.8 

etc. 
Total 100.0 35.6 9.4 55.0 100.0 14.9 32.5 52.6 

aThe mean -+ standard deviation of 4 replications. 
bFA, fatty acids. 
CUns, unsaponifiables, mainly sterols. 

tate was evaporated as volati le solubles during 
f rac t ionat ion ,  and the to ta l  volati le compounds  
cons t i tu ted  only 3% of  the to ta l  radioact ivi ty .  
A very small quant i ty  of  acetate was incorpo-  
rated into  sugars and soluble proteins,  or chan- 
neled to  the t r icarboxyl ic  acid cycle for respira- 
t ion.  

Glucose apparent ly was not  a substrate for 
the synthesis of  lipid reserves or  cellular com- 
ponents  since a major por t ion  of  radioact iv i ty  
still remained in the  neutral  soluble f rac t ion or 
sugars (Table I). Fur the r  character izat ion of  
this neutral  f ract ion by paper ch romatography  
showed that  75% of the  radioact ivi ty  found  in 
this f ract ion was in sucrose and the remaining 
25% in glucose. Less than  9% of the radioactivi-  
ty f rom glucose was incorpora ted  into  lipids, 
about  6% for respirat ion,  7% to soluble cat ionic  
and 4% to  anionic comPOunds. Lit t le  incorpo-  
rat ion of  glucose into soluble proteins  was 
found.  

Both  acetate  and glucose con t r ibu ted  at a 
comparable  level of about  11% and 14% respec- 
t ively to the ethanol- insoluble,  cellular s t ructur-  
al componen t s  (Table I). The difference of  the 
two  radiochemicals  was only  in the starch and 
fibers, bo th  of  which could be direct ly  synthe-  
sized f rom glucose. Approx ima te ly  one third of  
the radioact ivi ty  in the  insoluble f ract ion was 
found  in R N A  indicat ing rapid assimilation or  
tu rnover  o f  this c o m p o u n d  in the tissue. 

Specific activity in tracer studies indicates 
the p ropor t ion  of  synthesized or  tu rnover  quan-  
t i ty  to the to ta l  poo l  of  a part icular  compound .  
All the soluble fract ions had high specific activi- 
ty  indicat ing a rapid rate of  metabol i sm in this 
material .  Since the tissue used in this case is at 
the  linear growth stage, synthesis probably  
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exceeds turnover  in reserve compounds  and 
structural  components .  Biosynthesis of R N A  
and DNA was also very active,  even though ace- 
tate and glucose are no t  the direct substrates 
for nucleic acids. Apparent ly  developmenta l  
b iosynthet ic  pathways  are integrated according 
to  the genetic control .  

The differential  incorpora t ion  of  acetate and 
glucose in to  lipids had been observed in higher 
plants such as peanut  cotyledons ,  runner  bean 
leaves (7,10),  and in lower  fungus (6). The 
general t rend was therefore  comparable  in three 
different  t axonomic  groups of  plants. 

The per  cent dis t r ibut ion of  incorpora t ion  of  
bo th  acetate  and glucose indicated that  matur-  
ing Douglas fir seeds chiefly accumulated re- 
serve glycerides and synthesized phosphol ipids  
and sterol  esters for s t ructural  components  of  
cellular organelles (Table II). Free fa t ty  acids, 
diglycerides and monoglycer ides  are the inter-  
mediates  of  reserve and structural  lipids (8) and 
their  specific activities in f ir  seeds reflect  such a 
role. Data in Table III  fur ther  indicated tha t  
acetate was the substrate for  the biosynthesis  of  
fa t ty  acids and sterol compounds ,  while glucose 
was part ly oxidized via glycolysis to acetate  
which was then incorpora ted  into fa t ty  acids 
and sterols. Glycerol  and other  water  soluble 
moiet ies  of  lipids are more  directly related to 
glucose than  to acetate ,  thus glucose contr i-  
butes more  than  acetate.  

Approx imate ly  28% of  the to ta l  incorpo-  
rated acetate  was in the  fa t ty  acid moiet ies  of  
lipids compounds ;  this quan t i ty  is much  higher 
than the incorpora t ion  by cereal seedlings and 
bean leaves (5,7). Tissue specificity is clearly in- 
dicated in these data since seedlings and leaves 
are not  the site for assimilating glycerides. 
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Phase Relationships Involving the Deposition of 
Cholesterol From Triglyceride Solution 

LEMUEL D. WRIGHT and J. L. GAYLOR, Graduate School of Nutrition 
and the Section of Biochemistry and Molecular Biology, Division of 
Biological Sciences, Cornell University, Ithaca, New York 14850 

ABSTRACT 

Adsorption isotherms describing the 
adsorption of cholesterol from solution in 
various oils by Permutit were investi- 
gated. Multiple layer adsorption onto Per- 
mutit  and cholesterol crystallization from 
solutions that would have been subsatu- 
rated with respect to cholesterol in the 
absence of Permutit were observed. Asso- 
ciation of cholesterol with Permutit, re- 
quired for multiple layer adsorption, was 
observed even at low concentrations of 
cholesterol .  Near infrared absorption 
spectra of solutions of cholesterol re- 
vealed marked aggregation of cholesterol 
in solutions of greater than about 0.2 M. 
Thus, association with Permutit apparent- 
ly initiates crystallization and the similar 
aggregation of cholesterol in solution and 
in the solid phase apparently propagates 
the crystallization of cholesterol. Hydro- 
gen bonding of cholesterol to the ester 
bond of triglycerides is unrelated to solu- 
bility of cholesterol in triglycerides exam- 
ined. 

INTRODUCTION 

Previous studies from this laboratory have 
shown (1) that cholesterol is readily adsorbed 
from solution by Permutit. Adsorption iso- 
therms describing the adsorption of cholesterol 
from solution in hexane by Permutit are of the 
familiar type y = ax n, where a > 1 and n <  1. 
Adsorption isotherms describing the adsorption 
of cholesterol from solution in triglycerides by 
Permutit, however, are of the type y = ax n 
where a < 1 and n > 1. Such adsorption curves 
are typical of those encountered in multiple 
layer adsorption. In multiple layer adsorption 
one layer of adsorbate is first attracted with 
relatively low affinity to an adsorbing surface. 
The presence of this first adsorbed layer renders 
the surface more attractive to a second layer 
than to the first layer, and the presence of a 
second layer renders the surface more attractive 
to a third layer than to the second layer and so 
on in a vicious circle manner. 

Multiple layer adsorption can occur from 
solutions that are not saturated with solute. 
The phenomenon described is well known 
physically but occurrence in systems modeled 

after physiological conditions may not have 
been pointed out previously. Thus, it is quite 
interesting to consider that under in vivo con- 
ditions, the adsorption of cholesterol from solu- 
tions onto a surface, such as, e.g., a component 
of the aorta may lead to the crystallization of 
cholesterol in deposits that would not other- 
wise have been encountered. In studies already 
described (1) cholesterol concentrations were 
investigated up to levels where d2y/dx 2 = 0. 
Additional studies have now been completed in- 
voicing equilibrium concentrations of cholester- 
ol in triglyceride solutions up to and including 
saturation. The results obtained show that chol- 
esterol crystallizes from solution at concentra- 
tions that would otherwise remain in solution 
in the absence of the solid Permitit. Apparently 
the chemical potential of dissolved cholesterol 
is elevated by solid Permutit. 

Examination of the adsorption isotherms 
suggests that the process of multiple layer ad- 
sorption observed here is rather complex. Fur- 
ther, Parker and Bhaskar (2) demonstrated re- 
cently that cholesterol in solution is not a 
single, undissociated molecule. Indeed, concen- 
tration-dependent dimers and higher aggregates 
of cholesterol in carbon tetrachloride solution 
are observed. Further, when triglycerides are 
added to the solutions of cholesterol in carbon 
t e t r ach lo r ide  the cholesterol is hydrogen- 
bonded to the esters (2). Accordingly, chol- 
esterol in solutions of solvents or natural oils is 
related to experimental conditions used in the 
studies of cholesterol adsorption isotherms 
(3-5). Conclusions regarding the forms of dis- 
solved cholesterol, the contribution of aggrega- 
tion to crystallization, and the multiple layer 
association of cholesterol on surfaces such as 
Permutit are described. 

EXPERIMENTAL PROCEDURES 

The initial procedures employed were essen- 
tially those utilized in previous solubility and 
adsorption studies in this laboratory (1,3-5). 
14C.Cholestero t of relatively low activity (215 
cpm/mg; 280 dpm/mg) was weighed out in 
various amounts (25 to 240 mg) into screw- 
capped glass test tubes. Permutit (Elmer and 
Amend, according to Folin) was added (200 
mg) to the dry cholesterol. It was determined 
that the Permutit contained no material Soxh- 
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FIG. 1. Adsorption isotherms involving the adsorption by Permutit of cholesterol from solution in 
various esters and triglycerides. 

let extractable by chloroform and only 0.05% 
of material extractable by leaching with hot  
water. Various triglycerides or methyl  esters of 
fat ty acids (2 ml) were added to the tubes. The 
tubes were then stoppered and placed in a n  
apparatus that  rotated the tubes end-over-end 
(60 r p m )  at incubation temperature (37 C). 
Following rotat ion with incubation (18-24 hr), 
the tubes were centrifuged (10 min) in a clinical 
centrifuge maintained at incubation tempera- 
ture. It may be calculated that  in a typical  ex- 
periment of 18 hr duration the tubes were 
exposed to 64,800 inversions. A separate ex- 
periment involving the solution of  a saturating 
amount  of cholesterol in safflower oil showed 
that solution is complete in 1-2 hr. Thus 18 hr 
of incubation involves the equilibration of  chol- 
esterol with triglyceride in excess of 900% of 
the time required to effect saturation. Aliquots 
of the supernatant solutions (ca. 1 ml) were 
transferred by disposable pipettes to tared 
counting vials. After  weighing, scintillation 
solution [10 ml, 4 g PPO (2,5-diphenyloxa- 
zole)] and 30 mg POPOP [ 1,3-D1-2(5-phenoxa- 
zoyl)-benzene per liter of toluene] were added 
to each vial, and the solutions were counted in 

a liquid scintillation spectrometer  (Packard Tri- 
Carb). F rom the counts obtained and the radio- 
activity of the cholesterol used, the amount  of  
cholesterol adsorbed at each equilibrium level 
of cholesterol in solution was readily calcu- 
lated. 

The triglycerides used were all commerical 
preparations intended for human consumption. 
The methyl  esters of fa t ty  acids were purchased 
from Nutri t ional  Biochemicals Corp. 

The presence or absence of cholesterol 
crystals dispersed in the triglycerides and not  
at tached to  the Permuti t  was determined with a 
microscope occular lens system (7.5x) used in 
the reverse direction. Cholesterol was character- 
istically crystalline, while the particles of  Per- 
muti t  were irregular in shape and buff  in color. 

The first overtone of the fundamental  OH- 
stretching frequency of cholesterol was meas- 
ured in the near infrared region with a Cary 
recording spectrophotometer  (6). Crystalline 
cholesterol (mp 147-8~ [a] D " 38.5~ purified 
via the dibromide,  was dissolved in spectral 
grade chloroform (MaUinckrodt). Spectra were 
recorded from 1.380 to 1.500/~. All measure- 
ments were made at 23 + 2 ~ 
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FIG. 2. The adsorption by various levels of 
Permutit of cholesterol dissolved in safflower oil. The 
tubes contained the following amounts of Permutit 
(per milliliter of oil): 0, o--o; 50, e---O; 100, o---o; and 
250, m...m. 

RESULTS 

Effect of Permutit on Solubility of Cholesterol in Oils 

The results obtained are summarized in 
Figure 1. For the various triglycerides and 
methyl esters the amount  of cholesterol ad- 
sorbed is plotted as a function of the corre- 
sponding equilibrium concentration of chol- 
esterol. At equilibrium levels of cholesterol up 
to approximately one half of saturation, curves 
of the type y = axn, where a < 1 and n > 1 
were obtained. For example, the curve fitting 
the data for low equilibrium levels of olive oil is 
described by y = 0.0365 x 1 . s  At equilibrium 
levels above about one half of saturation, little 
or no additional cholesterol is adsorbed by the 
Permutit until  saturation is approached. Here it 
is impossible, with the procedures employed, to 
distinguish between cholesterol adsorbed and 
cholesterol crystallized" from solution. Crystal- 
line cholesterol was readily observed, however, 
at equilibrium levels of cholesterol in the order 
of 80% or less of saturation in the absence of 
Permutit. With more refined procedures for the 
detection of cholesterol crystals, it is presumed 

' '  ;1 

0 

I 0  15 2 0  
, m l /mg  

[Cholesterol1 

FIG. 3. Reciprocal plot of the effect of Permutit 
on the behavior of cholesterol in safflower oil (data of 
Fig. 2). The reciprocal of the amount of cholesterol 
remaining in the oil is plotted in units of milligram of 
cholesterol per gram of oil, and the reciprocal of the 
amount of cholesterol added is plotted in units of mil- 
ligram of cholesterol per milliliter of oil. The key for 
the levels of Permutit is the same as that given in 
Figure 2. 

that crystals would be observed at equilibrium 
levels well below those recorded. The shaded 
parts of the Figure indicate deviations from the 
expected adsorption-solubility curves. I t ' i s  in 
these areas of concentration of dissolved chol- 
esterol that crystals of cholesterol may be ob- 
served in suspension. Thus, due to the presence 
of Permutit and the associated phenomenon of 
adsorption, crystals of cholesterol are present in 
suspension at concentrations of dissolved chol- 
esterol that would not have been seen had the 
Permutit and the adsorbed cholesterol not  been 
present. 

Figure 2 graphically shows the data obtained 
in more extended adsorption studies involving 
safflower oil as the triglyceride where levels of 
both added cholesterol and Permutit were 
varied. Plotted on the abscissa is the level of 
added cholesterol in mg/ml. Plotted on the 
ordinate is the level of cholesterol found in 
solution following equilibration with the indi- 
cated amounts of Permutit. This experiment 
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FIG. 4. Association of Permutit with cholesterol. 
Intercepts from Figure 3 are plotted (in mg/g oil) 
against Permutit added. 

involved the addition of safflower oil to the 
indicated amounts of dry cholesterol and Per- 
mutit in test tubes, followed by equilibration. 
Identical results were obtained over that part of 
the curves that could be duplicated where the 
cholesterol was dissolved prior to the addition 
of the Permutit. Thus the same equilibrium 
point is reached with respect to the adsorption 
of cholesterol on Permutit when approached 
from either side. It is apparent from the Figure 
that cholesterol is well adsorbed on Permutit 
from solution in safflower oil with the extent 
of adsorption roughly proportional to the 
amount of Permutit present. There are, how- 
ever, certain anomalous parts of these curves 
which appear to be more readily explainable 
when the data are plotted in another way. 

A reciprocal plot (Fig. 3) of the effect of 
Permutit on solubility of cholesterol in saf- 
flower oil was prepared from the data given in 
Figure 2. For each concentration of Permutit, 
three separate parts of each curve are visible. At 
very high concentrations of cholesterol (ap- 
proximately 50 to 100 mg/ml), addition of 
each increment of cholesterol yields little or no 
change in the concentration of dissolved chol- 
esterol. Extrapolation of this essentially hori- 
zontal line to the Y-intercept yields a calculated 
solubility of 32.2 mg of cholesterol dissolved 
per gram of safflower oil. A value of 32.8 mg/g 
o i l  (29 .5  m g / m l  o i l )  was reported by 
Kritchevsky and Tepper (7), and a value of 31.8 
mg/g oil has been found in this laboratory by 
measuring solubility with saturating amounts of 

O.D.-'O.I 

~.4oo~ ~.5oo~ 
I } I I I I I I I 

I 
FIG. 5. Effect of cholesterol concentration on the 

~anax of the first o v e r t o n e  of the fundamental OH- 
stretching frequency. The concentrations of choles- 
terol in chloroform are: A, 0.518 M; B, 0.259 M; and 
C, 0.129 M. 

crystalline cholesterol. When the concentration 
of Permutit was high (250 mg added per milli- 
liter of solution, the approach to the limit of 
32.2 mg/g oil required more cholesterol, as ex- 
pected. 

A second part of the reciprocal plot lies 
between limits of 10 and 50 mg of cholesterol 
added per milliliter of oil. A complex process 
obviously occurs in this range of concentrations 
(approximately 0.026 M to 0.13 M). Indeed, 
within this range of concentrations of chol- 
esterol in neutral solvents, aggregation of chol- 
esterol in solution is observed (2). In addition, 
precipitation of crystalline cholesterol is clearly 
visible. Thus, in this range of concentrations, 
cholesterol aggregates both in solution and in 
the solid phase. 

When the concentration of cholesterol is less 
than 10 mg/ml of oil (<0.026 M), linear por- 
tions of the reciprocal plots are observed. The 
linear portion was extrapolated to the Y-inter- 
cept and the concentrations of cholesterol in oil 
were calculated and plotted as a function of 
Permutit added (Fig. 4). Thus, at these low con- 
centrations of cholesterol a very regular effect 
of  P e r m u t i t  addition on the equilibrium 
amount of cholesterol in solution is observed. 
Approximately 50% of the cholesterol parti- 
tions onto the solid when the amount  of Per- 
mutit  added is 50 mg/ml (Fig. 4). 
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FIG. 6. Effect of cholesterol concentration on the 
absorbancy at 1.417/1 due to OH-stretching. 

Effect of Triglycerides on Forms of 
Cholesterol in Solution 

The three phases of cholesterol adsorption 
onto a solid cannot be interpreted unless the 
physical forms of cholesterol in solution are 
known. The forms of cholesterol in CC14 solu- 
tions and the effect of  added glyceride were 
examined extensively by Parker and Bhaskar 
(2) with the use of infrared spectroscopy. Ac- 
cordingly, we investigated the forms of  chol- 
esterol in solution by observing the sharp 
absorption peak of  cholesterol in the near infra- 
red region of the spectrum (6) because an 
instrument similar to  the one used by Parker 
and Bhaskar was not  readily available to us. 
Initially, conditions for the observation of this 
absorption peak and the quantification of ab- 
sorbancy were examined. 

When the concentration of cholesterol is 
rather low (<0.15 M) a ~kma x of 1.417 /a is 
observed for cholesterol in chloroform solution 
(Fig. 5). When the concentration is greater than 
0.2 M, the Xmax shifts to approximately 1.420 
/a. The absorbancy at 1.417 to 1.420/J is pro- 
port ional  to the concentration of cholesterol 
throughout  the concentration range examined 
until the concentration exceeds 0.2 M (Fig. 6). 
The spectral changes observed here are related 
to cholesterol concentration in the same way as 
the spectral changes observed in the infrared 
region (2). 

Next,  the effect of  addition of triglyceride 
and other  esters to  cholesterol solutions was 
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FIG. 7. Effect of methyl palmitate on the ab- 
sorbancy of cholesterol at 1.417/J. Methyl palmitate 
was added to solutions of cholesterol in chloroform: 
0.208 M, O---O; 0.149 M; e---O; 0.083 M, ~---o; 0.052 
M, i---B; and 0.025 M, A--A The AO.D. between 
1.417/.t and 1.500/a is reported. 

investigated. First,  the effect of addit ion of a 
simple ester, methyl palmitate,  on the infrared 
absorption of cholesterol was examined. For  all 
concentrations of cholesterol investigated, addi- 
t ion of methyl  palmitate results in quenching of 
the absorbancy at 1.417 to 1.420 /a (Fig. 7). 
The amount  of quenching is directly related to 
the amount  of ester added. The concentration 
yielding complete quenching (3.5 M) is essen- 
tially the concentration of pure methyl palmit- 
ate. 

Next,  the effect of esters on quenching was 
extended to the natural oils used in the study 
of solubility (Rei. 1 and Fig. 1). The amount  of  
quenching of absorbancy produced by 
methyl  oleate is approximately equal 
to that  observed for methyl  palmitate (Table I). 
The extent  of quenching produced by all of the 
natural oils is approximately equal. Further-  
more, based on the number of ester bonds, the 
extent  of  quenching produced by the simple 
esters and the triglycerides is equal. 

The solubilities of cholesterol in the various 
triglycerides are also reported in Table I for 
comparison.  Obviously, solubility is rather 
variable, whereas the extent  of quenching is 
uniform. Thus, solubility and quenching are not  
necessarily related. 

D I S C U S S I O N  

T h e  first overtone of the fundamental  
OH-stretching frequency (6) of the hydroxyl  
group of cholesterol may be examined easily 
w i t h  a Cary recording spectrophotometer.  
Changes in the observed ~kma x and absorbancy 
agree well with the physical forms of choles~ 
t e ro l  in solution reported by Parker and 
Bhaskar (2). When the concentration of  choles- 
terol in chloroform solution exceeds about  0.2 
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Solub i l i t y  o f  
A p p r o x i m a t e  c h o l e s t e r o l  
c o n c e n t r a t i o n  Per cen t  in oil  b 

Oil M q u e n c h i n g  m g ] m l  

Me thy l  p a l m i t a t e  1.85 52.5  --- 
Me thy l  o lea te  1 .68 47 .7  --- 
Co rn  oil 0 . 62  49 .2  35 .9  
Olive oil 0 . 62  52 .5  37.2  
C o c o n u t  oil 0 .62  54 .0  49 .7  
S a f f l o w e r  oi l  0 . 62  50.O 29 .5  

a E a c h  s a m p l e  c o n t a i n e d  c h o l e s t e r o l  ( 0 . 1 5 6  M) a n d  oil (12 .5  g) ,  0 . 62  M c a l c u l a t e d  as tri- 
p a h n i t i n ,  in a t o t a l  o f  25 ml  o f  s o l u t i o n  in c h l o r o f o r m .  The  p e r c e n t a g e  o f  q u e n c h i n g  

A O.D.  w i t h o u t -  A O.D.  w i th  oil  X 100 
A O.D.  w i t h o u t  oil 

was  c a l c u l a t e d  f o r  e a c h  oil. 
b E r o m  K r i t c h e v s k y  a n d  T e p p e r  (7) .  

M a loss of absorbancy is observed (Fig. 6). This 
loss is ascribed to the formation of higher aggre- 
gates of cholesterol in solution (2). Further ,  
when the concentration is approximately 0.2 M 
or more a shift of Xmax from 1.417 to 1.420/~ 
is observed (Fig. 5). When the concentration of 
cholesterol is between 0.014 and 0.2 M choles- 
terol is present as a dimer (2). 

When esters are added to solutions of choles- 
terol in carbon tetrachloride,  hydrogen bonding 
of cholesterol to the ester bond is observed (2). 
Similarly, the loss of absorbancy at 1.417 to 
1.420/a is ascribed to hydrogen bonding of the 
cholesterol to the ester bond (Fig. 7). An equili- 
brium constant: 

[Cholesterol �9 methylpa lmi ta te ]  
K = 

[Cholesterol] [methyl  palmitate] 
K = 0.63 l 'mole-1 

may be calculated for the 1 : 1 complex (2) from 
the data in Figure 7. The constant is approxi- 
mately one third of that observed for a trigly- 
ceride (2.0 l ' m o l e  -1 was reported by Parker 
and Bhaskar). However, on the basis of concen- 
trat ion of ester bonds the molarity of triglycer- 
ide is approximately one third of that of 
methyl  palmitate. Thus, the two equilibrium 
constants for hydrogen bonding of cholesterol 
to the ester agree well. 

The self-association of cholesterol and the 
hydrogen bonding of cholesterol to the trigly- 
c e r i d e  s o l v e n t s  markedly complicate the 
adsorption isotherms observed for cholesterol 
(Fig. 1). However, the concentration-dependent 
changes in the forms of cholesterol in solution 
correspond well to the three regions of the 
a d s o r p t i o n  i s o t h e r m s  observed (Fig. 3). 

F u r t h e r ,  these observations permit partial 
explanation of three observations reported here 
and  e a r l i e r  ( 3 - 5 ) .  F i r s t ,  multiple layer 
adsorption is observed. Adsorpt ion isotherms of 
the type,  y = ax n where a < 1 and n > 1, 
r e q u i r e  a s s o c i a t i o n  o f  choles terol  with 
Permutit .  Even at low concentrations of choles- 
terol, association of cholesterol with Permutit  is 
observed (Fig. 3 and 4). Secondly, when a 
clathrate-forming agent, such as pimelic acid, is 
added to solutions of cholesterol in various oils, 
the limiting amount  of cholesterol removed 
from solution by clathrate formation is 50% 
(3). Higher aggregates of cholesterol in solution 
are formed when the concentration exceeds 
about 0.06 M (2) and marked aggregation, in 
s o l u t i o n ,  is observed with concentrations 
greater than  0.2 M (Fig. 6). Aggregation in 
solution thus accompanies aggregation in the 
solid phase. Because the energies involved in 
each process of aggregation may be similar, it is 
not surprising that added cholesterol part i t ions 
about equally into the solid and liquid phases 
to yield the limit of 50%. This phenomenon 
apparently is a proper ty  of cholesterol because 
it is observed for all oils, although the solubility 
of cholesterol in the oils varies widely (Ref. 4 
and Table I). Third, cholesterol crystallizes 
from solutions that in the absence of Permutit  
would be subsaturated with respect to choles- 
terol because association with Permutit ,  even at 
tow concentrations of cholesterol (Fig. 3 and 
4), apparently serves to nucleate the process of 
c r y s t a l l i z a t i o n .  Once  a g a i n ,  f o l l o w i n g  
nucleation, aggregation in the solid phase may 
be about  equal energetically to aggregation in 
the liquid phase. 

Finally, solubility of cholesterol in various 
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oils is r e la ted  to  fac tors  o t h e r  t h a n  h y d r o g e n  
b o n d i n g  of  the  h y d r o x y l  g roup  of  the  s terol  
w i t h  t h e  e s t e r s  b e c a u s e  q u e n c h i n g  of  
a b s o r b a n c y  and  solubi l i ty  are no t  cor re la ted  
(Table  I). A p p a r e n t l y  solubi l i ty  is d i rect ly  
re la ted  to the  i n t e r a c t i o n  of  choles te ro l  w i th  
the  side chains  of  the  f a t t y  acids. 

There  may  be an analogy b e t w e e n  precipi-  
t a t i o n  of  cho les te ro l  u n d e r  the  in vi t ro  con-  
d i t ions  descr ibed  here  and  the  occur rence  of  
cho les te ro l  deposi ts  in vivo. In  the  presence  of  
cho les te ro l  adsorbed  on  a physiological  surface  
exposed  to  serum,  add i t iona l  cho les te ro l  could  
be depos i t ed  at  on ly  i n t e r m e d i a t e  se rum lipid 
levels of  choles terol .  
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The Effects of Catecholamines on the Distribution of 
14C.Cholestero I in Dogs 

JOSEPH H. GANS and MARILYN R. CATER, Department of Pharmacology, 
University of Vermont College of Medicine, Burlington, Vermont 05401 

ABSTRACT 

Fifteen adult male pure bred Beagle 
dogs were given 4-14C-cholesterol and a 
subsequent 18 day period was permitted 
to elapse for equilibration of the 
14C-cholesterol between blood and tissue 
compartments. Peanut oil, epinephrine in 
oil or norepinephrine in oil was adminis- 
tered by daffy subcutaneous injections 
over a period of 63 to 81 days. Epi- 
nephrine but not norepinephrine resulted 
in sustained increases in plasma choles- 
terol concentrations. The half-fife of 
14C-cholesterol in plasma was 19 days in 
control dogs, 18 days in catecholamine 
treated dogs. The slope of the decline in 
the specific radioactivity of plasma cho- 
les terol  did not change during epi- 
nephrine administration, suggesting an in- 
flux into plasma of endogenous choles- 
terol. Specific radioactivity of thoracic 
aorta cholesterol was fourfold greater 
than that of plasma cholesterol in control 
dogs at the end of the experiment and 
1.3-fold greater than the specific radio- 
activity of cholesterol in the lower aortic 
segments. Treatment with epinephrine de- 
creased the specific radioactivity choles- 
terol in all segments of the aorta and 
resulted in cholesterol specific radio- 
activity from thoracic aorta which was 
less than that of cholesterol from the 
lower aortic segments. Norepinephrine 
treatment resulted in decreases in the 
specific radioactivity of cholesterol from 
the thoracic and abdominal aortic seg- 
ments but the changes were smaller than 
those observed in epinephrine treated 
dogs. 

INTRODUCTION 

Daily administration of epinephrine in off to 
dogs results in sustained increases in plasma 
cholesterol concentrations (1). This response to 
epinephrine administration is not the result of 
increased hepatic cholesterol synthesis (2). 
Preliminary studies in dogs given 
4-14C-cholesterol demonstrated that the slope 
of the specific radioactivity time curves for 
plasma 14C-cholesterol did not change during 
epinephrine administration despite significant 

increases in plasma cholesterol concentrations 
(3). When epinephrine was administered to dogs 
over periods of 32 to 48 days, the specific 
radioactivity of plasma cholesterol at the end of 
the experiment was the same in both control 
and epinephrine treated dogs (4). These results 
suggest that epinephrine4nduced increases in 
plasma cholesterol concentrations may result 
from the influx of endogenous or exchangeable 
cholesterol into the plasma-fiver cholesterol 
pool. 

Long term epinephrine administration to 
dogs does not alter the distribution of 
14C_cholestero 1 between plasma and most 
tissues, an apparent exception being the aorta 
(4,5). Several weeks after the administration of 
4-14C-cholesterol, the specific radioactivity of 
cholesterol in the thoracic aorta is 
approximately fourfold greater than plasma 
cholesterol and 1.6-fold greater than the 
specific radioactivity of cholesterol from the 
lower aortic segments (4). Long term 
epinephrine treatment tends to equalize the 
specific activity of cholesterol throughout the 
aorta (4). 

The experiments summarized here were per- 
formed in order to study, over longer time 
periods, the effects of two catecholamines, epi- 
nephrine and norepinephrine, on the distri- 
bution of 4-14C-cholesterol in dogs. Specific 
object ives  of these experiments were an 
attempt to define the source of cholesterol 
which provides for the increased plasma con- 
cen t ra t ions  of cholesterol in epinephrine 
treated dogs, to confirm the effects of epi- 
nephrine and to determine any effects of nor- 
epinephrine as well, on the distribution of 
14C_cholestero 1 in the aorta of dogs. 

EXPERIMENTAL PROCEDURES 

Fifteen adult male pure bred Beagle dogs 
were the subjects of this study. Each dog was 
immunized against distemper and infectious 
hepatitis and was maintained in the research 
animal facilities for two weeks prior to being 
included in the experiment. The dogs were per- 
mitted access ad lib. to water and to a dry dog 
food preparation (Purina Dog Chow, Ralston 
Purina Co., St. Louis, Mo.). Our analyses indi- 
cated that total lipid concentration of this diet 
is 10.2% and total cholesterol concentration is 
.075% on a dry weight basis. 
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"FABLE I 

Effect of Catecholamines on Plasma Cholesterol Concentrat ions in Dogs 

Plasma cholesterol (mg/100 ml) 

Group Start a 3 days p(t)  b Start c 3 days p(t)b Final p(t)b 

Control 130 -+ 9.4 135-+15.5 121-+10.3 128 4- 9.6 1334- 7.4 
(N=6) 
Epinephrine 147-+ 8.3 248+-35.6  ~ .02  145-+ 5.2 186-+13.2 ( . 0 1  185-+ 8.9 ( . 0 1  
(N=5) 
Norepinephrine 128-+ 14.6 162 -4" 20.0 4 2 0  126-+ 9.3 140 4- 12.7 ~ 0 . 4 0  146 • 14.1 ~ 0 . 5 0  
(N:4) 

aValues at start of experiment ,  and after three days of t reatment .  

bSignificance of difference between the catecholamine treated group and the control  group. All data in this 
and subsequent  Tables are expressed as the average -+ l standard error of the mean. 

Cplasma cholesterol concentrat ions taken during the mid-point of the exper iment  on a Monday morning 
immediate ly  following a two day respite from treatment,  and after three days of t reatment .  

Epinephrine in oil (Adrenalin in oil) was ob- 
tained from Parke-Davis Co., Detroit, Mich., 
and l-norepinephrine bitartrate was obtained 
from the Winthrop Laboratories, Inc., New 
York, N.Y. The norepinephrine was suspended 
in peanut oil by homogenization in a glass tube 
using a Teflon pestle. 

4-14C-cholesterol (specific radioactivity 58.0 
m c / m m o l e >  obtained from New England 
Nuclear Corp., Boston, Mass.) was administered 
intravenously to each of 15 dogs in a dose of 5 
/.lc 14C/kg body weight according to a method 
previously described (4). Fourteen. 16 and 18 
days after the administration of the labeled 
cholesterol, blood samples were drawn for the 
determination of plasma cholesterol concen- 
trations and of plasma cholesterol specific 
radioactivity. 

Treatment was begun on the 18th day 
following the administration of the 14C_labele d 
cholesterol. The doses of vehicle and drugs used 
were: 0.5 ml peanut oil per kilogram per day 
for each of six dogs in the control group, epi- 
nephrine in oil 0.8 to 1.0 mg/kg per day to each 
of five dogs and norepinephrine 0.8 to 1.0 mg 
equivalent of the free base per kilogram per day 
to each of four dogs. The vehicle or drugs were 
given subcutaneously for 12 days beginning on 
a Monday and the dogs were permitted a two 
day (Saturday and Sunday) respite from treat- 
ment. Through an ensuing period of seven to 
eight weeks the vehicle and drugs were admin- 
istered five days per week on Monday through 
Friday inclusive. A final period comprising 10 
to 12 days of consecutive treatment were com- 
pleted prior to terminating an experiment. The 
total experimental period for 13 of the dogs, 
from the day in which 4-14C-cholesterol was 
given to termination, ranged from 91-100 days, 
and treatment with the vehicle or the catechol- 
amines ranged from 73 to 82 days. Limitations 

LIPIDS, VOL. 4, NO. 6 

in time forced the termination of two experi- 
ments (one control and one norepinephrine 
treated dog) after 81 days which represented a 
treatment period of 63 days. 

Blood samples for the determination of 
plasma cholesterol concentrations and specific 
radioactivity were taken at weekly intervals 
throughout the experiment and on the day in 
which each experiment was terminated. Addi- 
tional blood samples were taken twice during 
the course of the experiment, on the third day 
of a treatment period which followed a two day 
respite. The specific radioactivity of plasma 
cholesterol was determined from all samples, 
and the data were used to determine the half- 
life of plasma 14C-cholesterol. At randomly 
selected days during a course of treatment, 
blood samples were taken prior to and at 2, 4, 
and 7 hr after the injection of the vehicle or the 
catecholamine for the determination of plasma 
glucose concentrations. 

Each experiment was terminated by anesthe- 
tizing the dog with pentobarbital sodium, 30 
mg/kg, and by subsequent exsanguination. 
Sections of the following tissues were takcn for 
the determination of cholesterol concentrations 
and specific radioactivity: heart, lungs, aorta 
(separated into thoracic, abdominal and termi- 
nal, kidney, adrenal glands, pancreas, liver, skin, 
skeletal muscle, renal artery and carotid artery. 

Cholesterol concentrations in plasma and in 
tissues were determined according to methods 
previously described (4). Cholesterol for radio- 
assay was isolated as the digitonide (6) and dis- 
solved in 1 ml of methanol. A 0.2 ml aliquot of 
the methanol solution of cholesterol digitionide 
was taken for colorimetric estimation of choles- 
terol concentration; the balance was added to 
10 ml of a liquid scintillation mixture (7) and 
radioactivity was assayed in a liquid scintil- 
lation spectrometer. 
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TABLE II 

Specific Radioactivity of Blood Cholesterol and Half-Life of Total Plasma 
Cholesterol in Dogs Treated With Peanut Oil (Control), With Epinephrine 

in Oil and With Norepinephrine in Oil 

Specific radioactivity (cpm/mg) 

End b 

Plasma 
Half-life c 

Group Start a Total Free Erythrocyte in days 

Control 2,663 -+ 235 158 -+ 19.3 149 -+ 20.0 162 4- 17.0 19 4" 1.3 
Epinephrine 2,6594-162 125-+14.0 117-+15.3 116---14.9 18-+1.1 
Norepinephrine 2,631 -+245 135 -+42.4 117 -+32.2 117 4-40.7 18 -+0.9 

aSpecific radioactivity of total plasma cholesterol taken 18 days after the administration of 
4-14C_cholesterol ' prior to the start of treatment. 

bSpecific radioactivity of plasma and erythrocyte cholesterol taken on the day in which the 
experiment was terminated. 

CTotal plasma cholesterol. 

Total  lipid was extracted from adrenal 
t i s s u e ,  k i d n e y ,  l iver and thoracic aorta 
according t o t h e  method of Folch et al. (8), and 
the total  lipid extracts were separated into their 
major classes by preparative layer chromato- 
graphy on glass plates coated with Silica Gel G 
(9,10). 

The  spec i f i c  radioactivity of free and 
esterified tissue cholesterol from six samples of 
adrenal gland and two samples of liver was 
determined by eluting these fractions from 
silica gel following preparative layer chromato- 
graphy. The specific radioactivity of each frac- 
t ion did not differ markedly and was not  differ- 
ent than the specific radioactivity of the total  
tissue cholesterol. Addit ionally,  the specific 
radioactivity of free cholesterol from three 
samples of thoracic aorta, two samples of 
kidney cortex, one sample of kidney medulla 
and one sample of liver was determined fol- 
lowing precipitation of free cholesterol with 
digitonin from the total  lipid extract.  These 
specific radioactivities of free cholesterol did 
not differ from the specific radioactivity of 
total  cholesterol from each sample. The data 
which will be outlined and discussed, therefore, 
refers to the specific radioactivity of total  tissue 
cholesterol. 

G l u c o s e  concentrations in plasma were 
determined with glucose oxidase (Glucostat,  
Worthington Biochemical Co., Freehold, N.J.). 

Criteria for the absorption of the catechol- 
amines were (a) increased plasma glucose con- 
centrations 4 and 7 hr after injection of the 
drig; (b) palpitation of the heart against the 
thoracic wall which was both visible and pal- 
pable within 2 hr and persisting for at least 7 hr 
after giving the catecholamine; and (c) periods 

of prominent bradycardia particularly in nor- 
epinephrine treated dogs. 

R ESU LTS 

Epinephrine administration to dogs was 
accompanied by increased total  plasma choles- 
terol concentrations at the start of the experi- 
ment as well as at later t ime periods (Table I). 
Norepinephrine did not produce significant in- 
creases in plasma cholesterol concentration 
(Table I). Both catecholamine preparations 
increased plasma glucose concentrations. 

The decline of the spedific radioactivity of 
total  plasma cholesterol was not changed by 
epinephrine administration, but total  plasma 
r a d i o a c t i v i t y  increased during epinephrine 
administration. Two experiments,  typical of the 
patterns observed in control and epinephrine 
treated dogs are shown in Figure 1. During a 
two day respite from treatment,  both plasma 
cholesterol concentrations and total  plasma 
radioactivity decreased rapidly to control  levels 
(Fig. I). Plasma cholesterol specific radio- 
activity was the same in catechotamine treated 
dogs as in control dogs at the start of the exper- 
iment and did not differ significantly at the ter- 
mination (Table II). The specific radioactivities 
of free plasma cholesterol and erythrocyte  cho- 
lesterol in control  and catecholamine treated 
dogs were not significantly different (Table II). 
The half-life of plasma cholesterol was 19 days 
in the control dogs and 18 days in the catechol- 
amine treated dogs (Table II). 

Specific radioactivity of cholesterol in the 
thoracic aorta was fourfold greater than the 
specific radioactivity of plasma cholesterol in 
the control  dogs maintained on the basal dry 
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FIG, 1. Total plasma cholesterol concentrations 
and specLt'ic radioactivity and total plasma radio- 
activity in a dog given peanut oil (control), solid 
circles, and in a dog given epinephrine in oil, open 
circles. The responses of these dogs were typical of the 
group treated with peanut oil (control, N -  - 6) and of  
the group treated with epinephrine (N = 5)_ 

food diet (Fig. 2). Thoracic aorta cholesterol 
specific radioactivity in control dogs also was 
greater than that of cholesterol from the lower 
segments of the aorta (Fig. 2, Table III). 

The specific radioactivity of cholesterol 

from the three segments of the aorta was sig- 
nificantly decreased in epinephrine treated dogs 
(Fig. 2). The specific radioactivity of choles- 
terol in the thoracic aorta from epinephrine 
treated dogs was less than that from the lower 
segments, changes from the control relation- 
ships which were highly significant (Table III, 
Fig. 2). Norepinephrine produced smaller de- 
creases in the specific radioactivity of choles- 
terol from the aorta, changes which were signif- 
icant for the thoracic and abdominal segments 
(Table III). 

Cholesterol specific radioactivities of the 
renal and carotid arteries were considerably 
greater than the specific radioactivity of plasma 
cholesterol (Fig. 2). The specific radioactivities 
of cholesterol of other tissues were within the 
range of plasma cholesterol specific activity and 
no significant changes were produced by either 
of the catecholamines (Fig. 2). 

There were no differences in tissue choles- 
terol concentrations between the three groups 
except for kidney medulla in which the choles- 
terol level of the norepinephrine group was 28% 
higher than that of the controls [p ( t ) <  .01]. 

DISCUSSION 

The discussion of the results rests upon the 
assumption that 14C-cholesterol in blood and 
in tissues, after a suitable period to permit 
equ i l ib ra t ion ,  is representative of the ex- 
changeable cholesterol in these compartments.  
Exchangeable cholesterol is composed of: (a) 
dietary or exogenous cholesterol which may be 
absorbed, (b) cholesterol which is secreted into 
the intestinal lumen in bile, (c) cholesterol ex- 
creted into the intestinal lumen by the intes- 

600 

300 

~ < '~ ~ ~ ~ w-~'= ~'~ ~o .~o =..~ 

w~ 
> 

FIG. 2, Specific radioactivity of plasma and tissue cholesterol from dogs treated with peanut oil 
(control) solid black bars; epinephrine in oil cross hatched bars and norepinephrine in oil, dotted * *  �9 . 

bars. , Significance of difference from control: p (t) < .01; *, Significance of difference from 
control: p (t) < .05, 

LIPIDS, VOL. 4, NO, 6 



CATECHOLAMINES AND CHOLESTEROL 

TABLE III 

Effect of Catecholamines on the Distribution of 14C-Cholesterol 
in the Aortas of Dogs 

537 

SRA Th Ao a SRA Th Ao c 

Group SRA Ab Ao p(t) b SRA Ter Ao p(t)  b 

Control  1.31 +-.09 1.22 - . 0 6  
Epinephrine 0.92 -+.03 <[.0l 0.85 -+ .04 ~ .001  
Norepinepbrine 1.15 -+. 14 ~ .  10 1.08 -+. 14 ~ 0 . 5 0  

aSpecific radioactivity of 
abdominal  aorta cholesterol. 

bSignificance of difference 
CSpecific radioactivity of 

terminal aorta cholesterol. 

the thoracic aorta cholesterol: specific radioactivity of the 

from the control values. 
the thoracic aorta cholesterol: specific radioactivity of the 

tinal mucosa some of which may be reabsorbed, 
and (d) endogenous cholesterol synthesized pri- 
marily by the liver and perhaps to a very small 
extent by the intestinal mucosa (18). The cho- 
lesterol content of the diet was very low, 
although not negligible, and it is probable, 
therefore, that 14C-cholesterol dynamics in 
these dogs is a reflection of the metabolism of 
endogenous cholesterol. 

The possibility that diet, drugs or hormones 
may influence the distribution of cholesterol 
has been suggested by several reports which 
were concerned with the mode of action of 
plasma cholesterol lowering agents. Bieberdorf 
and Wilson (11) noted that the decreases in 
plasma cholesterol concentrations in rabbits 
given diets high in unsaturated fats could best 
be explained by a redistribution of cholesterol 
between plasma and tissues. Similar conclusions 
may be drawn from the clinical studies of Miller 
et al. (12) and Wollenweber et al. (13), who 
reported on the hypocholesterolemic effects of 
nicotinic acid in human subjects. Mietinnen 
(14) has shown that thyroxine reduces plasma 
c h o l e s t e r o l  concentrations in hypothyroid 
patients by augmenting the fecal excretion of 
neutral sterol and possibly by altering the distri- 
bution of cholesterol as well. 

Increased plasma cholesterol concentrations 
du r ing  epinephrine administration to dogs 
results from the influx of endogenous or more 
accurately, exchangeable cholesterol into the 
plasma-fiver pool. This interpretation seems 
warranted since the slope of the specific radio- 
activity time curve for plasma 14C-cholesterol 
and the half-fife of plasma 14C_cholestero I were 
the same in control and epinephrine treated 
dogs despite epinephrine-induced increases in 
plasma cholesterol concentrations. 

These experiments confirm again that epi- 
nephrine does not stimulate hepatic cholesterol 
synthesis (2), since such an event would have 

increased the decline in the specific radio- 
activity of plasma cholesterol. It is unlikely that 
increased intestinal absorption is important in 
this response to epinephrine for in experiments 
in which 4-5 g of cholesterol were fed daily, 
epinephrine administration did not produce any 
evidence of an influx of unlabeled cholesterol 
(3). Aorta cholesterol also can not be the 
source of mobilized cholesterol; the average 
weight of the aorta is 4.0 g/10 kg body weight 
and total cholesterol in the aorta therefore 
would be between 8 and 10 mg. If all of the 
aorta cholesterol were mobilized into plasma 
this would account for only a small portion of 
the 120-150 mg of cholesterol which comprise 
the increase in plasma induced by epinephrine. 
A decrease in cholesterol degradation to bile 
acids seems not to be the route by which in- 
creased cholesterol is made available to the liver 
plasma pool for epinephrine may actually en- 
hance the turnover and production of bile acids 
in dogs (15). Some cholesterol compartment in 
peripheral tissue which is readily available for 
redistribution must be the source of this in- 
creased plasma cholesterol in the epinephrine- 
treated dog. 

These experiments confirm and extend the 
r e su l t s  of a previous study (4) of 14C- 
cholesterol distribution in the dog. A longer 
period of both treatment and total duration of 
the experiments demonstrates clearly that cho- 
lesterol in the aorta of dogs exchanges very 
slowly with plasma cholesterol and that this 
relationship and the distribution of 14C-choles- 
terol in the aorta are altered by long term daily 
subcutaneous administration of either norepi- 
nephrine or epinephrine in oil, the effects of 
epinephrine being more pronounced. The physi- 
ological significance of these effects of the cate- 
cholamines on 14C-cholesterol distribution re- 
mains undefined. Possibly the functional and 
metabolic responses to the catecholamines, 
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part icularly to ep inephr ine ,  may permi t  an 
accelerated in terchange be tween  choles terol  in 
plasma and choles terol  in the  aor ta  of  dogs. 

We cannot  explain our  failure to observe sig- 
nif icant  increases in plasma choles terol  concen-  
t ra t ions  in norep inephr ine - t r ea ted  dogs since 
Barret t  (16) and Barret t  and Thorp  ( 1 7 ) h a v e  
r epo r t ed  that  daily in ject ions  of  1-norepi- 
nephr ine  b i tar t ra te  suspended in oil p roduces  
significant increases in plasma choles terol  con- 
cen t ra t ions  of  dogs. The effects  of  no rep ineph-  
rine on plasma glucose concen t ra t ions  as well as 
on the dura t ion of  bradycardia  and cardiac pal- 
p i t a t i o n  indicate  that  norep inephr ine  was 
adequate ly  absorbed.  Our results  indicate  a dif- 
ferent ia l  ef fect  of  the ca techolamines  on  choles- 
te ro l  d is t r ibut ion in the dog wi th  ep inephr ine  
exer t ing a significantly more  impressive re- 
sponse.  Similarly, ep inephr ine  p roduces  a more  
p r o m i n e n t  effect  on bile acid me tabo l i sm in 
dogs than  does norep inephr ine  (15). 
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Desaturation of Palmitate and Stearate by Cell-Free 
Fractions From Soybean Cotyledons1 
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Department of Biochemistry, Purdue University, Lafayette, 
Indiana 47907 

ABSTRACT 

Homogenates of cotyledons from im- 
mature soybean seeds were fractionated 
by centrifugation. Cell-free preparations 
actively desaturated 1-t4C-palmitate and 
1-14C-stearate to produce 9,10-unsatu- 
rated acids. The 9-desaturase activity was 
present mainly in supernatant fractions 
(22,000 and 105,000 x g). These frac- 
tions also desaturated oleate to linoleate 
and elongated C14, C16 and C I 8 acids. In 
view of this versatility of desaturase sys- 
t ems  in the soybean, including the 
9-desaturase(s) for CI4, C16 and C18 
saturated acids, there would not seem to 
be further need to consider a separate 
plant pathway for biosynthesis of unsatu- 
rated fatty acids. 

INTRODUCTION 

Although desaturation of the common satu- 
rated fatty acids, palmitic and stcaric, by sub- 
cellular fractions from tissues of animals and 
microorganisms is well documented, similar 
efforts to study desaturation with comparable 
fractions or tissues from plant sources often 
have met with little success (1-3). Alternative 
pathways for the formation of oleic acid in 
plants have been sought (4,5). The active 
enzyme system in animal tissues is found in the 
microsomes (6); in yeast it is in the particulate 
fraction (7); and in Euglena it is found in the 
soluble fraction (8). 

In earlier work this laboratory demonstrated 
that homogenates from soybean cotyledons 
desaturated uniformly-labeled palmitate and 
stearate (9). Subsequently, a system capable of 
desaturating stearate but not palmitate in 
spinach chloroplasts was reported (8). The 
present paper describes an extension of experi- 
ments (10) with cell-free preparations from soy- 
b e a n  c o t y l e d o n s  w h i c h  p e r f o r m  
9,10-desaturation reactions with 1-14C-pal- 
mitate and 1-14C_stearate 

EXPERIMENTAL PROCEDURE 

Preparation of Cell-Free Fractions 

Cotyledons (variety Harosoy), 35-40 days 
after flowering (11 ), were homogenized (Virtis, 
2 min, 0 C) with a 5 fold quantity of 0.25 M 
sucrose-0.01 M potassium phosphate, pH 6.0. 
The homogenate was filtered through cheese- 
cloth and the filtrate was centrifuged to remove 
cell debris. A floating lipid layer was removed 
by decanting the supernatant fraction onto 
glass wool. The resulting cell-free extract was 
adjusted to 6 mM with glutathione and 0.67/aM 
with disodium EDTA and then centrifuged at 
16,000 or 22,000 x g for I hr. The sediment 
was resuspended in the original volume of cold 
buffered sucrose and designated the mito- 
chondrial fraction. A lipid layer was again 
removed from the supernatant fraction before 
centrifuging at 105,000 x g for 90 min. The 
pellet (105,000 x g) was resuspended in the 
original volume of cold buffered sucrose and 
designated the microsomal fraction. The super- 
n a t a n t  fractions obtained at 22,000 and 
105,000 xg  were used directly. 

Substrates 

The I-t4C fatty acids (laurie, 1.88 mC per 
mmole; myristic, 13.0 mC per mmole; palmitic, 
t3.5 mC per mmole; stearic, 6.5 mC per 
mmole; and oleic, 5.3 mC per mmole) all were 
purchased from Calbiochem, Inc. and solu- 
bilized in a 1% solution of bovine serum 
a l b u m i n  ( d e f a t t e d ,  Calbiochem, Inc.) as 
follows. An ether solution of the fatty acid 
(0.01 to 0.05/amole) was evaporated in a 10 ml 
volumetric flask and 0.25 ml ethanol added to 
redissolve. After addition of 4 to 5 ml of 1% 
bovine serum albumin and shaking of the con- 
tents for 1/2 hr at 37 C, the flask was filled to 
volume with 1% BSA. Examination of the 
1-14C acids by thin layer chromatography 
(AgNO3) showed purities of the saturated acids 
to be not less than 98%, with no measurable 
unsaturated contaminant. The l-t4C-oleate 
c o n t a i n e d  1.5% of polyunsaturated con- 
taminant. 

Ipublished as Journal Paper No. 3197, AES, 
Purdue University, Lafayette, Indiana 47907. 

2present address: Parke, Davis and Company Re- 
search Laboratories, Ann Arbor, Michigan 48106. 

Assay for Fatty Acid Conversion 

To a 25 ml Erlenmeyer flask was added 5 ml 
of the soybean fraction and the substrate dis- 
solved in 0.1 or 0.2 ml of a solution containing 
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TABLE I 

Products Obtained From Incubation of Saturated Fat ty  Acids With a 
Solub!e Fraction (105,000 x g Supernatant)  From Cotyledons a 

Radioactivity recovered in Radioactivity from 
Incubation isolated fat ty  acid fractions, % monoene fragments 

Substrate time �9 as dicarboxylic acids, 
acid min Saturated Polyene Monoene % 

1-14C-Stearic 30 96.2 0.9 2.9 92.0 
60 91.0 2.7 6.2 92.4 

120 84.5 5.2 10.2 92.7 
1-14C.Palmitic 30 94.4 1.9 3.6 89.5 

60 90.1 3.1 6.9 90.5 
120 87.5 4.1 8.4 89.7 

1 - 14C_Myristic 30 90.8 2.2 6.8 92.7 
60 82.2 3.6 14.1 92.9 

!20 80.4 3.7 15.9 91.9 
1-14C-Lauric 30 94.9 1.7 3.4 92.5 

60 90.9 3.2 5,9 86.0 
120 88.1 3.8 8.1 79.3 

aThe labeled fat ty acids (0.01 to 0.05 /./mole containing 0.3 to 0.5 /2C of radioact ivi ty)  
complexed with bovine serum albumin was added to a solution of five cofactors (ATP, 10 
//moles; coenzyme A, 0.27 /danole; NADPH, 0.2 //mole; MgC12, 2.5 /.txnoles; MnSO4, 2.5 
/2rnoles) in 5 ml of supernatant  fraction containing the equivalent of 1 g of cotyledons.  
Total volume 5.1 ml per flask. Flasks were shaken at 28 C, methanolic  KOH and carrier 
acids were added and the fat ty acid esters separated by TLC. The monoenoic  fraction was 
oxidized with periodate-permanganate and the acidic fragments were separated by TLC. 
Polyene and monoene data were corrected for radioactivity in comparable boiled control  
samples. 

ATP, 10 /amoles; coenzyme A, 0.27 /amole; 
NADPH, 0.2 //mole; MgC12, 2.5 /amolesi and 
MnSO4, 2.5 /amoles. The flasks were sealed 
w i t h  serum caps and shaken at 27-28C 
(Dubnoff shaking incubator). Carbon dioxide 
was collected on termination of some of the 
reactions by injecting 0.5 ml of Hyamine 
hydroxide into a shell vial (35 x 10 mm ID) 
originally enclosed in the flask, then acidifying 
by injecting 0.5 ml of 6 N sulfuric acid into the 
incubation medium and shaking 1 hr longer. 
The shell vial was then removed, the outside 
surface rinsed and dried, and the vial and con- 

TABLE i l  

Recovery of Label in Products From Schmidt 
Decarboxylat ion of 16:1 Fraction Derived 

From Palmitic 1-14C Acid a 

Total radioactivity,  
cpm Distribution of 

radioactivity,  % 
In Recovered 

Replicate sample in 14CO2 CO 2 Amine 

1 4,280 3,211 8 4 . 5  2.9 
2 3,640 2,600 81.4 2.3 
3 4,015 3,442 94.2 5.7 

apalmitoleic acid obtained from the act ion of the 
22,000 X g supernatant  fraction upon 1-14C-palmitic 
acid was isolated by TLC (AgNO3) and GLC and sub- 
jected to Schmidt decarboxylat ion.  The result ing CO 2 
was collected and the fat ty  amine was extracted with 
ether after adjusting to  pH 11-12. 

tents were inverted into a Wheaton flask of 
scintillation fluid. 

In other cases, reactions were terminated on 
addition of 15 ml of 20% KOH in methanol and 
at this point about 5 mg of a mixture of carrier 
acids in 1 ml of ether-methanol (1:1 v/v) was 
a d d e d .  Saponification was complete after 
samples were allowed to stand overnight at 
room temperature or were refluxed for 45 min. 

Saponified samples were acidified with 12 N 
HC1 and with a small amount of water and 
methanol were transferred to 500 ml separatory 
funnels. Sufficient chloroform-methanol (2:1 
v/v) was added (12) to give a single phase (ca. 
150 ml). After 30 min 150 ml of saturated 
NaC1 solution was added; the chloroform phase 
was then removed and the aqueous phase was 
re-extracted with 50 ml of chloroform. The 
combined chloroform extracts were washed 
twice with 150 ml of  water, dried over an- 
hydrous Na2SO 4 and evaporated on a rotary 
evaporator. The residual fatty acid samples 
were then treated with freshly prepared diazo- 
methane (13). A portion of the resulting 
methyl esters was dissolved in toluene scintil- 
lator [4 g of 2,5-diphenyloxazole and 0.1 g of 
1,4-bis-2-(5-phenyloxazoyl)-benzene per liter of 
toluene] and radioactivity was measured with a 
liquid scintillation spectrometer (Packard). 

A portion of the methyl esters was separated 
into saturated, monoene and polyene fractions 
(14) by thin layer chromatography (TLC) on 
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TABLE III 

Chain Lengths of  Dicarboxylic Acid Fragments Obtained After 
Oxidat ion of Isolated Monoenoic Esters a 

541 

Radioactivity in dicarboxylic acid after oxidat ion,  % 
Dicarboxylic acid 

chain length 18:1 from 16:1 from 14:1 from 
(no. of carbons) 1-14C.steari c 1-14 C-palmitic 1-14C.myrist ic 

5 0.3 0.9 1.8 
6 0.6 ND b O.4 
7 0.4 2.4 5.9 
8 4.9 4.1 2.4 
9 86.3 80.2 82.5 

10 4.0 10.4 1.7 
11 3.5 2.0 5.3 

aThe monoenoic fatty acids obtained from action of the 22,000 X g supernatant  fraction 
upon saturated 1-14C-acids were isolated by TLC (AgNO3) and GLC and subjected to 
permanganate-periodate oxidation.  Isolated dicarboxylic acids were separated by GLC, and 
the effluent fractions were collected and subjected to scintil lation counting. 

bND, not determined. 

Silica Gel G-silver nitrate (90: 10) with chloro- 
form-acetic acid (99.5:0.5). The fractions, 
visible under ultraviolet light after spraying 
with 2,7-dichlorofluorescein, were scraped from 
the plates and eluted with ether. The extracts 
were evaporated in scintillation vials under 
nitrogen, fluid was added and radioactivity 
determined. Average recovery of initial fatty 
acid label was 75% for oleic acid, 90% for satu- 
rated acids. 

Location of the Double Bond 

The position of the double bond in the 
monounsaturated acids was determined by 
periodate-permanganate oxidation as described 
by von Rudloff (15). Esters were first con- 
verted to the free acids by refluxing 1 hr with 
5% KOH in 95% methanol,  acidification and 
ether extraction. After oxidation,  the reaction 
mixture was acidified, carrier mono- and di- 
carboxylic acids added, the acids extracted with 
three volumes of ether, and the ether extracts 
w a s h e d  w i th  s a t u r a t e d  sodium chloride 
solution. The ether phase was dried with 
sodium sulfate, evaporated, and mono- and di- 

carboxylic acids separated by TLC (16) on 
rhodamine impregnated Silica Gel G plates with 
hexane-ether-acetic acid (70:30: 1). After re- 
moval and extraction from the adsorbent,  frac- 
tions were assayed for radioactivity or esterified 
and analyzed by gas liquid chromatography 
(GLC). 

For  GLC, glass columns (~/~ in. O.D. x 10 ft) 
packed with 20% diethyleneglycol adipate poly- 
ester on 60/80 mesh Chromosorb W and con- 
ditioned 24 hr at 200 C were operated at 180 C 
for dicarboxylic esters and at 205-210 C for 
long chain fatty acid esters; flask vaporizer and 
injection port,  300 C; detector block 250 C; 
helium flow rate, 60-70 ml/min at exit port. 
Instrument was Aerograph 90, thermal con- 
ductivity unit with Aerograph 12-volt DC con- 
stant power supply to maintain filament cur- 
rent at 150 ma and Sargent SR recorder. 
Effluent collections were manual (9,17) into 
scintillation fluid. 

D e c a r b o x y l a t i o n s  were  essentially as 
described by BradY et al. (18). The reactions 
proceeded in 25 ml Erlenmeyer flasks with shell 
vials inserted and serum caps wired tightly. 

TABLE IV 

Products Obtained From Incubation of 1-14C-Oleic Acid With a Soluble 
Fraction (105,000 x g Supernatant)  From Cotyledons a 

Radioactivity recovered in 
Incubation isolated fatty acid fractions, % Radioactivity from 

time, polyene fragments as 
rain Saturated Monoene Polyene dicarboxy acids, % 

30 0.4 93.8 5.8 94.5 
60 0.7 83.5 15.8 95.5 

120 1.1 '74.5 24.6 94.6 

aExperimental  conditions identical to those in Table I. 
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T A B L E  V 

Al t e r a t i ons  in Chain Leng th  o f  Labe led  F a t t y  Ac ids  Dur ing  3 Hr 
I n c u b a t i o n  With  2 2 , 0 0 0  x g S u p e r n a t a n t  F rac t i on  a 

Per cent  o f  r e c o v e r e d  
c o u n t s  in lipid af ter  i nc uba t i on  

1 -14C.Subs t r a t  e C 12 C 14 C 16 C 18 C20 C22 

14 :0  0.6 92.7 1.3 2.5 2.2 0.2 
1 6 : 0  0.1 0.2 91.7  4.4 2.6 0.9 
18 :0  --- ' 0 .2  1.0 97.2 1.6 --- 
18:1  . . . . . .  1.0 96.1 2.9 --- 

a l n c u b a t i o n  cond i t i ons  were  the  s a m e  as for  Table  I, w i t h  add i t i on  o f  1 /.tmole o f  ace ty l  
CoA.  S e p a r a t i o n s  o f  f a t t y  acids  were  p e r f o r m e d  as desc r ibed  in Table  III .  

After reaction, flasks were cooled, CO 2 was 
trapped as described above, the contents of the 
vial  transferred to a scintillation vial for 
counting and the remaining contents of the 
reaction flask made alkaline and extracted with 
ether to obtain the fatty amine (19). 

RESULTS AND DISCUSSION 

Desaturation of 1-14C-Fatty Acids 

When labeled C12 to C18 saturated acids 
were complexed with albumin and incubated 
with the supernatant fractions (22,000 x g or 
105,000 x g) from cotyledons, up to 19% of 
the  r e c o v e r e d  rad ioac t iv i ty  was in the 
monoenoic and polyenoic fatty acid fractions 
(Table I). Most of the conversion occurred 
within the first hour. At all times radioactivity 
in the monoenoic fraction exceeded that of the 
polyenoic fraction. 

To ascertain that desaturation rather than 
fragmentation and resynthesis had occurred, 
portions of the monoenoic fractions were 
treated with periodate-permanganate. The di- 
carboxylic acid fragments (Table I) which were 
then isolated generally contained more than 
90% of the recovered label. The monoenoic 
products from lauric acid were a notable 
exception, indicating that some degradation 
and resynthesis had occurred during its incu- 
bation with the supernatant fraction. Addi- 
tional evidence that the original carbon chain 
remained intact was seen in the results of 
Schmidt decarboxylation of the palmitoleate 
isolated after incubation of 1-14C-palmitate 
(Table II). More than 80% of the label was re- 
covered as 1 4 C 0  2 from the 1 position with as 
little as 2.3% remaining in the amine fragment. 

It is evident, therefore, that the supernatant 
fraction catalyzes direct desaturation of long- 
chained saturated fatty acids. This action was 
reduced by more than 50% when incubations 
were performed under nitrogen. The reaction 
may be catalyzed by an oxidative desaturase 

similar to that present in animal tissues (6)and  
certain microorganisms (5). 

Position of the Unsaturated Linkage 

When monoenoic acids produced from three 
1-14C-saturated acids in a supernatant fraction 
were separated and oxidized, the distribution of 
radioactivity in the dicarboxylic esters revealed 
that the major labeled fragment was azelaic acid 
(Table III). 

The desaturatase system is quite specific for 
the 9,10 position, irrespective of the chain 
length of the fatty acid. This represents a 
further similarity to desaturase systems of ani- 
mals (6), yeast (7) and Chlorella (20). 

Further Desaturation and Chain Elongation 

The 105,000 x g supernatant fraction also 
acted upon 1-14C-oleate to effect further 
desaturation (Table IV). Nearly 25% of the 
recovered label after 2 hr was in the polyene 
fraction when separated by TLC and deter- 
mined by assay for radioactivity. On oxidation 
of  th i s  po lyene  fraction with periodate- 
permanganate nearly 95% of the recovered label 
was in the dicarboxylic acid fraction. It was 
evident, therefore, that the chief reaction 
products were polyunsaturated fatty acids. This 
was confirmed upon demonstration by GLC 
t h a t  the  d i c a r b o x y l i c  fraction was pre- 
ponderantly C 9 and by Schmidt decarboxy- 
lation that nearly all of the isotopic carbon in 
the polyenoic fraction was recoverable in the 
CO 2. Fractions from safflower seedlings also 
have been shown to desaturate oleic acid 
(21,22). 

To observe whether chain elongation of 
added labeled fatty acids accompanied desatu- 
ration 1 /amole of non-labeled acetyl CoA was 
added to the incubation mixture with each of 
four substrates (Table V). Clear evidence for 
chain elongation was observed with all the 
acids. Resynthesis after partial degradation of 
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f a t t y  acids was minimal .  
The  resul t s  of these  e x p e r i m e n t s  d e m o n -  

s t ra te  t h a t  (a) p lan t  sys tems o the r  t h a n  i n t a c t  
ch lorop las t s  (8)  can p e r f o r m  direct  aerobic  
de sa tu r a t i on  of  pa lmi t a t e  and  s teara te ;  (b)  the  
sys tem c o n t a i n e d  in soybean  c o t y l e d o n s  wh ich  
p e r f o r m s  th i s  de sa tu r a t i on  is p resen t  in b o t h  
the  m i c r o s o m a l  and  s u p e r n a t a n t  f rac t ions ;  and  
(c) these  f r ac t ions  wh ich  p r oduce  m o n o e n o i c  
f a t t y  acids also con t a i n  sys tems  which  ef fec t  
f u r t he r  d e s a t u r a t i o n  to  p o l y u n s a t u r a t e d  com-  
p o u n d s  as well  as e longa t ion  of ca rbon  chains ,  
ac t ions  w h i c h  are charac te r i s t i c  of  the  i n t ac t  
c o t y l e d o n  cells. 

I t  is no t  ye t  clear w h e t h e r  the  pa lmi t a t e -  
s t e a r a t e  desa tura tase  sys tem is comple t e ly  
soluble  or  occurs  in the  105 ,000  x g super-  
n a t a n t  f r a c t i o n  as f inely f r a g m e n t e d  par t i cu la te  
mater ia l .  I t  is also no t  k n o w n  w h e t h e r  ferre-  
dox in  and  acyl  carr ier  p r o t e i n  (ACP) are active 
c o m p o n e n t s  of  the  c o t y l e d o n  system.  The  
d e m o n s t r a t i o n  t h a t  s tearyl  ACP is de sa tu ra t ed  
by  a 105 ,000  x g s u p e r n a t a n t  f r ac t ion  f r o m  
Euglena (23)  and  by sp inach  ch lorop las t s  in the  
presence  of  f e r r edox in  (8)  suggests t h a t  these  
subs tances  m a y  be requi red .  If  so, t hey  are 
r e t a ined  in the  105 ,000  x g s u p e r n a t a n t  frac- 
t ion  f r o m  the  co ty ledons .  

No e x p l a n a t i o n  is a p p a r e n t  as to w hy  
avocado (4)  and  var ious  o t h e r  p lan t  mater ia l s  
have fai led to  yie ld  pa lmi ta t e - s t ea ra te  desatu-  
ra t ing  sys tems.  In  our  earl ier  s tudies  w i th  t he  
soybean  c o t y l e d o n  we observed  subs tan t i a l  dif- 
ferences  in  level of  ac t iv i ty  in  m a t u r e  versus 
near ly  m a t u r e  co ty ledons .  Similar  e f fec ts  of  
m a t u r i t y  h a v e  b e e n  d e m o n s t r a t e d  w i th  
r ic inoleic  acid f o r m a t i o n  by  cas tor  bean  prepa-  
ra t ions  (24) .  

T h e  d e m o n s t r a t i o n  t h a t  direct  aerobic  
desa tu ra t i on  occurs  in subcel lular  f r ac t ions  
f rom s o y b e a n  c o t y l e d o n s  raises the  ques t i on  
w h e t h e r  th i s  is the  ma in  p a t h w a y  for  the  for-  
m a t i o n  of  oleic acid in the  i n t ac t  p lant .  Fa i lure  
to  d e m o n s t r a t e  the  ex is tence  of  such sys tems  
(4)  led t o  the  pos tu l a t e  t h a t  p lan t s  p r oduce  
oleic acid f r o m  shor t e r - cha ined  acids by  some 
rou te  o t h e r  t h a n  direct  de s a t u r a t i on  of  pa lmi t ic  
and  s tear ic  acids. This  view was general ly  
accep ted  by  o the r s  (5)  bu t  r ecen t ly  had  b e e n  
a l te red  (8).  Evidence  for  specif ic  i n t e r m e d i a t e s  
in  such a p a t h w a y  is lacking in p lants .  Fo r  soy- 
bean  c o t y l e d o n s  the  concep t  of  an  a l te rna t ive  
rou te  appears  to  be dispensable .  A r g u m e n t  
against  d i rec t  de sa tu r a t i on  of  pa lmi t a t e  and  
s teara te  as the  ma in  rou t e  to  oleate  in p lan t s  
f inds  s u p p o r t  in obse rva t ions  of  a relat ively low 
specific ac t iv i ty  f o u n d  in s tear ic  acid as com-  
pared  to  t h a t  in oleic acid. The  presence  of  
e n z y m e - b o u n d  in t e rmed ia t e s ,  in which  s teara te  

is rapid ly  conve r t ed  to  oleate ,  w i th  a m u c h  
slower equ i l ib r ium b e t w e e n  the  enzyme-bound 
s t e a r a t e  a n d  f r ee  stearic  acid has been  
pos tu l a t ed  by  J ames  (25) .  Dif ferences  in ra tes  
of  exchange  b e t w e e n  free and  e n z y m e - b o u n d  
fo rms  of  the  f a t t y  acids and  the  c o n s e q u e n t  
d i f fe rences  in size of  the  d i f fe ren t  active pools  
as against  inact ive  pools  may  accoun t  for  the  
a p p a r e n t  d iscrepancies  in specific activities.  I t  is 
h o p e d  t h a t  some of  these  po in t s  will be clari- 
f ied in f u r t he r  work.  
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ABSTRACT 

Using improved methods for fatty acid 
analysis and a density gradient method 
for separation of red cells according to 
age, we analyzed the fatty acid compo- 
sition of a young fraction and an old frac- 
tion of red cells from each of seven 
normal subjects and from one patient 
w i t h  polycythemia vera, Twenty-four 
fatty acid peaks were quantified. The 
individual phospholipid composition of 
both fractions was determined in the red 
cells of two normal subjects. Statistically 
s i g n i f i c a n t  changes  in the relative 
amQunts of major fatty acids were ob- 
served with red cell aging. Furthermore, a 
pattern of change was evident in that the 
relative amounts of four of the five fatty 
acids of C18 or shorter chain length 
showed an increase and all 19 fatty acids 
of C20 or longer chain length showed a 
decrease with red cell aging. While the 
change with aging in every fatty acid peak 
was not statistically significant, the con- 
sistency in the direction of the change in 
the fatty acids of C20 or longer chain 
length was highly significant. A suggested 
change in the distribution of the major 
phospholipid groups with red cell aging 
did not appear to explain completely the 
changes in fatty acids. 

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

The easy accessibility of red cells and the 
availability of methods for their separation 
according to age (1-5) make the red cell particu- 
larly suitable to a study of the aging in vivo of a 
cell in man. Since essentially all of the lipid of 
the human red cell resides in its membrane 
(6,7) and constitutes about 35% to 45% of the 
dry weight of the membrane (6), a study of the 
red cell lipid in relation to age provides infor- 
mation on the aging in vivo of a cell membrane. 
In 1958, Prankerd (8) demonstrated that the 
phospholipid and unesterified cholesterol con- 
tent of the human red cell decreased with age, a 
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Advanced Research Fellowship of the American Heart 
Association. 

finding that has been confirmed (9,10). Munn 
(11) reported that the linoleic acid content of 
the human red cell increased with age; this 
observation has been corroborated by van 
Gastel et al. (10) and by reports of decreased 
red cell linoleic acid levels in association with 
reticulocytosis (12,13). Reports of changes in 
other fatty acid levels have been conflicting. 
The distribution of the individual human red 
cell phospholipids has been observed to remain 
constant during aging in vivo (9,10,13). 

The  r e c e n t  development  o'f improved 
methods of gas liquid (GLC) and thin layer 
chromatography (TLC) allows a more detailed 
and reliable analysis of human red cell fatty 
acids than had previously been performed (14). 
The present study, therefore, was carried out to 
determine the fatty acid composition of young 
and old red cells of individual subjects. Signifi- 
cant changes in major fatty acids in addition to 
linoleic acid were observed with aging, and a 
pattern of change in the fatty acid composition 
emerged. 

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

A 35 ml sample of blood was obtained by 
venapuncture from each of seven apparently 
healthy non-fasting subjects, five male and two 
female, between the ages of 21 and 49; six of 
the samples were collected into Vacutainer 
tubes (Becton, Dickenson and Co., Rutherford, 
N.J.) containing 0.75 ml of a 30% solution of 
EDTA; the 7th was taken in Alsever's solution 
(15). Each sample was processed immediately 
after collection. Venous blood from a patient 
with polycythemia vera was collected in ACD 
SOlution (USP Formula A) and stored for 4 
days at 4 C before analysis. The phthalic acid 
ester method of Danon and Marikovsky (5) was 
used for density gradient separation of the red 
cells. On the basis of preliminary runs with cap- 
illary tubes, we selected phthalate oil of density 
(D) 1.110 for separation of the older (lower) 
cells and D 1,098 for the younger (upper) cells, 
either fraction representing approximately 5% 
to 10% of the total packed red cell volume. The 
cells and oil were put in 1 ml plastic tuberculin 
syringes (Becton, Dickenson and Co., Ruther- 
ford, N.J.) 4.0 mm I.D., 7.0 mm O.D. 7.0 cm 
long, the outlets of which had been sealed off 
by heating. These tubes were spun in an Adams 
Microchemistry  Centrifuge CT-3000 (Clay- 
Adams, Inc., New York, N.Y.) at 15,000 x g for 
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15 min. In 2 samples (one with Alsever's 
solution), each oil was layered on top of the red 
cells, which were then spun to obtain the young 
and old fractions. In one of these 2 samples 
(collected in EDTA), the plasma and buffy coat 
were removed and the cells were washed once 
with an equal volume of isotonic saline prior to 
density gradient separation. The other 5 normal 
samples and the polycythemic sample were 
centrifuged to remove most of the plasma and 
buffy coat. The remaining packed cells were 
mixed with 0.2 vol of plasma and the cells were 
separated according to age as follows. Cells 
were layered on top of D 1.110 oil in tuber- 
culin syringes and spun to obtain the lower 
layer. The upper cells were pooled and then 
added on top of D 1.098 oil and spun to obtain 
the upper layer. The upper layers were pooled, 
added on top of D 1.094 oil, and spun; as a 
result, all of the red cells passed through the oil 
to the bot tom, leaving the buffy coat and 
plasma on top of the oil. The foregoing pro- 
cedure was useful not only to remove the buffy 
coat but to permit both the upper and lower 
sample to go through the oil once, so that treat- 
ment of both samples with respect to the oil 
was comparable. Despite the differences in the 
anticoagulant used and in separation pro- 
cedures, all of the samples showed similar indi- 
vidual fatty acid differences between the older 
and younger cells. 

As a check on the age separation, the 
osmotic fragility of the fractions obtained from 
one sample was measured (4) and was found to 
be greater in the old than in the young cells. In 
addition, reticulocyte counts of the young frac- 
tions of 3 samples were each 4% to 5%, while 
no reticulocytes were found in the old frac- 
tions. In another sample, measurements were 
made of glucose-6-phosphate dehydrogenase 
activity, pyruvate kinase activity and reticulo- 
cytes, and found to be 11.2 (/~M TPN converted 
to TPNH per minute per gram hemoglobin), 2.6 
(/~M DPNH converted to DPN per minute per 
101 o red cells), and 4% in the young fraction as 
compared to 5.4, 0.85 and 0%, respectively, in 
the old fraction. No white cells were found in 
the young or old fractions of this sample. Other 
investigators (16,17) have also provided evi- 
dence to support the validity of the separation 
method (5) used in this study. 

To determine whether the phthalate re- 
moved any of the red cell lipid, we centrifuged 
about 4 ml of red cells through 0.5 ml of the 
phthalate. The phthalate was then dissolved in 
hexane and chromatographed on a column of 1 
gm silicic acid using 10 ml hexane-diethyl ether 
(9:1 v/v), to elute the phthalate and any choles- 
terol present, and 7 ml methanol to elute any 

phospholipid. Each eluate was concentrated by 
evaporation and put on a silicic acid thin layer 
plate for chromatography. The hexane-diethyl 
ether eluate was developed with hexane-diethyl 
ether (70:30 v/v) to separate phthalate from 
cholesterol,  and the methanol eluate was 
developed in chloroform-methanol-glacial acetic 
acid-water (25:15:4:2 v/v) (18) for separation 
of phospholipids. No evidence of cholesterol or 
phosphol ip id  was found in the phthalate 
through which the erythrocytes had been 
passed even though 1/~g of these substances can 
be detected by TLC. 

After density gradient separation, all of the 
samples were similarly treated. The red cells 
were washed with approximately 10 vol of iso- 
t o n i c  saline 3 times. Slight to moderate 
hemolysis (estimated to involve about 1% of 
the red cells) was usually evident on the first 
washing, and more often with the lower ceils 
than with the upper; the extent of hemolysis 
decreased on the subsequent 2 washings. To 
prepare red cell fatty acid methyl esters 
(FAME) for GLC, we isolated the fatty acids by 
exposure of the red cells to 2 N He1 for 18-20 
hr and extraction of the fatty acids with 
pentane, and converted them to the methyl 
esters by the method of Morrison and Smith 
(19). The details of this procedure have been 
described previously (20). GLC of the FAME 
was carried out with a Barber-Colman instru- 
ment, model 5000, equipped with 8 ft columns 
of EGSS-X 8% on Gas Chrom P, 100/120 mesh 
(Appl ied  Science Laboratories, Inc., State 
College, Pa). The methods for GLC and identifi- 
cation and quantitation of the peaks have been 
described previously (14). 

The 2-thiobarbituric acid (TBA) test was 
p e r f o r m e d  on the red cells as described 
previously (21 ). 

R ESU LTS 

The mean distribution and range between 
subjects of the individual fatty acids of the 
young and old red cells of the 7 normal subjects 
are shown in Table I. The values for the patient 
with polycythemia vera are shown separately in 
Table I. Using the "t" test on paired samples of 
young and old cells (6 degrees of freedom) as a 
statistical criterion of significance, we found 
differences in the relative amounts of several 
fatty acids between young and old cells. The 
levels of palmitic (16:0), oleic (18 :1o)9)and  
linoleic (18:2o96) acids were higher, while 
arachidonic acid (20:4o96), 20:3o96 + 22:0, and 
22:4o96 + 24:lo99 were lower in the older cells. 
(In this abbreviation of the fatty acids, the first 
2 digits state the number of carbon atoms, the 
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third digit states the number of double bonds, 
and the digit after the omega states the number 
of carbon atoms from the methyl end of the 
acyl chain to the middle of the nearest double 
bond). Differences in other fatty acids may 
have been present but not statistically signifi- 
cant because of the small sample size. This pos- 
sibility is suggested by the values for the red 
cells from the patient with polycythemia, 
where the differences almost always were in the 
same direction but more exaggerated than in 
the red cells from the normal subjects. 

Comparison of the fatty acid values of 
young and old cells discloses a striking pattern, 
as shown in Table I. Whereas the values for 4 of 
the first 5 fatty acid peaks listed were higher in 
the old than in the young cells, the values for 
all of the 19 subsequent peaks were higher in 
the young than in the old cells. Although the 
difference in values for most of the peaks is not 
statistically significant, the consistency in the 
direction of change in the peaks listed after 
18:2co6 is highly significant. Since the peaks 
shown in Table I are listed in order of elution 
from the chromatographic column, the fatty 
acid changes seen with red cell aging may be a 
function of the physical properties of the fatty 
acids related to their relative binding affinity 
for the column. The change in direction of the 
differences between 18:26o6 and 20:0 also sug- 
gests the possibility that chain length may be 
the critical factor involved. 

In Table II, the values for the fatty acid 
peaks that showed significant age differences 
are compared in the young, old and native (i.e., 
not subjected to the separation procedure) red 
cells of two normal subjects. The observation 
that the values for the native red cells fall be- 
tween those of the young and old cells in 5 of 
the peaks suggests that the young or the old 
fraction was not a population of cells arti- 
factually produced by the procedure. 

Table III shows the age distribution of the 
i n d i v i d u a l  phospholipids and of the age- 
dependent fatty acids (Table I) of the red cells 
of 2 normal subjects. Significant difference in 
distribution of individual phospholipids was not 
apparent in the red cells of Subject H. L. 
Analysis of the red cells of Subject D. S., how- 
ever, suggested that the young cells had a higher 
relative and absolute amount of phosphatidyl 
serine and a lower relative amount of lecithin 
and sphingomyelin than the old cells; the inter- 
mediate values for these phospholipids in the 
fraction of intermediate age supported this 
finding. The small age differences observed in 
the red cells of Subject H. L. may have been 
due to the relatively poorer density gradient 
separation of this sample owing to the large 

TABLE II 

Fatty Acid Composition of Young, Old and Whole 
Samples of Red Cells of Two Normal Subjects a 

Young Whole Old 

Component b g/100 g fatty acid 

16:0 18.5 19.0 19.6 
18:1039 13.3 14.4 14.9 
18:2036 7.0 8.6 8.8 
20:3036 + 22:0 3.6 3.2 3.0 
20:4036 16.3 15.4 14.3 
22:4036 + 24:1039 8.7 8.2 8.4 

aWhole refers to samples of the native red cells 
before separation of the age fractions. Data shown are 
mean values from two normal subjects of the fatty 
acids which showed significant age differences (Table 
I). 

bThis shorthand designation for fatty acids is 
explained in the text. 

fractions taken for the young and old cells; the 
fatty acid levels in the red cells of this subject 
are consistent with the difference in mean age 
between the 2 fractions being considerably less 
than in Subject D. S. Neverth61ess, in Subject 
H. L. a significant difference in the level of 
linoleic acid was evident with little, if any, dif- 
ference in the level of lecithin, where most of 
the red cell linoleic acid resides (14). That a 
change in lecithin level was not responsible for 
the change in linoleic acid level is corroborated 
by the observation that the lecithin of the old 
cells in this subject had a linoleic acid value of 
21.1% compared with a value of 15.0% in the 
lecithin of the young cells. Similarly, although 
the relative amount of sphingomyelin may be 
higher in the old cells (Subject D. S.), the 
relative amounts of 24:0 and 24:1, which in 
human red ceils are found almost exclusively in 
the sphingomyelin (14), were higher in the 
young cells. The significantly higher level of 
24:1 found in the sphingomyelin of the young 
cells than of the old ceils in Subject H. L. sup- 
ports this observation. Thus, it appears that the 
differences in fatty acid composition between 
young and old cells cannot be explained 
entirely by a difference in distribution of the 
major phospholipid groups. 

The intermediate fatty acid values found in 
the red cell fraction remaining after the removal 
of the young and old fractions in Subject D. S. 
(Table III) indicates that the age differences 
were not confined to a small population of 
young (reticulocytes) or old ceils and suggests 
that the age changes in fatty acid composition 
may be a continuous process, although the 
pattern of change for individual fatty acids may 
be different. 
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TABLE III 

Phospholipid and Fatty Acid Composition of Red Cells of Two Normal Subjects a 

H.L. D.S. 

Young Old Young Middle b Old 
Subject % % % % % 

Phospholipid distribution 
Phosphatidyl ethanolamine 26.4 26.4 29.7 42.1 29.0 
Phosphatidyl serine 15.0 14.2 15.5 12.2 
Phosphatidyl inositol c 0.5 0.4 0.8 0.7 0.6 
Lecithin 29.7 30.4 28.8 30.2 31.3 
Sphingomyelin 26.3 26.2 23.4 24.4 25.3 
Lysolecithin 1.6 1.4 1.5 1.9 1.2 
Origin on TLC plate 0.6 1.0 0.4 0.6 0.4 
Recovery of P after TLC 98 102 99 96 99 

Lipid P-#moles/ml red cells 3.94 3.88 4.62 4.15 
Fatty acid d distribution 

16:0 19.5 18.3 20.5 20.8 21.9 
18:lto9 11.9 12.0 12.5 13.5 14.4 
18:2to6 8.7 9.8 7.5 9.0 9.9 
20:3eo6 + 22:0 4.0 3.3 3.3 2.8 3.3 
20:4eo6 16.9 16.0 16.4 16.3 14.9 
22:4eo6 + 24:1to9 7.6 7.3 8.2 7.6 7.0 

aphospholipid distribution was determined five times on a sample of young and old red ceils in Subject H. L. 
and four times in Subject D. S.; the middle sample was done in duplicate. 

bRed cell sample remaining after removal of the young and old red cell fractions. 
CNot positively identified. 
dThis shorthand designation for fatty acids is explained in the text. 

The  decrease  in the  relat ive a m o u n t  of  
a rach idon ic  and  o t h e r  p o l y u n s a t u r a t e d  f a t t y  
acids w i th  red  cell aging suggested a u t o x i d a t i o n ,  
to  which  these  f a t t y  acids are par t icu la r ly  sus- 
cept ib le  (22) ,  as a possible cause of  this  
decrease.  The  resul ts  of  the  TBA reac t ion ,  a 
measure  of  l ipid a u t o x i d a t i o n ,  were compared  
in the  young  and  old  red cells of  two  of  the  
n o r m a l  subjects .  In  one  subjec t ,  t he  y o u n g  cells 
showed  0.7 and  the  old 0.8 moles  x 10 -8 
m a l o n a l d e h y d e  per  mil l i l i ter  red  cells, and  in 
t he  o t h e r  subjec t  the  co r re spond ing  values were 
0.9 and  0.9 ( n o r m a l  range for  nat ive  red cells 
was 0.7 to  1.3). Thus ,  no  s ignif icant  d i f fe rence  
in the  TBA reac t ion  b e t w e e n  the  y o u n g  and  old 
cells of  e i ther  subjec t  was ev iden t  and  all values 
fell w i th in  the  n o r m a l  range. 

DISCUSSION 

With the  use of  improved  m e t h o d s  for  f a t t y  
acid analysis  in  the  p resen t  s tudy ,  we have pro-  
vided evidence for  a s ta t is t ical ly  s ignif icant  
change  in the  relat ive a m o u n t  of  several ma jo r  
f a t t y  acids of  h u m a n  red cells w i th  aging in vivo 
in add i t ion  to  the  increase in l inoleic acid 
r e p o r t e d  by  o the r s  (10-13) .  These  f indings  
also con f i rm  the  decrease in the  relat ive a m o u n t  
of  a rach idon ic  acid w i th  h u m a n  red cell aging 
n o t e d  by  van  Gaste l  et al. (10) .  F u r t h e r m o r e ,  
the  present  s t udy  shows a s t r ik ing change  in the  

p a t t e r n  of  f a t t y  acid c o m p o s i t i o n  w i th  red cell 
aging cha rac te r i zed  by  an increase in the  
relat ive a m o u n t s  of  f a t t y  acids of  18 ca rbon  
chain  l eng th  (C18)  or  less, excep t  for  stearic,  
and  a decrease in the  relat ive a m o u n t s  of  f a t t y  
acids of  20 c a r b o n  chain  l eng th  (C2o)  or more .  
Thus ,  the  relat ive a m o u n t s  of  mos t  if  no t  all of  
the  f a t t y  acids of  h u m a n  red cells appea r  to  be 
a f fec ted  by  the  aging process.  Walker and  
Yurkowsk i  (23)  also d e m o n s t r a t e d  changes  in 
the  relat ive a m o u n t s  o f  f a t t y  acids w i t h  aging of  
ra t  red cells in vivo and  showed  t h a t  the  direc- 
t i on  of  change of  a given f a t t y  acid was depend-  
en t  on  the  d ie ta ry  l ipid in take .  

Since a lmos t  all of  the  f a t t y  acid of  h u m a n  
red  cells is f o u n d  in the  phospho l i p id  (24) ,  and 
each  ma jo r  p h o s p h o l i p i d  has a charac ter i s t ic  
f a t t y  acid c o m p o s i t i o n ,  we ana lyzed  the  phos-  
phol ip ids  of  the  red cells of  2 of  the  subjects  in 
o rder  to  d e t e r m i n e  if the  f a t t y  acid changes  re- 
f lec ted  p r imary  changes  in d i s t r i bu t ion  of  the  
individual  p h o s p h o l i p i d  groups.  The  3 f a t ty  
acids t ha t  were h igher  in the  old cells, 16:0,  
1 8 : 1 c o 9  a n d  18:26o9, and the  one  t ha t  
p r o b a b l y  was h igher ,  17:0,  are the  on ly  4 f a t t y  
acids of  h u m a n  red cell phospho l ip ids  t ha t  have 
the i r  h ighes t  c o n c e n t r a t i o n  in lec i th in  and make  
up  abou t  75% of  the  lec i th in  f a t ty  acids (14) .  
In add i t ion ,  the  relat ive a m o u n t s  of  the  f a t ty  
acids of  20 c a r b o n  chain  l eng th  or  more  are 
essent ial ly  all lower  in the  lec i th in  t h a n  in the  
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cephal in  of  h u m a n  red cells (14). Therefore ,  an 
increase in the relative amoun t  of  leci thin wi th  
red cell aging could explain the  fa t ty  acid 
changes found .  The results  of  the analysis did 
indeed  suggest an increase in the  relative 
amoun t  of  red cell leci thin and sph ingomyel in  
and a decrease in the relative and absolute  
a m o u n t  of  cephalin,  especially phospha t i dy l  
serine, wi th  aging. Small but  statistically insigni- 
f icant  changes in leci thin,  sphingomyel in  and 
cephal in  in the  same direct ion were also n o t e d  
by van Gastel  et al. (10).  Nevertheless ,  the  sug- 
gested change in the d is t r ibut ion  of  the  major  
individual  phospho l ip id  groups in the p resen t  
s tudy  did no t  appear  to be sufficient  to  account  
for  the  fa t ty  acid changes found .  Differences  
be tween  old and young  cells in the  fa t ty  acid 
compos i t i on  of  b o t h  leci thin and sphingo- 
myel in  in the  one sample analyzed suppor t ed  
this observat ion.  Similar conclusions have been 
r epo r t ed  by o thers  (9,10,13).  

A l though  the  mechan ism of  the change in 
fa t ty  acid compos i t ion  of  human  red cells wi th  
aging in vivo is no t  known ,  the fol lowing 
explana t ions  may  be considered:  (a) exchange 
of  phosphol ip ids  be tween  red cells and plasma 
(25-27);  the di rect ion of  change of  certain fa t ty  
acids in the present  s tudy,  however ,  does  no t  
appear  to  be consis tent  wi th  this exp lana t ion ;  
(b) an a l tera t ion in binding aff ini ty  of  red cells 
for phospho l ip ids  wi th  aging; (c) selective loss 
o f  p h o s p h o l i p i d s  wi th  matura t ion  of  the 
re t icu locyte ;  and (d) an al terat ion in red cell 
t ransacyla t ing activities (28-30) wi th  aging. 
Since the  t ransacyla t ion  sys tem appears to play 
an impor t an t  role in de termining  the fa t ty  acid 
compos i t i on  of  the/3 posi t ion of  h u m a n  red cell 
leci thin (31),  its a l tera t ion wi th  aging could 
account  for  much  if no t  all o f  the changes 
observed in the present  s tudy.  The possibi l i ty 
tha t  the  above mechan i sms  are opera t ing  simul- 
t aneous ly  or that  an ent irely separate mecha-  
n ism is responsible  for  the age changes in red 
cell f a t ty  acids descr ibed must  also be con- 
sidered. 
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Gas Liquid Chromatographic Analysis of Sphingosine Bases in 
Sphingolipids of Human Normal and Multiple Sclerosis 
Cerebral White Matter1 
EZIO A. MOSCATELLI and ELIZABETH ISAACSON, Biochemistry Department, 
The University of Texas Southwestern Medical School at Dallas, Texas 75235 

ABSTRACT 

Sphingomyelins, cerebrosides and sul- 
fatides were isolated from white matter  
of human normal and multiple sclerotic 
brain. Column chromatography was used 
fo r  c lass  s e p a r a t i o n s ,  which were 
monitored by thin layer chromatography. 
Acid-catalyzed methanolysis, followed by 
isolation of bases and gas liquid chroma- 
t o g r a p h y  of periodate-produced alde- 
hydes, was used to determine sphingosine 
base composition of each sphingolipid. 
Reflux methanolysis (where HC1 = 2 N) 
was used for cerebrosides and sulfatides, 
b u t  could not be used for reliable 
sphingomyelin base analysis, for which 
s e a l e d - t u b e  methanolysis at 70-80C 
(where HC1 = 1 N) was used. Our results 
suggest there is little, if any, difference in 
sphingosine base chain-length distribution 
among the sphingolipids analyzed. 

INTRODUCTION 

The chemical pathology of multiple sclerosis 
(MS) has drawn the at tent ion of a number of 
investigators in the last decade. Some of the 
work on this demyelinating disease has con- 
cerned various fractions of blood (1-4), but the 
most significant work has been done on central 
nerve tissue (5-7), especially on myelin itself 
(8,9). In fact, Kishimoto et al. (7) suggested 
that the chemical pathology in MS appears to 
be confined entirely to the myelin sheath. 

Several years ago, O'Brien (10) demon- 
strated a seven to tenfold deficiency of sphingo- 
lipids containing long chain fat ty acids in white 
matter  from metachromatic leukodystrophy,  a 
sulfatide storage disease in which demyelination 
occurs. Similar deficiencies were reported by 
S vennerholm (11) in several other myelin 
diseases, while Gerstl et al. (12) noted this 
phenomenon in MS itself. These observations, 
together with the critical importance to myelin 
integrity of hydrophobic bonding between long 
alkyl chains i (13,14), led O'Brien to suggest 
(10,15) that a deficiency of long chain sphingo- 
lipid molecules might lead to such instability 

1presented in part at the AOCS Meeting, New 
York City, October, 1968. 

between concentric myelin layers as to explain 
many, if not all, demyelinating diseases. The 
application of this hypothesis to metachromatic 
leukodys t rophy was disputed by Stallberg- 
S t e n h a g e n  and  S v e n n e r h o l m  (16), who 
s u g g e s t e d  an a l te rna t ive  explanation for 
O'Brien's data. The basic premise, however, 
remains sound, i.e., a significant deficiency of 
long alkyl chains would be expected to lead to 
less interdigitation in the myelin lipid double 
layer ,  which in turn might well lead to 
demyelination. Since nonganglioside sphingo- 
lipids form a significant part of the complex 
lipid content of  myelin, we considered it of 
interest, as well as a further test of O'Brien's 
hypothesis,  to determine and compare the alkyl 
chain length distribution of the sphingosine 
moiety of sphingomyelins, cerebrosides and sul- 
fatides in normal and in MS white matter.  The 
results of  a control  experiment,  which showed 
no difference in polar lipid sphingosine base 
composition between normal myelin and white 
matter,  are also reported. 

Gas  l i q u i d  ch romatography  (GLC) of 
pe r ioda te -p roduced  aldehyde derivatives of 
sphingosine bases, which were liberated from 
sphingolipids by acid-catalyzed methanolysis, 
was used to analyze sphingosine base compo- 
s i t i o n ,  because this has proven to be a 
reasonably  reliable method for the deter- 
mination of sphingosine base alkyl chain length 
isomers (17,18). Reflux methanolysis of iso- 
lated sphingomyelins gave rise to difficulties, 
which will be discussed below. 

EXPERIMENTAL PROCEDURES 

Preparation of White Matter and Myelin 

Normal human white matter  was obtained 
by blunt dissection of  adult  corpus callosum. 
Autopsies performed within 12 hr after death 
revealed no decomposit ion or neurological dis- 
order. The corpus callosum was removed at 
autopsy and immediately frozen for storage 
until use. Three such normal corpus callosums 
were used for this study. Only one MS brain 
section was available. MS white matter con- 
sisted of a port ion of corpus callosum and 
adjacent white matter at the superior lateral 
aspect of the lateral ventricle. This was care- 
fully dissected out to include at least one 
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TABLE I 

Aldehydes Derived From Sphingosine Bases 
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Sphingosine base Aldehyde Relative retention time a 

16: Dihydrosphingosine b Tetradecanal 0.47 
18: Dihydrosphingosine Hexadecanal 1.00 
18: Sphingosine Hexadecenal 2.07 
20:Sphingosine Octadecenal 4.26 

. . . . . .  5.00 c 
O-Methyl 18:sphingosine d O-Methyl hexadecenal 6.21 

acalculated at 140 C, relative to hexadecanal, which arbitrarily equals 1.00. 
bFor the sake of clarity, conventional sphingosine base designations are used, rather than 

the less familiar, much longer nomenclature recommended by the Commission on Biochem- 
ical Nomenclature of IUPAC and IUB. 

CThe peak at RRT of 5.00 is an aldehyde we have not yet identified. 
dThis is probably the 5-0-methyl isomer (see text). 

clearly demarcated plaque, as well as several less 
dearly defined ones. Plaques were estimated to 
represent between 5% and 10% of the MS white 
matter. Dissection was performed on a thawed 
section of adult MS brain which had been 
stored frozen for several months, but had not 
been autopsied until  72 hr after death. 

Myelin was prepared from normal corpus 
ca l losum according to the ultracentrifugal 
method of Autilio et al. (19), but not further 
fractionated into fight and heavy myelin, inas- 
much as this distinction may well be artifactual. 
A portion of myelin, prepared from the same 
corpus callosum, was dispersed in distilled 
water and lyophilized. 

Isolation of Sphingolipids 

Total polar lipids, less gangliosides, were pre- 
pared by Folch extraction and wash (20), 
followed by silicic acid column separation, as 
previously described (18). 

Sphingolipids were isolated from polar lipids 
by column chromatography on activated, acid- 
washed silicic acid, 100-200 mesh (Unisil, 
Clarkson Chemical Co., Williamsport, Pa.) using 
modifications of the method of Wells and 
Dittmer (21). In these experiments we found it 
unnecessary to perform preliminary deacylation 
of alkali-labile phospholipids. Column sepa- 
rations were monitored by analytical thin layer 
chromatography (TLC), and crude sphingo- 
myelin, cerebroside and sulfatide fractions were 
prepared by combining appropriate column 
cuts. Cerebrosides and sulfatides were sub- 
sequently purified by chromatography on small 
Florisil columns, while a small Alumina column 
was used to purify normal sphingomyelin. MS 
sphingomyelin was not subjected to Alumina 
column purification because it was available in 
smaller quanti ty and was already free of cere- 
brosides and sulfatides, as a Unisil eluate. These 

were checked for purity by analytical TLC, 
using two solvent systems. 

Methanolysis Methods 

Two methanolysis methods were used to 
liberate sphingosine bases from sphingolipids. 
For cerebrosides, sulfatides and polar lipid mix- 
tures, the reflux method of Sweeley and 
Moscatelli (17) was used. This consisted of 
refluxing approximately 10 to 40 mg of lipid, 
under nitrogen, for 5 1/2 hr in 15 ml of 
methanol: cone. He1, 80:16. In the case of 
sphingomyelin, the reflux method gave such 
variable results, together with production of 
intolerable levels of artifacts, that the newer 
method of Gaver and Sweeley (27) was used. In 
this method, approximately 2 to 10 mg of 
sphingomyelins were heated under nitrogen in a 
Teflon-lined screw-capped tube at 70-80 C for 
18 hr in methanol-cone. HCl-water, 82:8.6:9.4. 
The basic difference in these two methanolysis 
mixtures is that the former is 2 N, and the lat- 
ter 1 N with respect to He1. 

Isolation of Bases and Preparation of Aldehydes 

Bases were isolated as previously described 
(18), with the minor exception that hexane, 
rather than petroleum ether, was used for initial 
removal of fatty acid methyl esters from the 
ac id ic  methanolysate. Periodate oxidations 
were performed, using NalO 4 as previously 
reported (18), or by the variation described by 
Carter and Hirschberg (30). We began these 
studies using the latter, but later returned to 
the more convenient former method, when, in a 
control experiment, they gave essentially iden- 
tical results. 

Thin Layer Chromatographic Analyses 

TLC analyses were performed on 20 x 20 cm 
glass plates, using a 250 /~ thickness of siticic 
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TABLE II 

Recoveries of Isolated Sphingolipids 

Preparation Wet weight (WW) Total lipid (TL) Cerebrosides Sulfatides Sphingomyelins 
g %WW %TL %TL %TL 

Normal corpus callosum 13.4 18.1 16.7 5.4 2.2 a 
MS white matter 4.5 7.9 18.9 6.9 10.7 b 

aAfter Unisil, followed by Alumina, column purification. 
bDirectly from Unisil column (see text).  

acid (Silica Gel H ace. to Stabl, E. Merck A.G., 
Darmstadt, Germany). Separations were carried 
out using chloro form -methanol-water, 65: 25: 4 
(22),  and chloroform-methanol-methylamine 
(30% aq.), 65:25:8 (23). General sprays used 
for detection of spots were 0.2% Rhodamine 6 
G in 95% ethanol and 50% aq. sulfuric acid. 
Selective sprays were as follows: molybdate for 
phospholipids (24), orcinol-sulfuric acid for 
glyeolipids (25), ninhydrin for aminolipids (26) 
and benzidine-hypochlorite for sphingolipids 
(25). 

Gas Liquid Chromatographic Analyses 

GLC analyses were performed on a 6 ft by 
1/8 in. glass column packed with diethylene 
glycol succinate (DEGS), as a 4% coating on 
Gas C h r o m  Q (pre-packed by Beckman 
I n s t r u m e n t s ,  I n c . ,  Fu l l e r ton ,  Calif.). A 
Beckman GC-5 dual column instrument was 
used, equipped with dual hydrogen flame 
detectors. Helium was used as a carrier gas, and 
analyses were performed at various tempera- 
tures between 120 and 160 C. Aldehydes were 
identified by use of various techniques and 
application of criteria described in an earlier 

publication (18). These are: retention time 
identity with standard aldehydes, retention 
time predictability from semilogarithmic car- 
b o n  number  plots, formation of bisulfite 
addition compounds, reduction by sodium 
borohydride and catalytic hydrogenation (for 
unsaturated aldehydes). Retention time data 
used in identification of sphingosine base- 
derived aldehydes are presented in Table I. 

RESULTS AND DISCUSSION 

For a number of reasons described below, 
the data obtained from these experiments has 
hmited, yet real value, and must be evaluated 
w i t h  c a r e ,  An  u n a v o i d a b l e  p r o b l e m  
encountered in collecting data was that only 
one sample of MS tissue was available. A pre- 
vious publication (18) has established that non- 
ganglioside polar lipid sphingosine base com- 
position is quite uniform among a number of 
neurologically normal, adult human brains. 

Recent data from tiffs laboratory (34) 
show that this is also the case for 
individual, normal, adult sphingolipids. Nor- 
mal data reported here, while representing a 

TABLE III 

Sphingosine Base Composition of Normal and MS White Matter 

Sphingolipids 

Cerebrosides Sulfatides Sphingomyelins a 
Sphingosine bases Normal % MS % Normal % MS % Normal % MS % 

16: Dihy drosphingosine 1 .b . . . . . . . . . . . .  
18 :Dihydrosph ingos ine  4 2 2 5 4 3 

18: Sphingosine c 9 $ 96 98 93 95 94 
(O-methyl component) (18) (21) (21) (19) (12) (14) 
20:Sphingosine (7) d . . . . . . . . . . . .  1 3 
Unidentified e - 2 --- 2 . . . . . .  

aSphingomyelln data are reported with the reservation that in the normal case, sphingomyelin 
recovery was poor (see text) .  

bAldehydes and suspected aldehydes which were present at ~ 1 %  are not  included. 
CThe data reported for 18:sphingosine include the O-methyl component ,  the contribution of  which is 

noted in parentheses. 

dThe lack o f  certainty o f  this identification is explained in the text.  
eSee note c, Table I. 
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TABLE IV 

Sphingosine Base Composition of Nonganglioside 
Polar Lipids of Myelin and Whole W21ite Matter 
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Material analyzed 
Sphingosine base a 

16: Dihydro- 18: Dihydro- 
Amount, sphingosine, sphingosine, 18:Sphingosine, 

Preparationb g % % % 

Whole corpus callosum 15.3 1 4 95 
Myelin, wet 8.4 1 4 95 
Myelin, lyophilized 0.5 1 4 95 

aComponents which were present at <1% are not included. 
bEach of these was prepared from the same corpus callosum white matter (neuro- 

logically normal young adult male). 

single corpus callosum, can therefore be con- 
sidered representative of normal cases. Another 
problem is that of recovery of sphingotipids 
from the isolated process. Total recovery of 
lipids from Unisil columns ranged from 80% to 
85% on a weight  basis. Since silicic acid is 
known to degrade phosphatidyl ethanolamine 
and phosphatidyl serine (28,29), and there is no 
reason to suspect significant degradation or 
irreversible adsorption of neutral lipids under 
the conditions used, it is reasonable to assume 
that sphingolipid recoveries were in the order of 
80% to 85%. Recovery data for both normal 
and MS sphingolipids are presented in Table II. 
Use of s e m i - q u a n t i t a t i v e  TLC, whereby 
systematically diminishing aliquots of samples 
were subjected to TLC development followed 
by charring, established that recoveries of 
c e r e b r o s i d e s  and  sulfatides from Florisil 
columns were quite good; as an estimate, they 
were better than 80%. The same cannot be said 
for sphingomyelins. 

In the case of sphingomyelins from normal 
white matter, loss in the order of 50% (in this 
case) was observed after Alumina chroma- 
tography. We do not think that the loss was 
selective in terms of molecular species, because 
in other sphingomyelin isolations, recoveries 
varied widely, while sphingosine base com- 
position remained essentially constant. But, in 
order to report ttlis work rigorously, the 
sphingomyelin data have been marked, (Table 
III) to indicate the possibility, albeit not 
probability, that the sphingomyelins analyzed 
were not representative of all the sphingo- 
myelins originally i~resent. It was fortunate 
that, in the case of MS sphingomyelins, the 
sphingomyelin fraction from the Unisil column 
was very clean, containing no other sphingo- 
lipids with the exception of traces of what 
appeared to be gangliosides. For this reason, MS 
sphingomyelins collected from the Unisil 

column were used directly for methanolysis. 
Purity of isolated sphingolipids was determined 
by analytical TLC, chromatographing heavy 
loads and using two different solvent systems, 
and examining plates by the various sprays 
previously listed. With the sole exception of 
possible ganglioside traces in MS sphingo- 
myelin, all other fractions yielded a single spot 
under these conditions. Since only one normal 
and  one MS brain sample were used to 
accumulate the data in Table 1I, and in view of 
the difficulties cited in recovering normal 
sphingomyelin, it would be presumptuous to 
draw general conclusions from these data. 

The data in Table III reveal nearly no dif- 
f e r e n c e  in sphingosine base composition 
b e t w e e n  the same sphingolipid classes of 
normal and MS white matter. The only signifi- 
cant difference noted in these experiments is 
the presence, in MS cerebrosides and sulfatides, 
of an unidentified aldehyde at relative retention 
t ime  of 5.00, presumably representing an 
unidentified base, which was not found in the 
corresponding normal sphingolipids. Since this 
was found at the 2% level, and only one sample 
of MS tissue was available for analysis, the 
meaning of this finding is not clear, and will 
have to await further investigation. A finding 
more likely to be significant is that both normal 
and MS sphingomyelins appear to contain small 
amounts of 20: sphingosine, which was not 
f o u n d  in cerebrosides and sulfatides. Our 
reasons for refraining from claiming this as 
proved are the following: First, there was not 
enough material for a definitive catalytic hydro- 
genation study; and second, traces of what 
appeared to be gangliosides were found in 
p u r i f i e d  MS sphingomyelins. Gangliosides 
would indeed contribute 20:sphingosine, but 
the trace quantities noted were considered in- 
sufficient to contribute even 1%, much less the 
3% noted. Third, a problem arises from the 
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m u c h  be t te r  recovery of  MS sphingomyel ins  
than of  normal  sphingomyelins.  A summary  of  
these points  is that  the first reason leaves doubt  
as to the ident i ty  of  the  c o m p o u n d  we believe 
to  be 20:sphingosine,  and the second and third 
reasons make quant i ta t ion  of  this compound  
qui te  impossible.  

No serious difficult ies were encounte red  in 
obtaining composi t ional  data for cerebrosides,  
sulfatides or  nonganglioside polar  hpids, but  
when the  ref lux (2 N in HC1) methanolysis  
t e c h n i q u e  was applied to sphingomyelins,  
frustrat ingly variable results were obtained.  
Much more  gratifying results were obta ined  by 
using Gaver and Sweeley 's  (27)  sealed-tube (1 N 
in HC1) m e t h o d  for methanolysis  of  sphingo- 
m y e l i n s .  The data presented in Table II 
s t rengthen,  in addit ion,  these investigators '  
c l a i m  t h a t  their  me thod  produces  lower 
quant i t ies  of  the main side-product ,  0-methyl  
18 :sphingosine. A recent  repor t  f rom Sweeley 's  
l abora tory  (31) notes  that  the 0-methyl  ether  
p r o d u c e d  is p redominant ly  the 5-0-methyl  
isomer.  We were, in fact ,  unable to  find signifi- 
cant quant i t ies  of  the o ther  expec ted  0-methyl  
ether,  i.e., the  a ldehyde which might  represent  
3-0-methyl  18:sphingosine. 

Since only 4.5 g of  MS plaque-conta ining 
white  mat te r  were available for this s tudy,  we 
were forced to use whole white  mat ter ,  rather 
than  isolated myelin.  In order  to  check the 
val idi ty o f  using whole  white  mat te r  data  to 
represent  myel in  composi t ion  we had per- 
fo rmed  in earlier studies, sphingosine base anal- 
yses of nonganglioside polar lipids in ultracen- 
trifugally isolated adult human myel in ,  and in 
corresponding white matter .  Since myel in  pel- 
lets prepared in this manner  contain more water 
than does whole tissue, the possibility that  the 
presence and amount  of  water  present  might 
inf luence the ex t rac t ion  of  total  lipids was con- 
sidered and control led  by parallel analysis of  a 
lyophi l ized  myelin preparat ion.  Polar lipids 
were prepared f rom a por t ion  of  whole corpus 
c a l l o s u m  whi te  mat ter ,  f rom a different  
neurological ly  normal  adult  brain than that  
used for isolated sphingolipid studies. Other  
por t ions  of  this same material  were used to iso- 
late myel in ,  part of  which was lyophil ized.  It is 
apparent ,  f rom the data in Table IV, that  no 
differences were found among the three prepa- 
rat ions analyzed.  It  remains ent i re ly  possible 
that  some differences might  he manifes ted if 
specific classes of  sphingoliPids were compared.  
A still be t ter  exper iment  will be the comparison 
of  individual  sphingolipids f rom MS and normal  
myel in  when more MS tissue becomes  available. 

Final ly it should be noted  that  Michalec and 
Holman  (33) recent ly  repor ted  exper iments  in 

which acid-catalyzed methanolyses ,  including 
t h e  t w o  m e t h o d s  u s e d  by us, y ie lded 
incomple te  l iberat ion of  sphingosine bases f rom 
sphingolipids. We have found the completeness  
o f  methanolys is  to  vary considerably,  the 
variat ion apparent ly  dependent  on a number  of  
f a c t o r s .  I n  m o s t  cases, completenes~ of  
methanolysis  was in the order of  90%. Initial 
exper iments  failed to  reveal significant selec- 
t ivi ty in the variable release of  sphingosine 
bases f rom sphingolipids (unpublished obser- 
vations).  We therefore  consider our  data to  be 
valid in describing the chain length dis t r ibut ion 
of  sphingosine bases in the  sphingolipids investi- 
gated. 
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Composition and Biosynthesis of the Major Hexose 
Containing Sphingolipids of Pig Leucocytes 
GABRIEL M. LEVIS, Biochemical Research Laboratory, Department of Clinical 
Therapeutics, University of Athens, Alexandra Hospital, Athens, 611, Greece 

ABSTRACT 

The oligohexosyl ceramides of two 
preparations of blood leucocytes  taken 
from large white pigs; weighing 80 kg 
were analyzed and fouiad to comprise as 
major constituents tr ihexosyl ceramide, 
with glucose-galactose in a molar ratio of 
1:2, and glucosyl ceramide. The mean 
value of the two preparations was 4.9% 
and 1.35% of the total  lipids, respective- 
ly, for the two glycolipids. Lactosyl cer- 
amide is the major component  of human 
leucocytes, in contrast to the pig leuco, 
cytes where it was detected in minor 
quantities. U -14C-glucose, incubated with 
bone marrow cells of young pigs (20 kg 
living weight), was mainly incorporated 
into the carbohydrate moiety of glucosyl 
ceramide and tr ihexosyl ceramide. Fur- 
ther analysis of this compound indicated 
that all three hexoses were labeled with 
14C and that  the glucose attached to the 
ceramide had the highest specific activity. 
Time studies showed a decline in the 
incorporat ion of 14C into glucosyl cer- 
amide as compared to its incorporat ion 
into tr ihexosyl  ceramide. 

INTRODUCTION 

Sphingolipids containing one to four hexoses 
are found in most of the non-nervous tissues 
with a variation in composition depending upon 
the species, and normally in low concentrations 
(1). Human leucocytes are an exception in this 
respect, since they contain high concentrations 
of dihexosyl ceramide (2). The biological func- 
tions of the neutral oligohexosyl ceramides are 
unknown, though it is interesting to note that 
they can function as haptens (3) and that they 
are exclusive in the plasma membrane (4). 

Though the pathways of biosynthesis of the 
mono- and dihexosyl ceramides have been de- 
scribed (5-10), pathways of the higher member 
have not been elucidated to this date. Such stu- 
dies, performed in various mammalian tissues, 
may furnish an explanation of the large diversi- 
ty in total  amount  and composit ion which 
exists among various mammalian tissues and 
species. 

As a continuation of our studies on the 
hexose-containing sphingolipids of leucocytes, 

the same kind of tissue was analyzed from large 
white pigs and trihexosyl ceramide was found 
at an increase concentration, thus differing sub- 
stantially from human leucocytes in their com- 
position. To explain these findings, the synthe- 
sis of glycolipids in pig bone marrow cells was 
a t tempted and results are presented, indicating 
that U-14C-glucose is mainly incorporated into 
glucosyl ceramide and trihexosyl ceramides. 

MATERIALS AND METHODS 

Isolation of Leucocytes 

Large white pigs (weighing about 80 kg) 
were shot with a slaughtering gun, and blood (9 
vol) was collected by heart puncture and mixed 
with 1 vol of isotonic 5% EDTA solution of pH 
7.5. The blood was then mixed with 0.20 vol of 
10% polyvinylpyrolidone (2) and the super- 
natant, following sedimentation of the erythro- 
cytes, was centrifuged for 15 min at 50 x g. The 
red ceils contaminating the sedimented leuco- 
cytes were hemolyzed by exposure to hypo- 
tonici ty for 30 sec. Osmotic normality was re- 
established with one third of the volume of 
3.6% sodium chloride solution. The cell suspen- 
sion was gently homogenized in a glass Potter- 
Elvehjem homogenizer with a loosely fitting 
Teflon pestle and centrifuged at 50 x g for 15 
min. The supernatant, composed of the ghosts 
of the red cells, was discarded and the leuco- 
cytes rewashed with isotonic saline and centri- 
fuged. All operations took place at about 10 C. 

Preparation and Incubation of Bone Marrow Cells 

Large white pigs, weighing about 20 kg, were 
used for the isolation of bone marrow cells. 
Following the killing of the animal, the femurs 
were removed, freed of tissue and placed in 
crushed ice. Immediately thereafter the ends of 
the femurs were cut off with a saw and the 
marrow extruded,  by scraping the cavity, into 
cold 0.25 M sucrose solution of pH 7.4, con- 
taining heparin (50 mg/liter). The tissue was 
gently homogenized in plastic tubes with a 
loosely fitting plastic pestle, filtered through 
cheese cloth and centrifuged in the cold at 50 g 
for 15 min. The fat formed a pellicle floating at 
the surface of the sucrose solution and was re- 
moved manually. The cellular sediment was 
washed with the sucrose-heparin solution by re- 
peated aspiration into a siliconized pasteur 
pipette with a narrow tip and the contaminat- 
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ing red cells were hemolyzed as described for 
the preparation of blood leucocytes, and sus- 
pended in enough 0.9% sodium chloride solu- 
tion to render approximately 1.5 x 108 cells 
per 0.2 ml. Smears of the ceils were prepared 
and the differential count of a typical prepara- 
tion was: myeloblast,  0.7%; promyelocytes,  
2 .4%;  m y e l o c y t e s ,  6.4%; metamyelocytes,  
21.8%; polymorphonuclear ,  54.2%; lympho- 
cytes, 1.3%; plasma cells, 0.3%; monocytes,  
0.4%; reticulum cells, 0.7%; pronormoblasts,  
0.7%; and normoblasts,  11.1%. The percentage 
of the eosinophils in the myelocytes,  meta- 
myelocytes and polymorphonuclear  was in- 
creased. Several siliconized McCartney flasks 
were prepared containing 0.2 ml of the cell sus- 
pension, 15 pc of U-loC-glucose (sp. act. 10 
/~c/0.2 pmole)  in 0.05 ml and 0.75 ml of a 
Ringer bicarbonate solution of pH 7.4 (11). 
The flasks were gased with O2-CO 2 (95%:5%) 
and incubated at various time intervals at 37 C 
with shaking. The reaction was stopped by the 
addition of 0.1 ml of 10% citric acid. 

Extraction of Total Lipids and Separation 
of Oligohexosyl Ceramides 

Suspensions of leucocytes or bone marrow 
cells in sodium chloride, or the  whole incuba- 
tion mixture of bone marrow cells, were ex- 
tracted according to Folch et al. (12), as modi- 
fied by Miras et al. (2). When the extract origin- 
ated from incubations with radioactive materi- 
als, it was subjected to four washings with the 
theoretical upper phase (12). Separation of the 
oligohexosyl ceramides was performed on a 
Florisil column (activated Magnesium Silicate, 
Sigma Chem. Co., St. Louis, Mo.) using 5 g for 
up to 10 mg of total  lipids. The neutral lipids, 
cholesterol and ceramides, were eluted from the 
column with a mixture of chloroform-methanol 
(99:1 v/v). All the hexose-containing sphingo- 
lipids were obrained with chloroform-methanol 
(1:2 v/v). This fraction was purified as de- 
scribed previously (2) by mild alkaline hydro- 
lysis and silicic acid chromatography. Separa- 
tion into neutral and acidic fractions was per- 
formed on a DEAE cellulose column (13). To 
separate the total  neutral oligohexosyl ceramide 
fraction into monohexosyl  ceramides (CMH), 
dihexosyl ceramides (CDH) and trihexosyl cer- 
amides (CTH), the material of this fraction was 
applied to Silica Gel H borate thin layer plates 
(14) and chromatographed with Chloroform- 
methanol-water-ammonia (100:45:4:0.5 v/v). 
When separation of CDH from CTH was incom- 
plete, these compounds were once more sepa- 
rated on Silica Gel H plates with chloroform- 
methanol-water (65:25:4  v/v). Hexose-contain- 
ing sphingolipids of known composition were 

simultaneously run as reference standards. The 
glycolipids were located and extracted from the 
p l a t e  as d e s c r i b e d  by Svennerholm and 
Svennerholm (15), and the major glycolipid 
weighed. The purity of the isolated compounds 
was checked by thin layer chromatography 
with the same solvent system and the spots 
were developed by spraying the plates with sul- 
furic acid-water (1:1 v/v) and charing at 130 C 
for 15 min. 

Methods of Analysis 

Total hexose wa~ assayed with the anthrone 
method in the hydrolysates of the hexose- 
containing sphingolipid, as previously described 
(2) .  Standards o f  glucose or mixtures of 
glucose-galactose (1:1) and (1:2) by weight, 
were used. Glucose: was assayed enzymatically 
with glucose oxidase (16). Total nitrogen was 
determined by direct nesslerization of the di- 
gested lipids (17). Partial acid hydrolysis and 
paper chromatography of the hexose were per- 
formed as previously described (2). Infrared 
analysis was performed on KBr pellets with a 
Beckman IR-5 spectrophotometer .  The Elson- 
Morgan reaction was performed as described 
elsewhere (18). 

RESULTS 

The total  lipids extracted from two prepara- 
tions of pig leucocytes were analyzed for oligo- 
hexosyl ceramides. Examination of the crude 
extract by thin layer chromatography revealed 
two diphenylamine-positive spots with mobili- 
ties similar to those of glucosyl ceramide and 
tr ihexosyl ceramige, which were isolated from 
pig spleen and characterized by analysis of 
products of partial and total  acid hydrolysis. 
The composit ion of the isolated oligohexosyl 
ceramides is shown in Table I and compared to 
the composit ion of the corresponding fraction 
from human leucocytes, as previously reported 
(2). The chromatographic patterns of the cer- 
amide oligohexosides from the leucocytes of 
the two species are shown in Figure 1. Charac- 
terization of glucosyl ceramide and lactosyl cer- 
amide was based on their chromatographic pro- 
perties and on the analysis of  their carbohy- 
drate residue after strong acid hydrolysis. Their 
quantification was based on total  hexose deter- 
mination, assuming a molecular weight of 620 
for their lipid residue. The major neutral 
hexose-containing sphingolipid, as shown in 
Figure 1, moved at a considerably lower Rf 
than lactosyl ceramide. The infrared spectrum 
showed the following bands: strong doublets at 
1650 cm -1 and 1550 cm-l ;  strong band near 
1490 cm-1; weak bands at 1200 cm -1, 980 
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FIG. 1. Thin layer chromatograms of the hexose-containing sphingolipids of human and pig 
leucocytes. (I) Sifica gel G plates (Merck, Darmstadt)chromatographed in chloroform-methanol-water 
(65:25:4 v]v). From left to right: (a) total glycolipids from human leucocytes; (b) trihexosyl ceramide 
and lactosyl ceramide from pig leucocytes; (c) mixture of reference standards from pig spleen, from 
the top glucosyl ceramide, lactosyl ceramide and trihexosyl ceramide. (II) Silica gel H borate plate, 
chromatographed in chloroform-methanol-water-ammonia (140:45:4:0.5 v]v). From left to fight: (a) 
glucosyl ceramide from pig leucocytes; (b) galactosyl ceramide; (c) standard glucosyl cceramide. (III) 
Silica gel G F254 plate (Merck, Darmstadt), chromatographed in chloroform-methanol-water (65:25:4 
v/v). From left to right: (a) lactosyl ceramide (lignoceric derivative, synthetic); (b) trihexosyl ceramide 
from pig leucocytes; (c) the acidic glycolipid of pig leucocytes; (d) mixture of reference standard from 
the top galactosyl ceramide, 3'-sulfato-galactosyl ceramide, sphingomyelin from brain. 

cm -1 , near 815 cm -I and 720 cm -1 ;peaks rele- 
vant to sugar esterified sulfate groups at 1240 
cm-a (19) were not detected. The water soluble 
material obtained after strong acid hydrolysis 
indicated on paper chromatograms the presence 
of both glucose and galactose, the latter in 
excess. The mean values obtained from the 
material of the two preparations were: for total 
h e x o s e ,  36.5% (standard, glucose-galactose 
1:2); for gluxose, 12.5%; the molar ratio of 
total hexose to total nitrogen was 2.81. The 
Elson-Morgan reaction was negative, thus ruling 
out the presence of hexosamine. Partial acid 
hydrolysis produced two less polar glycolipids, 
identified by hexose analysis and thin layer 
chromatography, as glucosyl ceramide and lac- 
tosyl ceramide. These data strongly suggest that 
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the main hexose-containing sphingolipids of pig 
leucocytes are trihexosyl ceramide 5, containing 
glucose and galactose in a molar ratio of 1:2 
with glucose attached to the ceramide. The 
material eluted in the acidic fraction of the 
DEAE cellulose column produced an infrared 
spectrum which showed a weak band at 1240 
cm-l,  possibly indicating the presence of sugar 
esterified sulfate (19). On thin layer chromato- 
graphy it moved at a lower Rf than 3'-sulfato- 
galactosyl ceramide (Fig. 1); this observation 
may suggest that this compound comprises 
more than one hexose in its molecule. There- 
fore, its quantification was based on total 
hexose determination with standard glucose- 
galactose (1:1) assuming a molecular weight of 
620 for the lipid residue. 
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I ' A B L E  1 

O l i g o h e x o s y l  C e r a m i d e  C o m p o s i t i o n  o f  
Pig and  H u m a n  L e u c o c y t e s  

Per cen t  o f  t o t a l  l ipids  
Pig a t t u m a n  b 

C o m p o u n d  1 2 

G l u c o s y l  c e r a m i d e  1.5 1.2 0 .4  
D i h e x o s y l  c e r a m i d e  0 .4  0 .3  I 5.8 
T r i h e x o s y l  c e r a m i d c  5.5 4 .4  0.2 
G l y c o l i p i d  ac id ic  0 .6  0 .4  --- 
T o t a l  o l i g o - c e r a m i d e s  8 .0  6 .3  16.4 

h e x o s y l  

T A B L E  11 

I n c o r p o r a t i o n  o f  U- 14C_Glucos  c In to  
G l u c o s y l  c e r a m i d e  a n d  T r i h e x o s y l  C e r a m i d e  

by Pig Bone  M a r r o w  Cells 

T ime  of  I n c o r p o r a t i o n  
i n c u b a t i o n ,  in c p m  per  108 cells 

rain CMH a CI ) t l  a CTH a 

15 330  0 4 0 0  
60  7 7 0  40  1 8 7 0  

180  2 1 5 0  2 6 0  4 8 8 0  

a C M H ,  m o n o h e x o s y l  c e r a m i d e :  C D H ,  d i h e x o s y l  
c c r a m i d e ;  a n d  C F l l ,  t r i h c x o s y l  c e r a m i d e .  

a p r e p a r a t i o n  1, 175 mg o f  t r  
2, 88 mg o f  to ta l  l ipids. 

b l ) a t a  r e p o r t e d  p rev ious ly  (2) .  

Incorporation of U-14C-Glucose Into 
Oligohexosyl Ceramides 

Bone marrow cells were incubated with 
U -I 4C-glucose as described in the text. The iso- 
l a t i o n  of the individual hexose-containing 
sphingolipids was achieved as described in the 
Methods section except that the radioactive 
spots were located with the aid o f  autoradio- 
graphy. Results of time studies are shown in 
Table II. Duplicates containing 1.5 x 108 cells 
in 0.2 ml of NaC1 (0.9%) and 15 /ac/0.3 /amole 
U-14C-glucose in 0.05 ml NaCI (0.9%) were incu- 
bated in a 0.75 ml Ringer-bicarbonate buffer. 
The total hexose containing sphingolipids were 
separated into sub-fractions by thin layer 
chromatography, Located by autoradi.',graphy 
and extracted from the gel as described in the 
text. The results are the means of duplicates 
after subtraction of blank values derived from 
samples of silica gel of the same plate. 

It can be seen that 14C from U -14C-glucose 
is mainly incorporated into glucosyl ceramide 
and trihexosyl ceramide and that, following a 
similar initial rate of incorporation into CMH 
and CTtt, the incorporation into CMH shows a 
decline as compared to the incorporation into 
CTH. "l'he intramolecular localization of radio- 
activity was examined in the 3 hr sample, after 
strong acid hydrolysis, and it was found that 
over 95% was associated with the carbohydrate 
residue. 

The mode of biosynthesis of the carbo- 
hydrate chain of CTH was investigated further. 
For this purpose, bone marrow cells (5 x 109 
cells) were incubated for 3 hr with U-t4C - 
glucose (750/ac/15 /amoles) in 50 ml of Ringer- 
bicarbonate medium, and the labeled CTH was 
isolated in a pure state as described in the text. 
We were thus able to isolate 3.5 mg of CTH 
with adequate specific activity for further 
analysis. Partial acid hydrolysis of this material 

yielded radioactive dihexosyl ccramide and glu- 
cosyl ceramidc which were separated and iso- 
lated by thin layer chromatography (Fig. 2). 
The specific radioactivities of these two degra- 
dation products and that of intact CTH were 
used for the calculations of the specific radio- 
activities of each one of the three CTH hexoscs, 
the results are presented in Table III. 

DISCUSSION 

The results of the present study have shown 
that the composition of the oligohexosyl cer- 
amides of pig and human leucocytes differ 
significantly in the hexose content of their 
major components, trihexosyl ccramide being 
the predominant glycolipid of pig leucocytes as 
compared to lactosyl ceramide, which, as re- 
ported previously, is the major glycolipid of 
human leucocytes (2). Nevertheless, the propor- 
tion of total oligohexosyl ceramide in the total 
lipid fraction of  the leucocytes of both species, 

T A B L E  11I 

R a d i o a c t i v i t y  o f  T r i h e x o s y l  C e r a m i d e  anti  
D e g r a d a t i o n  P r o d u c t s  

C o m p o u n d  

c p m  per  c p m  per 
~ m o l e  o f  tamole o f  

to ta l  hexose  a each  hexose  b 
x 103  x 103 

T r i b e x o s y l  c e r a m i d e  2 4 4  
th i rd  hexose  76 
D i h e x o s y l  c e r a m i d e  b 168  
s e c o n d  hexose  63 
G l u c o s y l  c e r a m i d e  b 105 
first  hexose  c 105 

a E a c h  g lyco l i p id  w a s  s u b j e c t e d  to  s t r o n g  acid  hy- 
d ro lys i s  a n d  the  w a t e r  so lub le  f r a c t i o n s  r e c o v e r e d  f r o m  
the  r e a c t i o n  m i x t u r e  were  used  for  c o u n t i n g  o f  radio-  
ac t iv i ty  a n d  to ta l  hexose  d e t e r m i n a t i o n .  

b D e g r a d a t i o n  p r o d u c t s  o f  par t ia l  ac id  h y d r o l y s i s  o f  
the  t r i h e x o s y l  c e r a m i d e .  

ct. irst hexose  a t t a c h e d  to  the  c e r a m i d e .  
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FIG. 2. Autoradiogram of a thin layer plate 
(Merck F254), chromatographed in chloroform- 
methanol-water (65:25:4 v/v). From left to right: (a) 
intact trihexosyl ceramide; (b) lipid fraction of prod- 
ucts of mild acid hydrolysis, identified from the top as 
glucosyl ceramide, dihexosyl ceramide and trihexosyl 
ceramide. 

especially in the latter, is unusually high for 
non-nervous tissues. Such observations confirm 
that a high concentration of these compounds 
is required for normal leucocyte function or 
structure, although their precise role still re- 
mains to be discovered. However, the possibili- 
ty exists that these compounds may be related 
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to the functions of bone marrow cells from 
which leucocytes are derived. 

Since the leucocytes of bo th  species do not 
contain glycolipids in sufficiently high quanti- 
ties, which, by degradation could give rise to 
the accumulation of CDH or CTH, it was at- 
tempted to explain the differences in their 
glycolipid composition by examining the ana- 
bolic process. Specifically, the incorporation of 
U -14C-glucose into the glycolipids of bone mar- 
row ceils, which are the site of production of 
the circulating leucocytes, was studied. These 
experiments have shown that U-14C-glucose is 
incorporated mainly into glucosyl ceramide and 
trihexosyl ceramide. If it is assumed that the 
carbohydrate chain is built on the glucosyl cer- 
amide, the low radioactivity found in the di- 
hexosyl ceramide indicates either that this com- 
pound is not an intermediate in the biosynthe- 
sis of trihexosyl ceramide, or that it is quickly 
transformed to its higher member. Whatever the 
case may be, it can be predicted that the differ- 
ences in glycolipid composition of human and 
pig leucocytes are due to differences in the 
mechanisms involved in the biosynthesis of 
these compounds in the bone marrow ceils. It is 
worth mentioning here that during the present 
investigations lactosyl ceramide was not de- 
tected by thin layer chromatography in the 
glycolipid fraction of pig bone marrow cells. 

The occurrence of radioactivity in all three 
hexoses of the CTH, obtained after incubation 
of pig bone marrow cells with U -14C-glucose, is 
consistent with the de novo biosynthesis of the 
carbohydrate chain. The higher specific activity 
of the hexose attached to the ceramide, in con- 
junction with the decline in the incorporation 
of U-14C-glucose into CMH as a function of the 
time of incubation, may suggest a precursor- 
product relationship between CMH and CTH. 
To our knowledge, this is the first report on the 
de novo biosynthesis of the carbohydrate chain 
of trihexosyl ceramide. Basu et al. (20) have 
reported the incorporation of radioactivity into 
lipids from UDP-N-acetyl-galactosamine in a 
brain particulate system, in the presence of 
dihexosyl ceramide. This may be considered as 
biosynthesis by the addition of a sugar to the 
carbohydrate chain of this glycolipid acceptor. 

Trihexosyl ceramides have been reported to 
occur as normal constituents of the lipids of 
serum, liver, kidney and spleen of the various 
mammals (1). Therefore, the elucidation of the 
details of the enzymatic mechanism involved in 
their biosynthesis is not only important per se, 
but it is expected to provide answers to ques- 
tions related to species and organ differences 
concerning their hexose containing sphingolipid 
composition. Other phenomena related to the 
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m e t a b o l i s m  o f  t r i h e x o s y l  c e r a m i d e  are  t h e  
a c c u m u l a t i o n  o f  t h i s  c o m p o u n d  in  t h e  k i d n e y s  
o f  p a t i e n t s  w i t h  F a b r y ' s  d i s ea se  ( 2 1 )  a n d  t h e i r  
i m p l i c a t i o n  in  t h e  c h a n g e s  p r o d u c e d  b y  a sc i t e s  
t u m o r s  in  t h e  g l y c o l i p i d  c o m p o s i t i o n  o f  t h e  
k i d n e y s  o f  m i c e  (22 ) .  
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Specific Distribution of Fatty Acids in the Milk Fat 
Triglycerides of Goat and Sheep1 
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ABSTRACT 

The triglycerides of the fat globules of 
sheep and goat milk were isolated and 
separated into short and long chain 
lengths by silicic acid column chromato- 
graphy. The short chain lengths com- 
prised major triglycerides with 34-44 acyl 
carbon atoms and accounted for nearly 
50% of the total milk fat. The long chain 
lengths contained major triglycerides with 
40 -54  acyl  c a r b o n s .  Stereospecific 
analyses of the short chain triglyceride 
fraction showed that of the 20-23 moles 
per cent of C4-C8 fatty acids present, at 
least 95% were specifically attached to 
the glycerol molecule in the position cor- 
responding to carbon 3 of sn-glycerol. 
The distribution of the other fatty acids 
(C10 or greater) did not show such 
marked specificity for either the 1 or the 
2 position. Although individual trigly- 
cerides were not identified, the specific 
placement of the fatty acids could best be 
accounted for by assuming a common 
pool of long chain 1,2-diglycerides which 
served as precursors of the bulk of both 
short and long chain triglycerides during 
milk fat synthesis. 

INTRODUCTION 

Stereospecific analyses of bovine milk fat 
have shown (1,2) that the butyric acid and 
other short chain fatty acids, which are specif- 
ically derived by de novo synthesis in the mam- 
mary gland (3), are largely or exclusively 
esterified to the 3 position of the glycerol mole- 
cule, sn-nomenclature used throughout (4). The 
distributions of the other fatty acids (C 10 or 
greater), which are derived from diet and the 
depot fat, did not exhibit such marked spe- 
cificity for either the 1 or the 2 position. These 
data support the hypothesis (5) that the short 
chain fatty acids are esterified with long chain 
diglycerides, or are substituted in glycerophos- 
phatide intermediates, in the final step of milk 
fat biosynthesis. The milk fats of sheep and 
goat are also rich in butyric and other short- 
chain acids (6), but their intraglyceride distri- 
bution has not been ascertained. A demon- 

Ipresented in part at the AOCS Meeting, New 
York, October 1968. 

stration of comparable stereospecificity in these 
species would establish the generality of the 
phenomenon in  the ruminants, and might 
permit extrapolation of data to nonruminant  
species which also derive their milk fats by 
mobilization and partial de novo synthesis of 
fatty acids in the mammary gland. 

MATERIALS AND METHODS 

The chemical reagents, solvents, chromato- 
graphic materials and analytical standards were 
as described (2). Fresh samples of raw sheep 
and goat milk were obtained from local farms. 
The goat milk (450 ml) was collected from one 
animal, while the sheep milk (360 m l ) w a s  
pooled from three ewes. The triglycerides were 
isolated from the milk fat globules by extrac- 
tion with chloroform-methanol (2:1) as de- 
scribed for cow's milk (7). The various trigly- 
ceride preparations were free o f  contamination 
with free fatty acids, diglycerides, and any 
other common lipids by chromatography on 
columns or thin layers of silicic acid, as de- 
scribed below. 

Separation of Short and Long Chain Lengths 

Triglycerides of short and long chain length 
were resolved by chromatography on columns 
of silicic acid essentially as described by Blank 
and Privett (8). The fractions obtained from 1.2 
g of total milk fat were pooled in two nearly 
equal portions; the least polar one (0.6-0.7 g) 
provided the long chain length, the more polar 
one (0.5-0,6 g) gave the short and medium 
chain length triglycerides. The latter fraction 
comprised major triglycerides with 32-46 acyl 
carbon atoms, the former long chain trigly- 
ce r ides  with 40-54 acyl carbons. Smaller 
quantities of short and long chain triglycerides 
were resolved by thin layer chromatography 
(TLC) as previously described (9). This method 
was also used to resolve the short and long 
chain diglycerides released from the short chain 
triglyceride fraction by hydrolysis with pan- 
creatic lipase. 

Stereospecific Analysis 

The positional distribution of the fatty acids 
in the short and long chain triglycerides was 
determined by the method of Brockerhoff as 
previously described (2). After a brief hydroly- 
sis with pancreatic lipase, the reaction mixture 
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T A B L E  I 

Molecular  Weight  Dis t r ibu t ion  of  Shor t  and Long  Chain Tr ig lycer ides  of  Goa t  and Sheep Milk Fata ,  b 

563 

Carbon  
No. 

Goa t  Sheep 

Shor t  chain Long  chain 

Original  Tota l  Residual  c To ta l  Residual  Original 

Shor t  chain Long  chain 

Tota l  Residual To ta l  Residual  

24 Trace  
26 0.1 Trace  Trace  0.5 
28 0.3 0.2 0.1 0.8 
29 Trace  Trace  
30 0.7 0.5 0.7 1.2 
31 0.1 Trace  
32 1.5 2.0 2.0 2.0 
33 0.1 0.1 0.2 0.2 
34 3.9 5.9 6.1 4.0 
35 0.5 1.0 0.7 0.7 
36 8.5 16.9 16.3 7.2 
37 0.7 1.2 0.7 1.3 
38 12.4 26 .9  25.2 Trace  Trace  11.4 
39 Trace  Trace  Trace  0.7 
40  10.4 21 .8  21.5 1.0 1.1 11.3 
42 8.1 10.5 11.3 4.5 4.6 6.4 
43 Trace  0.3 0.2 
44 7.4 5.4 6.1 7.5 7.6 5.4 
46 5.9 2.7 3.2 8.3 8.4 5.5 
48 7.6 1.0 1.5 13.4 13.5 7.2 
50 12.3 1.4 1.8 25.1 24 .6  10.5 
52 13.1 1.2 1.7 27.3 27 .4  13.5 
54 6.2 1.3 0.9 12.1 12.2 9.5 
56 0.2 0.2 0.1 0.4 
58 0.3 
60 Trace  

0.2 0.2 
0.5 0.6 
1.3 1.2 
0.1 0.1 
2.2 2.2 0.1 0.1 
0.2 0.1 
3.9 3.7 0.3 0.3 
0.4 0.4 
7.7 7.5 1.0 0.9 
1.2 1.1 

15.2 14.6 2.3 2.2 
1.9 2.0 

23.9 23.6 4.4 4.3 

20.3 20.0 5.5 5.5 
7.2 7.4 5.9 6.0 

3.7 4.0 6.5 6.6 
2.4 2.7 7.3 7.5 
1.8 2.0 10.8 10.6 
2.2 2.4 16.3 16.4 
2.1 2.4 22.2 22 .3  
1.5 1.7 15.4 15.6 
0.1 0.1 1.0 0.8 

0.6 0.6 
0.4 0.3 

aShor t  and  long chain lengths  resolved by  c h r o m a t o g r a p h y  on silicic acid co lumns .  

bValues  are given in mole  pe rcen tage .  

CTriglycerides r e cove red  fo l lowing part ial  hydro lys i s  w i th  pancrea t ic  lipase. 

was extracted with diethyl ether without acid- 
ification. The ether extracts were concentrated 
and the mono-, di- and triglycerides isolated by 
TLC. Portions of the mono- and diglycerides. 
were then acetylated by reaction with acetic 
a n h y d r i d e - p y r i d i n e .  The  ace ta tes  were 
examined by gas chromatography along with 
the unhydrolyzed triglycerides and the yield 
and composition of the products of the lipase 
hydrolysis assessed by reference to tridecanoin 
which was added as internal standard. Other ali- 
quots of these fractions were transbutylated 
and the fatty acid composition determined by 
gas liquid chromatography (GLC). 

The rest of the diglycerides was converted 
into glycerophosphatidyl phenols by treatment 
wi th  p h e n y l  dichlorophosphate  and the 
reaction products isolated by TLC. The di- 
gestion with phospholipase A was performed as 
described by Brockerhoff (10), except that less 
phosphatidyl phenol (50 mg) and only one half 
as concentrated a buffer was used. The phos- 
phatides derived from 1,2-diglycerides yielded 
the 2-fatty acid, while those from 2,3-diglycer- 

ides having the L-configuration, were not 
attacked. After incubation for 4 hr at room 
temperature, the reaction products were iso- 
lated by TLC (2). 

Gas Liquid Chromatography 

GLC analyses of fatty acid butyl  esters, 
monoglyceride diacetates, diglyceride monoace- 
tates and di- and triglycerides were done as 
previously described (2). 

RESULTS AND DISCUSSION 

Starting Materials 

The overall fatty acid and triglyceride distri- 
butions of the goat and sheep milk samples 
were similar to those described earlier (6). 
Table I gives the composition of the triglycer- 
ides in the short and long chain fractions and 
compares them to those of the total from 
which they were derived by chromatography on 
silicic acid. While the short chain triglycerides 
(26-42 acyl carbons) have been nearly com- 
pletely resolved from the long chain length 
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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  o f  S h o r t  a n d  L o n g  C h a i n  T r ig lyce r ide s  o f  G o a t  a n d  S h e e p  Milk F a t a ,  b 

F a t t y  
ac ids  

G o a t  S h e e p  

S h o r t  cha in  L o n g  cha in  S h o r t  cha in  L o n g  c h a i n  

Or ig ina l  T o t a l  Res idua l  c T o t a l  Res idua l  Or ig ina l  T o t a l  Res idua l  T o t a l  Res idua l  

4 : 0  5.1 10 .2  10 .3  4 .4  8 .0  7 .8  
6 : 0  4 .4  8 .2  8.5 3.6 7 .2  7 .2  0.5 0 .6  
8 : 0  2 .6  4 .7  4 .8  0 .9  0.5 2 .4  3 .8  3 .6  1.3 1.1 

1 0 : 0  7 .8  8 .8  9 .0  6 .4  6 .3  5.5 7 .5  7.1 4 .0  4 .6  
10 :1  0 .3  0 .3  0 .3  0 .2  0 .3  0 .3  0.1 0.1 
1 2 : 0  3 ,8  3.9 3 ,8  2 .7  2 .3  3.5 4 .3  3.9 2.8 2 .6  
12:1  0.1 T r a c e  Trace  0.1 Trace  
1 4 : 0  9 .6  10 .3  10 .0  10 .5  9 .4  9 .8  11.1  10.5 9 .6  9 .6  
14 :1  0 .2  0 .5  0 .4  0.5 0 .5  0 .6  0.5 0.5 0 .8  0 .9  
1 5 : 0  2 .0  1.5 1.7 2 .5  2 .3  2 .8  2 .2  2 .7  3.1 2.7 
1 6 : 0  2 6 . 0  2 4 . 6  24 .9  28 .7  2 8 . 6  21 .2  21 .2  2 1 . 3  21 .5  22 .2  
16:1  1,8 2 .0  1 .6  2 .3  2 ,6  1.7 1.4 2.1 2 .3  2 .2  
1 7 : 0  0 ,8  0 .7  0 .5  1.3 1.4 1.0 0 .8  0 .6  1.1 1.1 
1 8 : 0  9 ,9  6 .0  6 .6  12 .7  13 .6  14 .0  9 .8  10 .6  16 .8  16 .9  
18 :1  2 0 . 6  14 .0  14 .0  2 6 . 4  2 6 . 9  21 .8  15.1  15 .0  2 8 . 4  28 .5  
18 :2  2 .7  2 .0  1.8 3.1 3 .7  4 .4  3.7 3 .4  4 ,6  3.7 
1 8 : 3  2 .6  2.5 2 .7  3 .0  2 .7  
20 :1  2 .4  2 .0  1.8 1.8 1.9 0 .4  0.5 0.5 T r a c e  0.5 
2 0 : 2  T r a c e  0 .3  T r a c e  0 .2  T r a c e  T r a c e  0.1 0 .2  T r a c e  Trace  

a S h o r t  a n d  long  cha in  l e n g t h s  r e so lved  b y  c h r o m a t o g r a p h y  o n  silicic ac id  c o l u m n s .  

b V a l u e s  are given in m o l e  p e r c e n t a g e .  

CTr ig lycer ides  r e c o v e r e d  f o l l o w i n g  pa r t i a l  h y d r o l y s i s  w i t h  p a n c r e a t i c  l ipase .  

T A B L E  III 

Molecu l a r  We igh t  D i s t r i b u t i o n  a n d  F a t t y  A c i d  C o m p o s i t i o n  o f  t he  D ig lyce r i de s  
Der ived  F r o m  S h o r t  C h a i n  T r ig lyce r ide s  b y  Lipase  H y d r o l y s i s a ,  b 

D ig lyce r ide  a c e t a t e s  F a t t y  ac ids  

G o a t  S h e e p  
C a r b o n  C a r b o n  

No.  Or ig ina l  Res idua l  c Or ig ina l  Res idua l  No .  

G o a t  S h e e p  

Or ig ina l  Res idua l  Or ig ina l  Res idua l  

16 0 .7  2.1 1.3 3.8 4 : 0  8.5 15 .0  9.5 11.7  
18 1.4 3.4 2 .6  6 .3  6 : 0  6 .9  12.1 6.8 10 .6  
2 0  7 .9  14 .6  7 .4  15.4  8 : 0  4 .0  5.7 2 .6  5.1 
21 1 ,0  1.7 3 .4  1 0 : 0  9 .6  10 ,6  6 .0  10 .0  
22  20 .8  36 .0  14 .0  25 .6  10:1  0 .3  0 .4  0 .6  0 .4  
2 3  0 ,8  1.3 1 2 : 0  4 .0  2 .8  4 .0  4 .6  
2 4  21 .8  33 .2  2 4 . 0  40 .1  12:1  
25  1 4 : 0  13 .0  10 ,7  12 .9  10 .8  
2 6  7 .9  7 .8  10 .9  3.5 14 :1  0 .8  1.1 0 .8  0 .9  
2 7  1 5 : 0  1.0 1.5 2 .6  2 .3  
28  5.0 1.5 3 .9  0 .6  1 6 : 0  26 .0  16 .4  2 2 . 0  12.6  
29  16 :1  2 .3  1.2 1.2 1.2 
30  4 .0  0 .4  4 , 3  1 7 : 0  0 .7  0 .6  0 .6  0 .8  
31 18 :0  5.1 3.1 8,8 7.1 
32 5 .6  4 ,8  18 :1  13 .6  13 .9  16 .3  15 .0  
33  0 .3  18 :2  2 .0  2.5 3.3 4 .3  
34  9 .9  8 .0  1 8 : 3  1.6 2 .0  
35 2 0 : 1  1.9 2.1 0 .4  0 .4  
36  10.1 9.1 2 0 : 2  0 .3  0 .3  0 .2  
37  
38  4.1 6 .4  
4 0  0 .8  0 .4  

a M i x e d  1,2- a n d  2 , 3 - d i g l y c e r i d e s  r e l ea sed  b y  par t ia l  h y d r o l y s i s  w i t h  p a n c r e a t i c  l ipase .  

b V a l u e s  are  given in mole  p e r c e n t a g e .  

c2 ,3 -D ig lyce r i de s  r e c o v e r e d  f r o m  T L C  o f  m i x e d  1,2- a n d  2 ,3 -d ig lyce r ides .  
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FIG. 1. GLC separation of short chain triglycerides and the derived diglyceride acetates, The peaks 
are identified by the total number of acyl carbon atoms. Beckman GC-4 gas chromatograph; columns 
3% (w/w) JXR (dimethylpoly-siloxane gum) on Gas Chrom Q (100-120 mesh); temperature program 
as shown. A, short chain triglycerides of goat milk fat; B, diglycertde acetates of A; C, short chain 
triglycerides of sheep milk fat; D, diglyceride acetates of C. 

glycerides (44-54 acyl carbons) of the goat 
milk, the removal has been less effective for the 
sheep milk glycerides. Furthermore, in both 
cases the short chain fraction still contains sig- 
nificant amount of long chain triglycerides 
(C44-C54). This contamination, however, was 
not sufficient to impare the reliability of the 
subsequent stereospecific analysis. The short 
chain fractions of the goat and sheep milk tri- 
glycerides made up 52 and 40 moles per cent 
respectively, of the total milk fat triglycerides. 
A proportional summation of the distributions 
of the short and long chain glycefides gave the 
reconstituted total distributions which differed 
little from those of the corresponding original 
milk fats. 

Pancreatic Lipase Hydrolys{I; 
Table I also gives the composition of the tri- 

glycerides remaining after the limited exposure 

of the short and long chain triglycerides to pan- 
creatic lipase. On the basis of the molecular 
weight distribution there is little indication of a 
selective hydrolysis of any trtglyeorlde typos. 
This is confirmed by the fatty acid composition 
given in Table II, which shows close qualitative 
and quantitative correspondence betw0en th0 
original and the residual glycertde mixtures. 

The diglycerides from the short chain frac- 
tion were isolated in 15-20% yield, The distri- 
bution of their molecular weights and fatty 
acids is given in Table IlI. Since the C4-C a acids 
comprised 20-23 moles per cent of the total 
fatty acids, almost all of the diglyc~rtdt~s af car- 
bon number 24 or less (about 50~. of total) 
must consist of one short and one long chain 
acid. The simqltan0ous appearance in the 
enzyme digest of short chain acids and diglycer- 
ides containing the same short chain acids was a 
further indication that the pancreatic lipase did 
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FIG. 2. GLC separation of the short and long chain diglyceride acetates of short chain triglycerides. 
Peak identification and instrumentation as in Figure 1. A and B, respectively, short and long chain 
diglyceride acetates of goat milk fat; C and D, respectively, short and long chain diglyceride acetates of 
sheep milk fat. 

not discriminate between short and long chain 
fat ty acids in the 1 and 3 positions of the short 
chain trigtycerides. Figure 1 shows the GLC 
elution patterns of the original short chain tri- 
glycerides and of  the diglycerides derived from 
them by pancreatic lipase hydrolysis. The digly- 
ceride mixture shows the characteristic two 
hump distribution seen for the original milk fat 
of these species. These diglycerides can be 
resolved on the basis of chain length by means 
of TLC on silica gel. Figure 2 shows the GLC 
elution patterns recorded for the two diglycer- 
ide subgroups of the short chain triglycerides of 
goat and sheep milk fat. The molecular weight 
and fatty acid distribution of the short chain 
diglycerides approximated closely the com- 
p o s i t i o n  o f  the residual lysophosphatidyl  
phenols discussed below. The long chain length 
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diglycerides resembled those of the phospha- 
tidyl phenols which were attacked by phospho- 
lipase A. These observations suggested that the 
TLC resolution of the diglycerides effectively 
divided them into the 1,2- and the 2,3-diglycer- 
ide types. Only the 2,3-diglycerides contained 
the short chain fat ty  acids. 

Table IV gives the molecular weight and 
fat ty acid distributions of the total diglycerides 
derived from the long chain triglycerides and of 
the residual phosphatidyl phenols (2,3-diglycer- 
ides) recovered follov:ing degradation of the 
mixed phosphatidyl phenols with phospho- 
lipase A. In both the goat and the sheep the 
glycerides have comparable distributions of 
molecular weights which are due to similarities 
in composition and distribution of the fatty 
acids. Furthermore,  pancreatic lipase appears to 
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TABLE IV 

Molecular Weight Distribution and Fatty Acid Composition of the Diglycerides 
Derived From Long Chain Triglycerides of Goat and Sheep Milk ab 
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Diglyceride acetates Fatty acids 

Goat Sheep Goat Sheep 
Carbon Carbon 

No. Original Residual c Original Residual No. Original Residual Original Residual 

20 1.2 
22 3.1 
24 0.2 5.9 4:0 
26 2.4 4.5 6:0 0.3 0.6 
28 5.1 Not 4.6 Not 8:0 0.4 0.7 1.1 1.6 
29 0.2 10:0 4.7 8.7 4.1 5.9 
30 6.6 determined 6.5 determined I0:1 0.1 
31 0.2 12:0 2.5 3.0 2.9 3.7 
32 11.1 10.3 12:1 0.3 0.2 
33 0.5 14:0 13.6 12.2 10.5 12.0 
34 27.2 19.1 14:1 0.4 0.7 0.7 1.1 
35 15:0 2.6 2.6 3.3 3.2 
36 31.4 23.7 16:0 34.1 20.4 25.1 13.6 
37 16:1 2.0 2.3 2.1 2.4 
38 15.0 19.7 17:0 1.0 1.6 1.3 0.8 
39 18:0 12.0 10.0 18.8 14.1 
40 1.0 0.4 18:1 23.3 30.5 24.0 30.7 
42 18:2 1.6 4.3 3.6 5.8 
44 18:3 1.4 4.0 
46 20:1 1.6 2.3 0.5 0.2 
48 20:2 0.2 0.7 Trace Trace 

aMixed 1,2- and 2,3-diglycerides released by partial hydrolysis with pancreatic lipase. 
bValues are given in mole percentage. 
CResidual phosphatidyl phenols containing 2,3-diglycerides. 

have released nearly the same fa t ty  acids f rom 
the long chain glycerides of  bo th  species, which 
would  indicate that  the two  milk fats also 
possess comparable  posi t ional  p lacement  of  the  

ac ids  in these glycerides. 

Positional Distribution of Fatty Acids 

Table V presents the fa t ty  acid composi t ions  
of  the individual posit ions in the glyceride mol-  
ecule of the short  chain triglycerides. The fa t ty  
acids in posi t ion 1 were derived f rom the data 
for the lysophosphat idyl  phenols.  No C4-C 6 
acids were found  in this locat ion.  The fa t ty  
acids in posi t ion 2 were determined by analysis 
of  the monoglycer ides  l iberated by pancreat ic  
lipase and by analysis of  the free fa t ty  acids 
released by phospholipase A. Al though the two 
determinat ions  showed slight differences in the 
p r o p o r t i o n s  of some of the medium chain 
length fa t ty  acids, there were no signs of  any 
short chain fa t ty  acids. Fur the rmore ,  acety- 
lation of the  2-monoglycerides,  fo l lowed by 
GLC, gave molecular  weight distr ibut ions which 
agreed closely wi th  the fa t ty  acid propor t ions ,  
once again with  no indicat ion of  any butyr ic  or  
caproic acid residues in the 2 pos i t i on .  

The fa t ty  acids in posi t ion 3 were obta ined 
by summat ion  and by subtract ion as described 

in the foo tno te s  to Table V. The two methods  
gave similar est imates for the major  acids but  
the relatively large error (4-7%) precluded 
quant i ta t ive  conclusions about  the minor  com- 
ponents .  The C4-C10 acids comprised approxi-  
mate ly  75% and 60% of the to ta l  acids in the 
short chain triglycerides of  goat and sheep milk,  
respectively.  The remainder  consisted of  a 
variety of  medium and long chain fa t ty  acids 
which were due to the contamina t ion  of the 
short chain fract ion by long chain triglycerides 
during the silicic acid co lumn chromatography.  
The p ropor t ion  of  the long chain fa t ty  acids in 
this f ract ion was consistent wi th  the finding of  
only 20-23 moles  per cent of  short chain fa t ty  
acids in the original short chain tr iglyceride 
fract ion.  This d is t r ibu t ion  was also in agree- 
ment  wi th  the fa t ty  acid compos i t ion  of  the 
1,2- and 2,3-diglycerides recovered f rom the 
TLC of the to ta l  diglyceride fract ion.  

Table VI gives the fa t ty  acid compos i t ion  of  
the three posit ions of  the glycerol  molecule  for 
the long chain triglycerides of  goat and sheep 
milk. The most  obvious characterist ic of  the 
acid dis t r ibut ion is the preferential  association 
of  myrist ic acid wi th  the 2 posit ion.  Palmitic 
acid was distr ibuted nearly equally be tween  the 
1 and 2 posit ions in the goa t milk fat,  while in 
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TABLE V 

Positional Distribution of Fatty Acids in Short Chain Triglycerides of Goat and Sheep Milk Fata,b 

Goat Sheep 

One Two Three One Two Threc 

F'atty Method Method Method Method 
acids LPP MG FFA A c B d LPP MG FFA A B 

4:0 30.6 .30.0 24.0 23.4 
6:0 24.6 24.2 21.6 21.2 
8:0 2.3 2.4 2.0 9.4 9.0 0.9 2.7 2.2 7.8 7.5 

10:0 5.0 11.1 10.0 10.3 10.1 2.3 8.2 7.5 12.0 11.8 
10:1 0.3 0.3 0.6 0.5 0.2 0.7 0.6 
12:0 6.2 5.7 5.7 0.2 0.! 3.3 6.6 6.0 3.0 2.6 
14:0 9.5 21.4 22.4 0.0 0.0 11.4 19.2 18.3 2.7 2.4 
14:1 Trace 0.8 0.8 0.7 1.4 1.1 1.0 0.4 0.7 
15:0 1.5 2.8 3.2 0.2 0.2 2.2 2.7 3.5 1.7 1.9 
16:0 41,3 29.2 29.8 3.3 3.6 38.4 21.8 20.3 3.4 3.4 
16:1 4,0 2.0 1.9 0.0 0.4 2.1 1.9 2.4 0.2 0.5 
17:0 1.6 0.5 0.3 0.0 0.7 1.4 0.6 0.6 0.4 1.0 
18:0 11.9 5.2 5.8 0.9 1.0 14.8 10.7 11.5 3.9 3.5 
18:1 14.3 14.3 14.1 13.4 13.5 16.4 17.3 17.5 11.6 12.7 
18:2 0.8 2.6 2.7 2.6 2.4 2.9 4.5 5.3 3.7 4.1 
18:3 3.9 2.0 3.8 1.6 2.0 
20:1 1.2 1.4 1.0 3.4 2.8 Trace 0.5 0.3 1.0 0.3 
20:2 0.4 0.3 0.2 0.3 Trace 0.3 0.4 

apositlon rolattvo to sn-glycerol 3-phosphate; LPP, L-lysophosphatidyl phenol produced from L-phosphatidyt 
phenols by phospholipase A; MG, 2-monoglycerides produced from original triglycerides by pancreatic lipase; 
FFA, fro0 fatty acids produced from the L-phosphatidyl phenols by phospholipase A. 

bValues are given in mole percentage. 
CValues obtained by subtracting the sum of the acids of monoglycerides and lysophosphatidyl phenols from 

the original fatty acids. 
dValues obtained by subtracting the monoglyceride acids from the acids of residual phosphatidyl phenols. 

the sheep milk this acid was preferent ial ly 
placed in the 1 position. Nei ther  milk contained 
much palmitic acid in the 3 posit ion,  which in 
both  species was occupied to a large ex ten t  by 
olete acid, In both fats the stearic acid was 
preferred for the 1 posit ion,  These distr ibutions 
are nearly identical to those rcported earlier 
(10) for the long chain glycerides of  cow's  milk 
fat, except  for oleic acid, which in the bovine 
milk samples was found in a somewhat  higher 
concent ra t ion  in posit ion 1 than in the o ther  
two positions, 

Table VII gives the fat ty acid composi t ion  of  
th0 1,2odtglycerides of  the short and long chain 
trllllycertdes of  goat and sheep mtlk. Al though 
not matching In numerical values, the pro- 
por t ions  of  the ~lcids in the corresponding digly- 
0 e r t d o  moiet ies  are closely similar. These 
findings coincide with those made previously 
r0gardlng the fat ty  acid composi t ion  of the 
1,2-dlglycerlde rnoietios of  the short and long 
chain trlglycertdes of  bovine milk fat, As in the 
ea~e of  the bovine milk fats ( l l ) ,  it may be 
suggested that the 1,2-diglycertde~ are derived 
f rom a c o m m o n  pool  during the resynthesis of 
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the plasma triglycerides in the mammary  gland. 
The peculiar milk fat tr iglyceride pattern could 
then be produced by a nearly random asso- 
ciation of these diglycerides with the remaining 
C4-C18 fat ty acids. 

The characterist ic distr ibution of  the fatty 
acids in the 1,2-diglycerides of  the milk fats 
could arise ei ther f rom any mona-  and diglycer- 
ides derived by partial hydrolysis of blood tri- 
glycerides. The lat ter  possibility, however ,  has 
been ruled out  in the goat and cow by the 
results of  pancreat ic  lipase hydrolyses of  the 
milk fat and the blood triglycerides (12,13).  

Mechanism of Biosynthesis 

The extensive analyses of  the milk triglycer- 
ides presented here and in previous publicat ions 
(2,9,11) have al lowed the exclusion of  com- 
plete randomizat ion  or  any simple modif ica t ion  
o f  it as a system for milk fat tr iglyceride bio- 
synthesis. The recogni t ion of a common  pool  of  
1,2-diglycerides in bo th  short and long chain 
triglycerides of  the ruminant  milks is in agree- 
ment  with the results obtained by Kinsella and 



FATTY ACID SPECIFICITY IN MILK F A T S  

TABLE VI 

Positional Distribution of Fatty Acids in Long Chain Triglycerides of Goat and Sheep Milk Fata, b 

569  

Fat ty  
acids 

Goat Sheep 

One Two Three One Two Three 

Method Method Method Method 
LPP FFA MG A c B d LPP FFA MG A B 

4:0 
6:0 
8:0 

1 0 : 0  
10:1 
12:0 
1 4 : 0  
14:1 
15:0 
16:0 
16:1 
17:0 
18:0 
18:1 
18:2 
18:3 
20:1 
20:2 

1.5 1.2 
1.2 0.2 0.3 1.2 1.1 0.5 1.0 1.4 2.0, 1.8 
2.0 2.5 3.6 t3 .6  13.8 0.7 2.6 2.7 8.6 9.1 

~ a c e  Trace Trace Trace 0.3 0.2 
2.2 2.9 3.8 2.1 2.2 1.2 3,4 3.1 4.1 4.3 
7.5 18.9 19.5 4.5 4.9 5.5 15.4 t6 .3  7.0 7.7 

0.9 0.8 0.7 0.6 0.4 0.6 0.7 1.3 1.5 
2.2 2.7 2.7 2.6 2.5 3.0 4,3 5.3 1.0 1.t 

45.4 38.4 37.6 3.1 3.2 37.7 26.0 25.5 1.3 1.7 
2.1 2.7 2.0 2,8 2.6 2.2 2.0 2.4 2.3 2.4 
1.0 1.0 0.5 2.4 2.7 1.9 1.2 1.1 0.3 0.5 

17.9 8.0 7.1 13.1 12.9 22.8 14.4 14.3 13.3 13.9 
17,5 17.6 17.6 44.1 43.4 20.7 21.4 21.8 42.7 39.6 
Trace 2.3 2.5 6.8 6.1 2.6 3.2 3.9 7.3 7.7 

0.8 2.7 1.5 6.7 6.5 
0.6 1.7 2.0 2.8 2.6 Trace 0.3 Trace Trace 0.4 
0.4 0.2 Trace 0.2 1.4 Trace 1.2 Trace Trace Trace 

aposi t ion relative to sn-glycerol 3-phosphate; LPP, L-lysophosphatidyl  phenol produced from L-phosphaiidyl  
phenols by phospholipas e A; FFA, free fat ty acids produced from the L-phosphatidyl  phenols by phospholipase 
A; MG, 2-monoglycerides produced from the  original triglycerides by pancreatic lipase, 

bValues are given in mole percentage. 
CValues obtained by subtract ing the sum of the acids of monoglycerides and lysophosphat idyl  phenols from 

the original fa t ty  acids. 
dValues obtained by subtracting the monoglyceride acids from the acids of residual phosphat idyl  phenols. 

TABLE VII 

Distribution of Major Fat ty  Acids in the 1,2-Diglyceride Moieties of the Short and 
Long Chain Triglycerides of Goat and Sheep Milka, b 

Goat Sheep 

Short chain Long chain Short chain d Long chain 
Fat ty  
acids Pos. 1 Pos. 2 c Pos. 1 Pos. 2 Pos. 1 Pos. 2 Pos. 1 Pos. 2 

8:0 2.3 2.2 1.2 0.3 0.9 2.4 0.5 1.2 
10:0 5.0 10.5 2 . 0  3.0 2.3 7.8 0,7 2.6 
12:0 6.2 5.6 2.2 3.4 3.3 6.3 1.2 3.2 
14:0 9.5 22.0 7.5 19.2 1 t ,4  18.8 5,5 15.8 
16:0 41.3 29.5 45.4 38.0 38,4 21.0 37.7 25.8 
16:1 4.0 2.0 2.1 2.4 2.1 2.2 2.1 2.2 
17:0 1.6 0.4 1.0 0,8 1.4 0.6 1.9 1.1 
18:0 11.9 5.5 17.9 7.5 14.8 11.0 22.8 14.3 
18:1 14.3 14,2 17.5 17.6 16.4 17.4 20.7 21.6 
18:2 0.8 2.6 Trace 2.4 2.9 5.0 2.6 3.5 
20:1 1,2 1.2 0.6 1.8 Trace 0.4 Trace 0.2 
20:2 0.4 0,3 0.4 0.1 0.1 0.6 

aposi t ion relative to sn-g!ycerol 3-phosphate. 
bValues are given in mole percentage. 
CAverage values computed  from independent  estimates of the fat ty  acid composi t ion of the monoglycerides 

and free fat ty  acids as explained in Table VI, 
dThe short chain triglycerides of sheep milk contained 3.9 and 3.0 moles per cent of 18:3 in posit ions 1 and 

2, respectively, 
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McCar thy  (14-16) wi th  dispersed bovine mam-  
m a r y  c e l l s .  U s i n g  2 - C 1 4 - a c e t a t e  a n d  
3-C 14-glycerol,  these  workers  observed specif ic  
act ivi ty- t ime curves which suggested tha t  the  
milk fat t r iglycerides were p roduced  by  the  
acylat ion of  1,2-diglycerides wi th  endogenous ly  
syn thes ized  fa t ty  acids. 

T h e  mechan ism of b iosynthes is  of  the  
1,2-diglycerides is less obvious and possibly 
depends  u p o n  as ye t  unrecognized  enzymic  
specificities.  The present  data  reveal a con- 
t inuous  shift  of fa t ty  acids f rom pos i t ion  3 to  
pos i t ions  2 and 1 as the chain length increases 
f rom C 6 to  C14 and as the  C18 acids b e c o m e  
progressively more  saturated.  The ex t en t  to  
which  this peculiar i ty may reflect  the  s t ructural  
r equ i remen t s  of  the t r iglyceride end p roduc t s  
o r  t h e  enzyme  sys tems involved in the i r  
assembly may become  more  apparen t  w h e n  the  
molecular  species of the milk fat glycerides are 
ident i f ied .  
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A New Criterion in the Bioassay of Essential Fatty Acids: 
the Spontaneous Swelling of Rat Liver Mitochondria in Vitro 

U. M. T. HOUTSMULLER,  A. VAN DER BEEK and J. ZAALBERG,  
Unilever Research Laboratory, Vlaardingen, The Netherlands 

ABSTRACT 

The spontaneous swelling in vitro of 
liver mitochondria from rats deficient in 
essential fatty acids (EFA) and normal 
rats is compared using the change in 
optical density as a critcrion. Differences 
between both groups are observed only if 
high sucrose concentrations are used for 
the isolation of the mitochondria. The 
change in optical density can be described 
mathematically by the sum of two ex- 
ponent ia l  functions. A correlation is 
found between the parameters of this 
function and the dose of sunflower seed 
oil fed to EFA-deficient rats, which 
makes the method Useful as a criterion in 
an EFA bioassay. The EFA activities of 
several synthetic polyunsaturated fatty 
acids are compared using either growth 
rate or mitochondrial swelling as a crite- 
rion. 

INTRODUCTION 

The swelling in vitro of liver mitochondria 
from healthy rats has been studied fairly 
extensively under a great variety of conditions. 
On the other hand, swelling of liver mito- 
chondria from rats deficient in essential fatty 
acids (EFA) has received only scant attention. 
Comparative studies by Hayashida and Portman 
(1) in 1960 and by Johnson (2) in 1963 did 
reveal a considerable increase in the rate of 
spontaneous swelling in vitro of EFA-deficient 
mitochondria, but the authors did not investi- 
gate whether the increased rate of swelling 
could be restored to normal by feeding EFA. It 
appeared useful to study this possibility, as the 
existence of a positive effect might make the 
swelling applicable as a criterion in a bioassay 
of essential fatty acids. 

ltowever, the procedures used for prepa- 
ration of the mitochondrial suspensions by the 
a b o v e - m e n t i o n e d  authors were different. 
Johnson isolated the mitochondria in 0.30 M 
sucrose, while Hayashida and Portman used an 
0.88 M concentration, thus introducing a con- 
siderable change in osmotic value in the mito- 
chondrial surroundings. 

In preliminary experiments we could not 
detect any differences in swelling between 
mitochondria from EFA-deficient and normal 
rats when using Johnson's conditions. However, 

the system used by Hayashida and Portman 
seemed to be more promising. 

In this investigation we therefore first 
examined the effect of sucrose concentration 
on the spontaneous swelling of normal and 
EFA-def ic ient  mitochondria. After suitable 
conditions had been established, the effect of 
various doses of sunflower seed oil on mito- 
chondrial swelling was ascertained. Finally the 
EFA-activity of several unnatural fatty acids 
was compared, using either body weight or 
mitochondrial swelling as a criterion. 

MATERIALS AND METHODS 

Liver mitochondria were prepared from 
adult Wistar albino rats fed either normal diets 
or diets deficient in EFA. Drinking water was 
not limited. 

Immediately after decapitation, the livers 
were removed, cooled on ice and weighed. The 
e n t i r e  subsequent isolation procedure was 
carried out at 0 C. A known amount of the 
livers was minced and homogenized in a 10-fold 
volume of sucrose solutions of various concen- 
trations, buffered at pH 7.4 with 0.02 M Tris, 
and containing 0.001 M EDTA, unless other- 
wise mentioned. The homogenate was centri- 
fuged for 15 rain at 900 x g to remove nuclei 
and cell debris. The mitochondria were sedi- 
mented at 104 x g, washed with the same 
sucrose buffer, re-centrifuged, and suspended in 
a stock solution of the same sucrose and Tris 
concentration, but without EDTA. The volume 
of tile buffer was chosen such that 0.1 ml of 
the stock suspension in 3 ml of the test solution 
(0.154 M KCI,pH 7.4 with 0.02 M Tris) gave an 
optical density of 0.7 at 524 rim. 

The change in optical density, at 524 nm, of 
the suspension under examination was taken as 
the criterion for swelling. The temperature was 
kept at 25 C by means of a double-walled color- 
imeter adaptor connected to a thermostat. 

The effect of sunflower seed oil on mito- 
ehondrial swelling was studied at the end of an 
EFA bioassay according to Thomasson (3). One 
hundred and sixty weanling rats were fed a fat- 
free diet during the whole experiment. After 
two weeks on this diet, drinking water was 
limited to 14 ml per day. After five weeks the 
rats were divided into groups of 10 animals. 
Each group was intubated five times a week 
with either 0, 5, 10, 20, 30, 40, 50, 80 or 180 
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FIG. 1. Effect of sucrose concentration on spontaneous swelling in vitro of liver mitochondria 
from normal ( -- ) and EFA-dcficient ( . . . .  ) rats. 

mg sunflower seed oil (linoleic acid content 
63%), made up to 0.2 ml with hardened coco- 
nut oil. 

In the same bioassay the effect of the 
following synthetic fatty acid methyl esters on 
the growth rate and mitochondrial swelling was 
investigated [The unnatural fatty acids were 
prepared in the Department of Organic Chem- 
istry of our laboratory (4)]: 18:3 w4 (36 
mg/day), 19:3 6o5 (22 rag/day), 20:4 6o6 (10 
mg/day, ethylester), 21:4 6o7 (16 mg/day), 
22:3 c~8 (26 mg/day). The change in body 
weight was recorded five times a week, while 
during the fourth and fifth week of the experi- 
ment the mitochondrial swelling was estab- 
lished as described above. By comparing the 
effects of the fatty acids with those of the 
various doses of sunflower seed oil, the EFA 
activity of the former could be calculated for 
both body weight and mitochondrial swelling. 

RESULTS AND DISCUSSION 

Effect of Sucrose Concentration on Swelling of 
Normal and EFA Deficient Mitochondria 

The swelling of normal mitochondria is not 
affected by the sucrose concentrations used, 
provided that EDTA is present in the medium 
(Fig. 1). Omission of this compound (Fig, IE) 
increases the swelling because some Ca ++ ions 
are probably present, which are known to be 
very potent swelling agents. At low sucrose con- 
centrations, the swelling behavior of EFA- 
deficient mitochondria does not differ appre- 
ciably from that of normal mitochondria. In 
the first instance this seems to be contradictory 
to the results of Johnson, who did find differ- 
ences in swelling behavior bctween normal and 
EFA-deficient mitochondria when prepared in 
0.30 M" sucrose. However, he also reported that 
EDTA, present in the medium throughout the 

process of isolation of the mitochondria, pre- 
vented the swelling of both deficient and 
normal mitochondria to a large extent. It seems 
therefore possible that deficient mitochondria 
are more sensitive to small amounts of Ca, 
which are present when I~DTA is omitted (Fig. 
1E), tha'n are normal ones. 

At 0.88 M sucrose an increase in swelling of 
the EFA-deficient mitochondria is observed, 
which is not further stimulated in the absence 
of EDTA. This is not due to the difference in 
osmotic value between stock solutio'n (0.88 
osmol) and test solution (0.31 osmol), because 
the results are the  same when 0.44 M KC1 (0.88 
osmol) is used as test solution. Moreover, the 
permeation of water is so fast as to escape ob- 
servation in our experimental conditions. 

It thus seems that the differences in spon- 
taneous swelling between EFA-deficient and 
normal mitochondria are best studied when the 
isolation is carried out at high sucrose concen- 
trations with EDTA (Fig. 1D). This condition 
has therefore been fulfilled throughout the 
following experiments. 

Effect of Sunflower Seed Oil on 
Mitochondrial Swelling 

The effect of feeding various doses of sun- 
flower seed oil on mitochondria] swelling is 
shown in Figure 2. Obviously there is a pro- 
nounced correlation between the amount of 
dietary EFA and the extent of the swelling. 

The doses of sunflower seed oil have reached 
their maximum effect after three weeks of 
feeding, as there is no significant difference in 
swelling properties among the mitochondria of 
the rats within 1 dietary group, whether they 
were measured on the first day of the fourth or 
the last day of the fifth experimental week. 

Close inspection of the average curves of 
each group reveals that they can be described 
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FIG. 2. Recovery of mitochondrial swelling on 
feeding sunflower seed oil to EFA-deficient rats for 20 
days. 

ma thema t i ca l ly  by thc  sum of t w o  exponen t i a l  
func t ions ,  the  general  equa t i on  of  which  is: 

E t ( % ) = A . e  ~ t  + B  . e ~ t  

where  E t (%) is e x t i n c t i o n  at t ime  t, expressed 
as a percentage  of  the  initially measured  ex- 
t i nc t ion ,  i.e., the  e x t i n c t i o n  at 15 sec af te r  the  
a d d i t i o n  of  the m i t o c h o n d r i a  to  the  tes t  
so lu t ion  (The cor re la t ion  be tween  the  observed  
and calcula ted curves was invariably b e t t e r  t h a n  
99%). 

The equa t ion  suggests tha t  2 swelling pro- 
cesses, a fast and a slow one,  occur  at tile same 
t ime.  each descr ibed by 1 te rm.  If the  pcr- 
c e n t a g e  c x t i n c t i o n  is p lo t t ed  on a semi- 
logar i thmic  scale, as in Figure 2, 2 s t ra ight  l ines 
are o b t a i n e d  by e x t r a p o l a t i o n  and s ub t r ac t i on ,  
the  st.opes of which  are given by  a and {3 
respect ively.  ] 'he  pa rame te r s  A and B are inter-  
re lated because of  the  marginal  cond i t i on  of  A 
+ B = 100 at the  s tar t  of  the  e x p e r i m e n t .  

With the a~d of  an IBM-1800 c o m p u t e r  all 
four  pa rame te r s  were calcula ted for the  individ- 
ual swelling curves. In Figure 3 these  para- 
meters ,  A and a for the s!ow!y descend ing  par t ,  
and  B and 13 for tile s teep part ,  arc p lo t t ed  as a 
f u n c t i o n  of  the  dose of  sunf lower  seed oil. 
They  seem to be cor re la ted  more  or less wi th  
the  dose appl ied,  a l t hough  the  course of  /3 in 
this  e x p e r i m e n t  is s o m e w h a t  errat ic .  This  is 
p robab ly  due to only  a few readings being made  

A 

B 

x 103 

" I / /  -" 
85 

80 

~S 

5 

if> t, 

1 fl t......... 

0b 
0 " ~ , 6  ~ ' ~  "~--780 

�9 mg 5tJntlt~werseeO o,l/day 

FIG. 3. Relation bctweens A, B, a and 
derived from E t (%) = A . e err + B �9 e ~n -and dose of 
sunflower seed oil. 

dur ing  the  first s teep part  of  the  curve. In a 
subsequen t  e x p e r i m e n t  this  part  of the  curve 
was observed  more  closely,  resul t ing  in values 
for 13 tha t  showed  much  less var ia t ion.  

Doses of 0 .20  mg sunf lower  seed oil i nduced  
changes  in the  pa rame te r s  A and B to such an 
e x t e n t  tha t  at 20 mg these pa ramete r s  had  
reached  values which are also observed  wi th  
no rma l  m i t o c h o n d r i a .  Pa ramete r  c~, on  the  
o t h e r  hand ,  reac ted  to a wider range of  EFA 

loo) 

95 

B5 ~z :" :2c ::... %. 

80 fat 

~' - . . .  ~.:-. -:-20 ~.~s 

_ ~\-:, "%. 2 ~ ,  ~ 7 
~. ,,:, sr 

22 a~,8  

. SF 

Time (rnln) 

rag/day 
30 
10 
22 

16 
tO 

26 
36 
0 

FIG. 4. Recovery of mitochondrial swelling on 
feeding various synthetic polyunsaturated fatty acids. 
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FIG. 5. Comparison of body weight ([]) and mito- 
chondrial swelling ( cl ) as a criterion for EFA activity, 
relative to linoleic acid (= 100 units/g). 

doses (0-40 rag/day, Fig. 3), and was therefore 
considered the most suitable criterion in a bio- 
assay of essential fatty acids. 

Effect of Some Synthetic Fatty Acids 
on Mitochondrial Swelling 

In Figure 4 some synthetic fatty acids are 
compared with sunflower seed oil for their 
effect on mitochondrial swelling. It appears 
that 18:3 co4 and 22:3 co8 have no significant 
EFA activity, whereas the EFA activity of 19:3 
~5 ,  20:4 co6 and 21:4 co7 is considerable. The 
parameters of the average swelling curves of 
each of the fatty acids (Fig. 4) are given in 
Table I. 

Using parameter a as a criterion, the EFA 
activity was calculated, taking into account the 
amount of fatty acid ingested. In Figure 5 these 
activities are compared with the results ob- 
tained when body weight is used as a criterion. 
Qualitatively both methods agree very well in 
that 2 fatty acids have no activity in either 
criterion and 3 are active in both criteria. How- 
ever, quantitatively, the mitochondria react 
more strongly to the 3 active fatty acids than 
does the body weight. 

Similar results were obtained in another 
series of experiments, in which 2 more fatty 
acids were assayed, viz., 20:3 co6-dihomo-7- 
linolenic acid, belonging to the linoleic acid 
family, and 20:3 co7, another synthetic fatty 
acid. The second, unnatural one, had no EFA 
act ivi ty  with regard to body weight and 
swelling behavior. Dihomo-3'-linolenic acid, on 
the other hand, caused an improvement in both 
criteria, although here again the activity calcu- 
lated from ct was higher than that obtained 
when the growth rate was used as a criterion. 

Paramete r s  o f  the  Swelling Curves o f  
Syn the t i c  Fa t t y  Acids  a 

F a t t y  acid Pa r ame te r  

Dose 
T y p e  ( m g / d a y )  A IZ10 "3 B /3 

18:3r 36 83 6.2 18 0 . 7 6 0 6  
19:3(~5 22 90 4.0 12 1 .3077 
20:4(.o6 10 90 3.8 10 1 .2787 
21:4(.o7 16 86 4.1 15 0 . 8 8 1 9  
22:3r 26  82 5.5 16 0 . 5 6 9 2  

aCalcula ted  f r o m  the equa t ion :  E t (%) = A . e -0:t 
+ B . e'/3t 

The reason for this remains to be investigated. 
The results of the experiments indicate that 

the spontaneous swelling in vitro of rat liver 
mitochondria when isolated in strongly hyper- 
tonic sucrose can be used as a criterion in a 
bioassay of essential fatty acids, because: there 
is a correlation between the amount of linoleic 
acid administered and the degree of recovery of 
the mitochondrial swelling; fatty acids which 
have a positive effect on the body weight of 
EFA-deficient rats also restore normal swelling 
in the mitochondria; and polyunsaturated fatty 
acids, as far as investigated, which have no 
effect on body weight do not affect mito- 
chondrial swelling either. 

Advantages of the present method over the 
bioassay according to Thomasson (3) seem to 
be that: smaller quantities of fatty acids are 
needed, because the method seems to be the 
more sensitive; the bioassay can be performed 
with rats of any age without the necessity of 
drinking water restriction; and finally the maxi- 
mum response is obtained sooner if the mito- 
chondrial swelling is used as a criterion instead 
of the growth rate. This is sustained by the 
results of some preliminary experiments with 
high doses of safflower oil, which indicated that 
as soon as 1 day after the intubation of 0.5 ml 
safflower oil to EFA-deficient rats the mito- 
chondrial swelling had been restored to normal. 
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Biosynthesis of Fatty Acids in Cell-Free Homogenates of 
Lactating Gerbil Mammary Gland 
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ABSTRACT 

Cell-free homogenates of lactating 
mammary gland of gerbils maintained on 
a diet of sunflower seed, guinea pig chow 
and oats (Diet 1) or a diet of guinea pig 
chow and oats (Diet 2) and of rats main- 
tained on laboratory chow (Diet 3) were 
i n c u b a t e d  with 14C-labeled acetate, 
acetyl CoA or malonyl CoA aerobically. 
A large proportion of the 14C from 
14C.acetat e and t 4C.acety 1 CoA incorpo- 
rated into fatty acids by bomogenates 
from gerbils on Diet 1 was in unsaturated 
compounds, particularly in 18-carbon and 
20-carbon dienoic acids, compared to 
preparations from animals on Diets 2 or 
3. The two radioactive dienoic acids were 
proven to be Ag, lz  18:2 and A l l , 1 4  
20:2, and the latter was shown to be a 
direct elongation product of A9,1z 18:2 
by the substrate 14C-acetyl CoA. In all 
experiments 14 C from 14C_malony 1 CoA 
was incorporated predominantly into 
14:0 and 16:0, and very little incorpo- 
ration occurred into unsaturated fatty 
acids in homogenates made either from 
gerbil or rat. Total fatty acids isolated 
from homogenates and from milk fat (fat 
floating on the centrifuged homogenates) 
of gerbils on Diet 1 had a higher pro- 
portion of 18:2 than animals on the other 
two diets, a reflection of the large dietary 
intake of linoleic acid by gerbils on Diet 
1. Under these conditions the amount of 
18:2 in the mammary gland had a signifi- 
cant effect on the products of the incu- 
bation. 

INTRODUCTION 

Several studies on lipid metabolism in the 
Mongolian gerbil have been reported (1-6), and 
it is apparent that this mammal has become use- 
ful as an experimental animal in this area. 
Because of continuing interest in this labora- 
tory in problems of lipogenesis and fatty acid 
interconversions in various species, a series of 
investigations in lipid metabolism in the gerbil 
has been initiated. In this paper we report 
experiments on incorporation of 14C-substrates 
into fatty acids by cell-free homogenates of 
lactating mammary gland of gerbil maintained 
on two natural diets and a preliminary com- 
parison with similar experiments with rats. 

MATERIALS AND METHODS 

Animal Studies 

Young adult Mongolian gerbils bred and 
raised in our laboratory were maintained on a 
diet composed of equal parts of Purina guinea 
pig chow, oats and sunflower seed. Drinking 
water was not provided but fresh lettuce was 
furnished daily. On the day of birth of the pups 
some of the mother gerbils were kept on the 
diet described above (Diet 1) and some were 
placed on a diet composed only of equal parts 
of Purina guinea pig chow and oats (Diet 2). 
Rats used in these studies were young adult 
Sprague-Dawley animals maintained in our 
laboratory on Purina rat chow (Diet 3). Gerbils 
or rats were killed 10 to 18 days after parturi- 
tion, and cell-free homogenates of mammary 
gland were prepared as described previously (7). 
The homogenates, without further separation 
of subcellular fractions, were incubated with 
the amounts of cofactors used previously with 
mammary gland preparations made from rats 
(7). The amounts of cofactors were kept the 
same irrespective of 14C_substrat e used, and the 
final volume incubated was 1.5 ml. Each incu- 
bation flask contained 30-35 mg protein and 
one of the following substrates: 1-14C-acetate, 
5 ~uc (acetate concentration, 2.5 ~ moles), 
1-14C-acetyl CoA, 0.5 gc (20 m/a moles), or 
1,3-14C-malonyl CoA, 0.25 /Jc (30 m/~ moles). 
(]4C-labeled compounds from New England 
Nuclear Corporation.) Acetate concentration 
was kept at 10 mM regardless of 14C-substrate 
used. Incubations were done at 37 C in air for a 
period of 1 hr. 

Analyses. At the end of the incubation 
period the reaction vessels were chilled in ice. l 
ml of 40% potassium hydroxide and 0.2 ml of 
0.5% hydroquinone (anti-oxidant) were added, 
and the lipids were saponified under an atmos- 
phere of nitrogen. After acidification of the 
chilled hydrolysate, fatty acids were extracted 
with petroleum ether and an aliquot used for 
determination of t4C-activity by liquid scintil- 
la t ion spectrometry. For determination of 
14C-activity in short and medium chain acids, a 
solution containing 0.2 mg each of C 6, C 8 , C]0 
and C 12 fatty acids was added to an aliquot of 
the extracted fatty acids, and the mixture in- 
jected as free acids onto an 8 ft, 4 mm o.d. 
column packed with 12% diethylene glycol suc- 
c i n a t e  on 100 /120 -m esh  Anakrom ABS 
(Analab, Inc., Hamden, Conn.). Temperature of 
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Dis t r ibu t ion  of  14C in Tota l  Fa t ty  Acids  of  M a m m a r y  G la n d  of  Gerbi ls  I n c u b a t e d  With Various  Subst ra tes  

Diet 1 a Diet 2 b 

[4C-ace ta t e  14C-acetyl  CoA 14C-malony l  CoA 14C-aceta te  14C-acetyl  CoA 
Fa t t y  acid (4)  c (7)  (4)  (6) (6) 

6:0 5.3 + 0.9 d 5.8 - 1 . 0  --- 3.8 4" 0.7 4.3 + 0.9 
8 :0  6 . 9 - + 1 . 5  5 . 8 - + 0 . 7  --- 6 . 6 + 1 . 1  7.1 •  

10:0  6.0 + 1.2 8.3 + 0.6 0.9 + 0.4 6.5 + 1.0 8.4 • 1.0 
12:0  9.7 •  9.2 ---0.4 2.5 •  10.1 •  11.5 "t"0.9 
14:0 16.6 -+ 4.5 22.5 - 3.2 17.1 - 3.5 22 .9  -+ 1.0 25.8 • 2.9 
16:0 e 11.4 + 1.4 9.7 + 1.2 63.8 • 5.2 15.7 • 2.3 12.1 + 2.1 
18:0 3.0 -+0.5 2.0 -+0.5 2.5 + 0 . 5  6.3 •  3.5 "t"O.5 
18:1 4.1 -+0.1 2.7 + 0 . 5  0.9 -+0.1 9.1 -+ 1.4 8.9 -+ 1.3 
18:2 18.3 -+5.8 5.9 - 1.6 1.6 ---0.2 2.1 •  2.0 •  
20 :2  10.8 • 1.5 15.1 + 3.5 1.4 •  6.9 -+ 1.5 4.'7 -+ 1.2 

]>20:2 6.2 -+ 1.6 7.4. + 1.1 3.2 -+0.5 4.0 - 1.0 3.0 - 1.0 

aGuinea  pig chow,  oats  and sunf lower  seed. 

bGu i nea  pig c h o w  and  oats.  

CNumber  o f  animals .  

dMean -+ s t anda rd  error .  

e Inc ludes  m i no r  a m o u n t  of  16:1.  

the thermal conductivity detector was 240 C, 
of the injector 270 C and that of the column 
programmed from 150 to 230 C at 8 o/min. The 
effluent from the detector passed directly 
through a heated tube to a proportional 
counter (Nuclear Chicago Model 4998) kept at 
250 C, and the radioactivity monitored simul- 
taneously with the mass signal on a recorder 
operated in conjunction with a count rate 
meter. Digital data were also obtained by use of 
an integrator connected to the count rate 
meter. 14C-Activity of fatty acids of chain 
length 6 through 12 carbons was obtained in 
this fashion. Methyl esters of another aliquot of 
the extracted acids were prepared by the 
method of Metcalfe and Schmitz (8) and these 
were subjected to gas liquid radiochromato- 
graphy either isothermally or with temperature 
programming, or in some cases with both tech- 
niques, using continuous monitoring as de- 
scribed above. Proper factors were determined 
by using known standard mixtures of free fatty 
acids for chain lengths 6 through 12 for free 
fatty acids, and methyl esters for 12 through 18 
carbons (saturated, mono-unsaturated and di- 
unsaturated), to correct for variations in ef- 
ficiency of the monitoring system depending on 
retention time. Lauric acid was used as the 
fatty acid common to the two procedures, and 
it was used as a standard both as free acid and 
as methyl ester. Fatty acids in the diets were 
extracted by two methods: complete saponifi- 
cation •r the fat by refluxing with potassium 

3, followed by petroleum ether ex- 
of the acidified solution, and ex- 
ff the lipid with ethyl ether in a 

3L. 4, NO. 6 

Soxhlet extractor, followed by saponification 
of the fat and petroleum ether extraction of the 
acidified solution. 

Analytical gas liquid chromatographic (GLC) 
determination of fatty acid methyl esters was 
done using the same type of column described 
above with an argon or a flame ionization 
detector. The response of these detectors was 
checked with known quantitative standards and 
corrections were made where appropriate. 

Methyl esters of fatty acids to be isolated 
pure for chemical analysis or degradation were 
chromatographed on a 0.5 in. o.d., 12 ft 
column packed with the same material de- 
scribed previously. The esters were collected on 
siliconized glass wool packed into a long glass 
tube which was heated to 240 C at the end con- 
necting to  the exit port of the thermal con- 
ductivity cell. Efficiency of such collection of 
methyl esters of long chain fatty acids was 
greater than 85%. Collection of volatile, radio- 
active oxidative cleavage products separated 
and identified by gas chromatography was done 
by using U-shaped collection tubes chilled in a 
dry ice-acetone bath dr in liquid nitrogen. 

Separation of methyl esters according to 
number of double bonds was accomplished by 
column chromatography using silver nitrate- 
silicic acid packing with the elution schedule of 
DeVries (9). 

Chemical degradation was done by the 
method of Dauben et al. (10), oxidative 
ozonolysis by the method of Stoffel (11), re- 
duct• ozonolysis by the method of Stein and 
Nicolaides (12), and periodate-permanganate 
oxidation by the method of yon Rudloff (13). 
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TABLE II 

Effect of Diet on Fat ty  Acid Composi t ion of Homogenates and of Fat  Floating on the Centrifuged Homogenates 

Per cent of total fatty acid 

Homogenate Floating fat 

Fatty acid Diet 1 a Diet 2 b pC Diet 1 Diet 2 P 

14:0 0.8 +0 .2  d 2.3-+0.6 0.04 0.5"t"0.1 2.5---0.2 ~0 .001  
16:0 12:5-+1.2  29.7---1.5 ~ 0 . 0 0 1  10.5-+2.2 28.8---1.0 ~0 .001  
16:1 0.6 -+0.2 4.8 -+0.5 ~ 0 . 0 0 1  0.9 -+0.3 5.7 -+0.7 0.002 
18:0 4.7 4" 1.1 5.4 -+0.4 n . s .  3.5 -+0.6 4.4 -+0.2 n . s .  
18:1 19.6 -+2.6 30.2 -+2.0 0.04 23.6 -+2.4 35.7 -+4.3 0.05 
18:2 61.7 -+4.5 26.4 -+ 1.9 0.002 60.3 -+7.6 21.6 ---4.4 0.005 

aGuinea pig chow, oats and sunflower seed. 
bGuinea pig chow and oats. 

Cprobability, s tudent  t test. 
dMean of four animals -+ standard error. 

Hydrogenation was done by the method of 
Farquhar (14), and the amount of protein was 
determined by the biuret reaction (15). 

RESULTS 

Incorporation of 14C Substrates 
Into Total Fatty Acids 

Whole homogenates of mammary gland of 
gerbils incorporated into fatty acids all 14C 
substrates incubated with them under aerobic 
conditions. Under these conditions less than 1% 
incorporation was observed with 14C-acetate as 
precursor, while about 5% of the 14C from 
added 14C.acety 1 CoA and about 40-50% of the 
added 14C-malonyl CoA were incorporated 
into fatty acids. Preparations from rat mam- 
mary gland incubated with the same medium as 
the gerbil preparation incorporated up to four 
times as much 14C from acetyl CoA and about 
1.5 times as much 14C from malonyl CoA as 
did preparations from gerbil gland. 

Gas liquid radiochromatography (GLR) of 
the  b iosynthes ized  fatty acids showed a 
relatively large proportion of the incorporated 
activity in compounds having retention times 
equivalent to those of unsaturated fatty acids 
(Table I) when the 14C-substrate was either 
acetate or acetyl CoA. Two peaks with reten- 
tion times corresponding to 18:2 and 20:2 con- 
tained the greatest proportion of the 14C- 
activity of the unsaturated fractions. When 
14C-acetate was the substrate, slightly more 
14C-activity appeared to be present in 18:2 
than in 20:2. However, due to variation in 
experiments done in vitro, because of diffi- 
culties inherent in the technique of GLR and 
the small number of samples, the difference was 
not statistically significant at a P value of 0.05. 
Incubation with 14C-malonyl CoA resulted in 

major labeling in 14:0 and 16:0 with only small 
amounts of activity in unsaturated fatty acids 
and in other saturated acids. 

Total fatty acids isolated from homogenates 
of mammary gland prepared from gerbils on 
this diet had an extremely large proportion of 
18:2 (about 61% of the total fatty acids), pre- 
sumably linoleic acid. The pattern of fatty acid 
distribution in these homogenates is shown in 
Table II. The fatty acids in the top fat obtained 
with centrifugation (milk fat) are also shown in 
Table II. The similarity in quantities of each 
acid in homogenate and in milk fat is obvious 
and suggests that the homogenate usually con- 
tained enough milk fat to dominate the fatty 
acid pattern. The large amount of 18:2 in these 
preparations was probably a reflection of the 
dietary intake of linoleic acid from sunflower 
seed. The major fatty acids of this diet are sum- 
marized in Table III. Although the content of 
18:2 was about 53% of total fatty acids, about 
70% of sunflower seed fat was 18:2, and the 
gerbils may have discriminated in favor of this 
portion of the diet. 

Experiments were also done with prepara- 
tions made from mammary gland of gerbils on a 
diet of guinea pig chow and oats (Diet 2). The 
fat of this diet, shown in Table III, had a lower 
content of 18:2 (about 32%) than did Diet 1. 
The results of the incubation experiments are 
shown in Table I. Using 14C-acetate as sub- 
strate, smaller amounts of 14C were incorpo- 
rated into 18:2 (P--0.005) than in the experi- 
ments with Diet 1. A smaller amount of 14C 
was observed also in 20:2, but this was not 
statistically significant. Corresponding statisti- 
cally significant increases in 14C-activity with 
Diet 2 occurred in 18:0 and 18:1 (P=0.001 and 
0.02, respectively). With 14C-acetyl CoA the 
preparations from Diet 2 incorporated less 14 C 
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To ta l  Lipid  C o n t e n t  a n d  F a t t y  Ac id  C o m p o s i t i o n  o f  Diets  

Diet 

Per cen t  o f  t o t a l  f a t t y  ac ids  
To ta l  l ipid 
( g / 1 0 0  g) ~ 1 4 : 0  14 :0  16:0  16:1 18 :0  18:1 18 :2  18 :3  

G u i n e a  pig c h o w ;  oa t s ;  8.5 T race  a 
s u n f l o w e r  seed 

G u i n e a  pig c h o w ;  oa t s  3.2 T race  
Ra t  c h o w  4 .6  Trace  

0 . 2  I 1 .0  0 . 2  2 . 0  3 0 . 1  5 2 . 8  3.0 

1.9 22 .9  1.5 6.9 31 .6  32 .3  3.1 
3.6 31 .8  3 .3  9 .9  22 .7  17.1 --- 

aT race  = ~ 0 . 1 % .  

into 18:2 (P-0.05), 20:2 (P=0.01), and com- 
pounds of retention times > 20:2 (P=0.02). A 
statistically significant increase in 14 C was ob- 
served in 18:1 (P=0.02), but changes in other 
fatty acids were too small to prove statistically 
significant. Since no unusual observations had 
been made with 14C.malonyl CoA as substrate 
with regard to incorporation into unsaturated 
fatty acids, only two experiments were done 
with preparations from animals on Diet 2. 
Results of the experiments were similar to 
those using Diet 1. 

Identification of  18:2 and 20:2. The rela- 
tively large incorporation of 14C-acetate and 
14C-acetyl CoA into compounds of retention 
time equal to 18:2 and 20:2 made it desirable 
to identify these compounds more rigorously 
and to try to elucidate the mechanism of their 
formation. Therefore, material pooled from 
several incubations was used for the isolation 
and purification of" the compounds by com- 
bined techniques of gas liquid and silver 
nitrate-silicic acid column chromatography. The 
products were proven to be pure by GLR. The 
compound with a retention time of 20:2 was 
hydrogenated and the radioactivity of the 
hydrogenated compound shown to be asso- 
ciated with a compound of retention time equal 
to 20:0 by GLR. Confirmation of chain length 
as 20 carbons and retention time of the non- 
hydrogenated original compound equivalent to 
that of 20:2 established the identity of this 
material as a 20-carbon dienoic acid. The 
position of the double bonds was established by 
cleavage of double bonds both by periodate- 
pe rmangana te  oxidation and by reductive 
ozonolysis. With the latter method essentially 
all of the 14C originally associated with the 
20:2 fraction was now shown by GLR to be in 
a fragment identified as an l l -carbon ester- 
aldehyde (carboxyl end of molecule). In the 
pe r ioda te -permangana te  oxidation cleavage 
essentially all of the 14C was shown to be in an 
1 l-carbon dicarboxylic acid (carboxyl end of 
molecule). This evidence established the first 
double bond at A l l .  Since double bonds in 
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mammalian fatty acids aie methylene-inter- 
rupted,the compound must be A11,14 20:2, 
probably biosynthesized by elongation of 18:2 
with a radioactive 2-carbon fragment. This was 
tested by chemical degradation of the hydro- 
genated compound to which had been added 
carrier eicosanoic acid. Ninety-four per cent of 
the initial radioactivity in the 20:0 was ob- 
served to be in the carboxyl carbon which was 
isolated as benzoic acid. Since the substrate had 
been carboxyl labeled, the 20:2 apparently was 
a direct elongation product of A9,12 18:2 and 
carboxyl labeled acetyl CoA. 

The 14C compound with retention time 
equal to that of 18:2 was also hydrogenated 
and the 14C-activity was shown to be asso- 
ciated with a compound of 18-carbon chain 
length. Cleavage of the original compound by 
periodate-permanganate oxidation was followed 
by analysis of the radioactive products by GLR. 
The 14C_activity obtained was low, but it was 
in a fragment identified as a 9-carbon dicar- 
boxylic acid. This suggested that the original 
molecule was Ag, 12 18: 2 and, since this was an 
unexpected result, the analysis was repeated 
with another batch of pooled biosynthesized 
18:2. The degradative procedure used this time, 
however, was oxidative ozonolysis according to 
Stoffel (11). Eighty-five per cent of the initial 
radioactivity was found in the 9-carbon dicar- 
boxylic acid fraction, confirming the original 
material to be A9,12 18:2. Carbon by carbon 
degradation was not done. 

Comparison With Rats. The incorporation of 
14C from acetyl CoA and from malonyl CoA 
into fatty acids in preparations from gerbils on 
Diet 1 was compared with similar incorporation 
in homogenates made from mammary glands of 
rats maintained on their own laboratory stock 
diet, i.e., Purina laboratory chow for rats. The 
fatty acid analysis of this diet is in Table III. 
Preparations from rats incorporated up to four 
times as much activity into fatty acids from 
14C-acetyl CoA and about 1.5 times as much 
t4C-activity from malonyl CoA as did prepa- 
rations from gerbils when the two preparations 
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D i s t r i b u t i o n  o f  14C in T o t a l  F a t t y  A c i d s  o f  M a m m a r y  G l a n d  o f  Gerb i l s  a n d  o f  Ra t s  
I n c u b a t e d  Wi th  1 4 C - a c e t y l  C o A  or  1 4 C - m a l o n y l  C o A  
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Per cen t  o f  t o t a l  14C 

1 4 C - m a l o n y l  C o A  b 14C-ace ty l  C o A  

F a t t y  ac id  Gerb i l  R a t  P Gerb i l  Ra t  

8 : 0  5 .0  + 1.3 a 4 . 1 4 -  1.6 n . s .  0 .9  ---0.8 1.6 -+ 1.0 
1 0 : 0  6.2 -+0.7 16.1 ---4.7 0 .05  1 .84 -  1.2 5 . 9 4 " 2 . 3  
12 :0  8.9 --+0.4 34 .4  4"6 .2  0 .01 4.1 4"2.1 11.2  4"2.5 
14 :0  2 5 . 8  4- 4 .0  25 .7  4" 2 .6  n . s .  2 2 . 3  4" 5 .9  2 9 . 3  _---t- 2 .6  
16 :0 ,  16:1  10.5 4"1 .0  7.3-----2.0 n . s .  5 2 . 4 4 " 6 . 9  4 6 . 6 4 " 9 . 0  
18 :0  2 .0  4"0.8  0 .7  + 0 . 4  n . s .  2 .3  - 1.1 0 .9  + 0 . 4  
18:1  3.3 + 0.1 0.5 + 0 .2  ~ 0 . 0 0 1  1.4 -+ 0.1 0 .3  4- 0 .2  
18 :2  3 . 9 4 - 0 . 8  2.1 --+1.2 n . s .  3 . 0 4 - 1 . 0  1 . 8 - - - 1 . 3  
2 0 : 2  17 .0  4" 6.5 3 .6  4" 2 .4  0 .05  2 .4  4" 0 .7  Trace  

]>20 :2  8.1 4" 1.4 1.1 4" 0 .6  0 .01  4 .8  + 1.1 Trace  

a M e a n  o f  f o u r  an ima l s  -+ s t a n d a r d  e r ro r .  

b N o n e  o f  these  d i f f e r ences  is s ign i f i can t .  

were used with the same incubation mixture 
and incubated under the same conditions and at 
the same time. The distribution of 14C-activity 
in various fatty acids is shown in Table IV. 
Relatively more 14C 20:2 was made from 
14C-acetyl CoA by the gerbil than by the rat. 
Moreover, relatively more radioactivity was 
present in the total unsaturated fraction in the 
gerbil than in the rat. This was at the expense 
of the 14C-activity in shorter chain fatty acids. 
A comparison between gerbils on Diet 2 and 
the rat revealed significant differences for 10:0, 
12:0 and 18:1, as was the case also for gerbils 
on Diet 1. In addition, the amount incorpo- 
rated into 18:0 of the gerbil preparation was 
greater than that for the rat (P=0.05). However, 
no differences in incorporation into either 18: 2 
or 20:2 were observed between gerbils on Diet 
2 and rats. When 14C.malony 1 CoA was used as 
substrate, little 14C_activity appeared in unsatu- 
rated fatty acids in either animal. No statis- 
tically significant differences were observed in 
any of the fatty acids when the amounts could 
be measured in both groups of animals. 
Although 14C_activity could not be detected in 
compounds of retention time greater than 18:2 
in rats, it could be detected in the same com- 
pounds in the gerbil experiments. 

DISCUSSION 

The main finding of interest in the studies is 
the incorporation of 14C from acetate and 
acetyl CoA into A9,12 18:2 and A l l , 1 4  20:2 
in the gerbil. This incorporation represented a 
relatively large part of the total incorporation 
although the absolute amount may not be con- 
sidered quantitatively significant. The incorpo- 

ration of 14C into A9,12 18:2 is interesting in 
view of the well-known fact that linoleic acid is 
a dietary essential fatty acid for mammals. 
Though 14 C was incorporated into a fatty acid 
which was isolated in pure form and the 
activity shown to be associated with a com- 
pound having the structure of A9,12 18:2, no 
evidence was obtained that this represented net 
synthesis. It is possible that the 14 C w a s  incor- 
porated by an exchange of carbons 1 and 2 of 
enzyme-bound linoleate with 14C-acetyl CoA, 
although elongation of some shorter chain pre- 
cursors by a labeled acetate unit could not be 
excluded (16). In the laying hen, Reiser et al. 
(17,18) showed that cis-2-octenoic acid-l-14C 
was converted to labeled linoleic acid appearing 
in eggs, but Brenner et al. (19) found no evi- 
dence for this conversion in fat-deficient rats. 
That there are certain shorter chain compounds 
which the rat can convert to linoleic acid was 
shown by studies of Klenk (20) and of Sprecher 
(21) in which feeding fat-deficient rats A7,10 
16:2 resulted in appreciable conversion to lin- 
oleate and long chain metabolites of the linoleic 
acid family. However, we have no evidence that 
A7,10 16:2 was present in the diet or in the 
mammary gland of the gerbil. The presence of 
14C-activity in the A9,12 isomer of the 18:2 in 
these studies is in sharp contrast to our findings 
with rat liver microsomes incubated with 14 C_ 
acetyl CoA in which the 14C 18:2 isolated was 
proven to be the A6,9 isomer formed by elon- 
g a t i o n  o f  a 16-carbon intermediate with 
1-14C-acetyl CoA (22). The largest amount of  
radioactivity accumulated in 18:2 when 14C- 
acetate was the substrate, although the data did 
not prove statistically significant (Table I, Diet 
1). The reason for this is not known, but it may 
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be concerned with  the slower rate at which 
acetyl  CoA became available when acetate was 
the labeled substrate. When 14C-acetyl CoA 
was the labeled substrate furnished it might 
h a v e  been ut i l ized immedia te ly  for o ther  
react ions (for example,  fo rmat ion  of  20:2 from 
18:2), leaving relatively smaller quant i t ies  for 
incorpora t ion  into 18:2. 

The elongat ion of  l inoleate to A11,14 20:2 
has been repor ted  previously in liver and 
adrenal tissue (23,24).  In our  exper iment  the 
relative amount  of  14C from acetyl  CoA incor- 
pora ted  into the A l l , 1 4  20:2 was unusually 
large and apparent ly  was inf luenced by the 
large amount  of  l inoleic acid in the tissue. Much 
less act ivi ty was incorpora ted  in the experi- 
ments  using mammary  gland of  rats maintained 
on rat chow and in mammary  gland of  gerbils 
maintained on guinea pig chow plus oats (but 
wi thou t  linoleic acid). In fact,  there were no 
differences in incorpora t ion  into 18: 2 and 20:2 
be tween  the two lat ter  groups. Apparent ly ,  the 
amount  of  dietary l inoleic acid and hence the 
amoun t  of this material  in the homogena te  was 
the dominat ing  fac tor  in the fate of  the 14C- 
acetate  or 14C_acety 1 CoA substrate. In homo-  
genates made f rom rats or f rom gerbils on Diet 
2 the amount  of  A9,12 18:2 was less than in 
gerbils on Diet 1, which included sunflower 
seed. Al though the amount  of  dietary linoleic 
acid appears to play the dominant  role in the 
incorpora t ion  of  14C into 18:2 and 20:2,  a dif- 
ference due to species was not  comple te ly  ruled 
out  by our exper iments .  It becomes  necessary, 
therefore ,  to compare  the rat with the gerbil 
wi th  the two animals on a similar diet,  at least 
wi th  respect to dietary intake of  fat. Studies of  
this type  have been hindered by lack of  a 
suitable adequate  purified diet for the gerbil 
which will allow breeding and adequate  lac- 
ta t ion,  but  there are now some reports  of ex- 
per iments  in which purified diets have been fed 
to gerbils (6,25). 

It has been suggested (26) that  in the pres- 
ence of  fa t ty  acids, such as occur  in a living 
system, the pa thway of l inoleic acid conversion 
to arachidonic th rough A6,9,12 18:3 as an in- 
te rmedia te  wi th  subsequent  e longat ion to 20 
carbons may be preferred over that  in which 
there  is first an e longat ion to A11,14 20:2 with 
subsequent  desaturat ion.  This is based primari ly 
on findings using liver microsomes.  In our ex- 
per iments  labeled 18:3 f rom 18:2 could not  
have been observed since labeled l inoleic acid 
was not  used. However ,  only  traces of  18:3 
were observed in the GLC of the homogena te  
fa t ty  acids f rom all animals. Fu r the rmore ,  rela- 
t ively small amounts  of  14C were present in 
peaks o f ' r e t en t ion  t ime  equivalent  to 20:3,  the 

product  of e longat ion of  1 8 : 3  by a 2 - c a r b o n  
unit.  This would  mean that  in the exper iments  
with gerbils on Diet 1 either the elongat ion of  
18:2 by acetyl  CoA represents a preferred path- 
way over the desaturat ion of  18:2 to 18:3 or 
that  it is p redominant  over the elongation of 
18:3 to 20:3.  

The use of  14C-malonyl  CoA as substrate 
resulted in most  of the label appearing in 14:0 
and 16:0 under  all condi t ions  used and with 
bo th  gerbil and rat. The mechanism of the in- 
corpora t ion  apparent ly  was different  f rom that  
of  the substrates acetate  and acetyl  CoA. It is 
possible that  the malonyl  CoA was uti l ized pre- 
dominant ly  by the supernatant  and the o ther  
substrates by the subcellular particles of the 
homogenate ,  
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Peroxidation of Microsomal Membrane 
Protein-Lipid Complexes 
EDWARD J. VICTORIA 1 and ALBERT A. BARBER, Department of Zoology, 
University of California, Los Angeles, California 90024 

ABSTRACT 

Nonenzymatic lipid peroxidation was 
studied using the TBA test on rat liver 
microsomal fractions, lipid micelles and 
s t r u c t u r a l  protein-lipid micelle com- 
plexes. The kinetics, response to divalent 
cations, and iron-ascorbate catalysis were 
alike in the microsomal fraction and in 
the complex,  but different in lipid 
micelles. The structural protein repre- 
sented 41% of the total membrane pro- 
tein, had a S20,obs of 3.5 and was hydro- 
phobic. The binding of lipid micelles by 
structural protein proceeded in two steps, 
with an initial fast rate followed by a 
slower rate. The binding appeared to in- 
volve a hyrophobic association between 
lipid and protein as evidenced by insensi- 
tivity to pH, ionic strength and lack of 
preference for the individual classes of 
p h o s p h o l i p i d  micelles. Deoxycholate 
caused an increase in the initial peroxi- 
dation rate in microsomal fractions. Iron 
and ascorbate catalyzed lipid peroxi- 
dation in both the microsomal fraction 
and in the complex. Iron catalyzed lipid 
peroxidation but calcium, cobalt and 
copper inhibited the reaction in the SP- 
lipid micelle complex. Lipid peroxidation 
in microsomal suspensions, therefore, 
appears to be determined, in part, by the 
hydrophobic nature of the protein-lipid 
association found in membranes. 

INTRODUCTION 

The lipid peroxidation reaction in tissue 
homogenates  has been shown to proceed 
enzymatically (1) or nonenzymatically (2). The 
reaction in pure lipids differs in several ways 
from that in homogenates including the kinetics 
and specificity of metal catalysis (2,3). These 
differences appear to be due, at least in part, to 
the association of protein with the lipid in 
tissue homogenates. 

A membrane protein fraction has been iso- 
lated from beef heart mitochondria which, 
becaus~ of its noncatalytic nature and relative 
abundance, has been termed structural protein 

Ipresent address: Department of Biochemistry, 
University of Utrecht, Utrecht. the Netherlands. 

(SP) (4). Similar proteins have been isolated 
from several membrane sources (5). These pro- 
teins bind to a wide variety of substances, in- 
cluding micellar lipid (6). In this study, the 
SP-lipid micelle complex was selected as a 
model system for examining the differences in 
lipid peroxidation noted between pure lipids 
and tissue homogenates. Lipids and SP were iso- 
lated from the rat liver microsomal fraction. 
The kinetic behavior, response to divalent 
cations, and iron-ascorbate catalysis were com- 
pared in pure lipid micelles, SP-lipid micelle 
complexes and microsomal fractions. 

MATERIALS AND METHODS 

Preparative Procedures 

The livers from 6 month old male Sprague- 
Dawley rats were rapidly removed following 
s t u n n i n g ,  decapitation and exsanguination. 
They were pooled and homogenized in 0.15 M 
NaCI, 0.01 M phosphate, pH 7.0 buffer and 
diluted (1:5 w/v). The homogenate was centri- 
fuged at 1000 x g for l0 min. Supernatants 
were pooled and centrifuged at 10,000 x g for 
15 rain. Supernatants were again pooled and 
centrifuged at 105,000 x g for 90 min. These 
final pellets were used, without washing, as the 
microsomal fraction. 

Structural protein was prepared by the pro- 
cedures of Richardson et al. (6) and of Criddle 
and Fish (7). 

Microsomal lipids were prepared by ex- 
tracting with chloroform-methanol (2: 1) by the 
method of Folch et al. (8). The solvent was 
removed under nitrogen at 0 C in a modified 
v a c u u m  microdist i l lat ion apparatus. Lipid 
extracts were stored in the dark at -20 C. 

Lip id  mice l l e s  were prepared by the 
b u t a n o l - c h o l a t e  method of Fleischer and 
Klouwen (9). Particulate lipid was removed by 
centrifugation at 81,000 x g for 30 rain. 

Structural Protein-Lipid Micelle Interaction 

The extent of protein-lipid association was 
determined by measuring the amount of phos- 
phorus bound by SP following incubation with 
lipid micelles in a Dubnoff metabolic shaker at 
37 C. After incubation in 0.001 M EDTA. 0.2 
M Tris-acetate, pH 8.0, buffer the protein-lipid 
mixture was centrifuged at 1000 x g for 10 
min. Structural protein and associated lipid 
sedimented readily while lipid which did not 
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TABLE I TABLE II 

Amino Acid Composition of Microsomal 
Structural Protein a 

gmoles amino acid 
Amino acid b per 100 mg protein 

Lysine 49 
Histidine 18 
Ammonia (amide NH2) 74 
Arginine 38 
Aspartic acid 67 
Threonine 40 
Serine 45 
Glutamic acid 72 
Proline 40 
Glycine 48 
Alanine 51 
Half-cystine 8 
Valine 50 
Methionine 17 
Isoleucine 36 
Leucine 80 
Tyrosine 31 
Phenylalanine 42 

aResults are based on analysis of two separate SP 
preparations hydrolyzed in vacuum for 22 hr at 110 C 
in concentrated HC1. 

bTryptophan was not determined. 

bind to  the  pro te in  remained  in the super- 
natant .  Af te r  washing and recentr i fuging,  the  
pellets were ashed and their  phospho rus  con- 
tent  de te rmined  (6). 

Analytical Methods 

Sed imenta t ion  coeff ic ients  were measured in 
the Beckman Model  E analytical  u l t racentr i fuge 
as descr ibed by Criddle et al. (4). SP was 
solubilized by a modi f ica t ion  of publ ished pro-  
cedures (4,7) and the solut ion was concen t ra t ed  
to  1% by dialysis against po lyvinylpyrro l idone .  
Single sector  a luminum centerpiece  cells or 
double  sector  epoxy  centerpiece  cells were 
used. The amino acid compos i t ions  of two  SP 
prepara t ions  were de te rmined  in the Beckman 
Amino Acid Analyzer  Model  120 C. 

T h e  t h i n  layer ch romatograph ic  (TLC) 
analysis of  lipid classes was done  as descr ibed 
by De Bohner  et al. (10). Ten to  50 ~tliters of  
ch lo ro form containing the  sample at a concen-  
t ra t ion of  0.1% to 1.0% were applied to the  
plate wi th  a microsyringe.  The lipid classes were 
visualized using 0.5% 12 in ch lo ro form and 
ident i f ied  by use of  TLC s tandards  as well as by 
compar ison  with publ ished results.  

DEAE co lumn ch roma tog raphy  of  lipids was 
carried out  as described by Rouser  et al. (11). 
The f low rate was 15 ml /min .  The polar lipid 
f r a c t i o n s  ob ta ined  were evaporated,  unde r  
vacuum, to 50 ml using a rotary  evaporator  
equipped  wi th  a con t inuous  addi t ion adapter  

Chemical Analysis of the Microsomal Fraction 

Material analyzed /~g/mg protein a 

Total lipid 389 
Total phosphorus 23.3 
Lipid phosphorus 15.4 
Total phospholipid b 370 
Total iron 1.25 

aThere were 109 mg protein/g microsomal pellet 
(wet weight). 

bBased on the assumption that the average 
molecular weight was 745 and that the average 
phosphorus content of the phospholipid was 4.2%. 

and a gas line for  the bubbl ing of  ni t rogen.  The 
last 50 ml of  the sample were evaporated in the  
modi f ied  microdis t i l la t ion apparatus.  Phospho-  
lipid classes were checked for  pur i ty  by TLC 
and s tored at -20 C. 

Gas liquid ch roma tography  (GLC) was used 
for analysis of  fa t ty  acids. Lipid f rac t ions  were 
saponif ied in methanol ic  KOH with  hydro-  
qu inone  as an t iox idan t  (12). Af ter  ex t rac t ion ,  
the fa t ty  acids were esterif ied with BF 3- 
me thano l  (13).  Samples were dissolved in GLC 
quali ty hexane  to fo rm a 0.1-2.0% solut ion and 
analyzed in a Hewlet t -Packard F & M 402 gas 
c h r o m a t o g r a p h .  I so thermal  separat ion was 
carried out  at 185 C. Fa t ty  acids were identi-  
fied using NIH-type  fa t ty  acid s tandard  kits 
(14) and by compar i son  with publ ished results. 

TABLE III 

Fatty Acid Composition of Microsomal Total 
Lipid and Phospholipid Fractions a 

Fatty acid TL b PC b PE b PI b 

14:0 0.6 0.6 0.5 1~ 
15:0 0.5 0.9 1.0 0.9 
16:0 26.8 31.0 25.8 24.2 
16" 1 2.4 2.9 2 . 9  3.0 
17:0 0.3 0.2 0.5 0.3 
18:0 23.8 23.6 30.8 28.4 
18:1 10.0 9.5 7.8 9.9 
18:2 12.9 12.2 7.8 11.3 
20:3 0.3 0.3 0.3 0.4 
20:4 17.7 15.1 17.7 16.5 
22:5 0.5 . . . . . . . . .  
22:6 4.3 3.7 4.9 4.0 
SA b 52,0 56.3 60.6 54.8 
UA b 48.1 43.7 39.4 45.1 
MUFA b 12.4 12.4 8.7 12.9 
PUFA b 35.7 31.3 30.7 32.2 

aValues are given in mole percentages. 
bAbbreviations: TL, total lipid fraction; PC, 

phosphatidyl choline; PE, phosphatidyl ethanolamine; 
PI, phosphatidyl inositol; SA, total saturated acids: 
UA, total unsaturated acids; MUFA, total 
monounsaturated acids; PUFA, total polyunsaturated 
acids. 
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FIG 1. Binding of microsomal lipid micelles by structural protein. A suspension of 13 ml of SP 
containing 5 mg protcin/ml was incubated at 37 C with 13 ml of lipid micelles containing 100//g P/ml 
and 13 ml of 0.005 M dithiothreitol. Reactants were in 0.001 M EDTA, 0.02 M Tris-acetate, pH 8.0 
buffer. At the indicated times, 3 ml aiiquots were removed and bound lipid determined. A, denotes an 
initial binding rate of 0.605 p.g P/rain per mg SP, and B, indicates a subsequent steady binding rate of 
0.042 pg P/rain per mg SP. Values are the means of triplicate samples. 

Area m e a s u r e m e n t s  were done  by mul t ip ly ing  
peak height  by wid th  at half  height .  

Chemical Methods 

Prote in  was d e t e r m i n e d  by the  m e t h o d  of  
Lowry et al. (15)  wi th  bovine  serum a l bum i n  as 
the  s tandard .  Iron was measured  using a modif i -  
ca t ion  of  the o - p h e n a n t h r o l i n e  m e t h o d  de- 
s c r i b e d  by Sandcll  (16) .  Phosphorus  was 
measured  using a mod i f i ca t ion  of  the  m e t h o d  
of Youngburg  and  Y o u n g b u r g  (17) .  Samples  
were ashed in acid rasing a sand ba th .  Color  was 
read at 600 m# wi th  KH2PO 4 as the s t andard .  

Lipid pe rox ida t i on  was measured  by the  thio-  
ba rb i tu r i c  acid (TBA)  tes t  as descr ibed by 
Barber  (2). TBA values arc repor ted  d i rec t ly  as 
opt ica l  dens i ty  at 530 m/a. 

R ESU LTS 

Analysis of Microsomal Structural Protein 

The s t ruc tura l  p ro te in  isolated f rom the  
mic rosomal  f rac t ion  rep resen ted  41% of  the 
to ta l  m e m b r a n e  pro te in .  It had an average phos-  
p h o r u s  c o n t e n t  of  0.5 /ag/mg and iron c o n t e n t  
of  1.0/ . lg/mg. S e d i m e n t a t i o n  studies on  two  SP 

TABLE IV 

Structural Protein Binding of Micelles From Separate Phospholipid Classes a 

Phospholipid bound 
(,ug P/rag SP) 

Phospholipid added 
I'hospholipid class (,up P/mg SP) 3 mln 90 min 

Phosphatidyl choline 35 5.6 17.1 
Phosphatidyl ethanolamine 35 5. l 15.1 
Phosphatidyl inositol 35 6. l 16.4 

aAn SP suspension containing 2 mg protein/ml was incubated at 37 C with equal 
volumes of lipid micelles at 70 big P/ml and of 0.005 M DTT. Reactants were in 0.001 M 
EDTA, 0.02 M Tris-acetate buffer, pH 8.0. 
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FIG. 2. Lipid peroxidation in microsomal sus- 
pensions and SP-lipid micelle complexes. The micro- 
somal suspension, contained 1.5 mg protein, 1.9 /Jg 
bound iron, and 23.1 pg lipid phosphorus. The SP- 
-lipid mieelle complex contained 1.7 mg SP and 23.3 
big lipid phosphorus; 0.035 mg ascorbic acid was added 
to each vessel and the final incubation mixture was 4 
ml. Reactants were in 0.15 M NaC1, 0.01 M phosphate 
buffer, pH 7.0. Five micrograms of iron was added to 
vessels containing the SP-micelle complex. Values are 
the means of duplicate samples, e----e, complex; o----O, 
microsomal fraction. 

preparations indicated a single schlieren peak 
with a sedimentation coefficient (S2o,obs .) of 
3.5. Asymmetry of the schlieren pattern indi- 
cated heterogeneity. The amino acid compo- 
sition of the structural protein fraction indi- 
cates an average hydrophobicity,  as defined by 
Bigelow (18), of 1153 cal/residue (Table I). 

Analysis of the Microsomal Lipid Fraction 

The phospholipids comprised 95% of the 
total microsomal lipids (Table II). The relative 
distribution of phospholipids, determined as 
per cent total phosphorus in TLC eluates, was 
the following: PC, 64%; PE, 24%; PI, 12%. The 
main microsomal saturated fatty acids were 
16:0 and 18:0. Together they comprised about 
51% of the fatty acids present (Table Ill). 
Arachidonate (20:4) was the most prevalent 
polyunsaturated fatty acid. 

The micellar lipid solutions obtained were 
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FIG. 3. Peroxidation in lipid micelles. Micelles 
were dialyzed vs. 0.15 M NaC1, 0.01 M phosphate 
buffer, pH 7.0. A lipid micelle solution containing 16 
pg P was incubated at 37 C with 0.035 mg ascorbic 
acid and 8/Jg iron. Final incubation mixture was 4 ml. 

faintly opalescent and contained an average of 
280 /~g P/ml. The phospholipid composition of 
the micellar solution, as determined by TLC, 
was identical to that of the microsomal lipid 
extract used to form the micelles. Thus, no 
lipid class was preferentially micellized. 

Binding of Microsomal Micellar Lipid by 
Structural Protein 

Incubation of microsomal lipid micelles with 
SP resulted in an initial rapid rate of binding 
followed by a slower rate which lasted at least 4 
hr (Fig. i). Total amount of lipid bound at 3 
and 90 min was similar for the three micro- 
somal phospholipid classes tested (Table IV). 
Optimal binding occurred in the pH range of 
7.0 to 8.0. After the SP-lipid micelle complex 
was formed, no dissociation of the complex 
occurred following incubation at pH 5.0 to 9,0 
or in 1 MKC1. 

Lipid Peroxidation Studies 

Time Course o f  the Reac t i on .  The lipid per- 
oxidation reactions in microsomal f~actions, 
lipid micelles and the SP-lipid micelle com-  
plexes were compared. The results for the 
microsomal fraction and the SP-lipid micelle 
complex indicate that lipid peroxidation pro- 
ceeded gradually with an initial rapid reaction 
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FIG. 4. Effect of deoxycholate on microsomal 
lipid peroxidation. A microsomal suspension con- 
taining 0.40 mg protein was incubated at 37 C with 
0.070 mg ascorbic acid and 0.750 mg sodium dcoxy- 
cholate. Final incubation volume was 4 ml. All 
reactants were in 0.15 M NaCI, 0.01 M 0hosphate 
buffer, pH 7.0. ~-----o, control;/r  ...... L,, Doe. 

rate fol lowed by a slower rate (Fig. 2). How- 
e v e r ,  t h e  r eac t i on  in lipid micelles was 
ex t remely  rapid (Fig. 3). The TBA color 
i m m e d i a t e l y  fol lowing the addi t ion of all 
reactants  to micellar preparat ions was com- 
parable to that achieved only after incubat ion 
of  the microsomal  fraction SP-lipid micelle 
complex.  No TBA color was present prior to 
the addit ion of iron. The t ime course of  the 
lipid peroxidat ion  react ion was altered by the 
addi t ion of deoxychola te  ( D O e ) ,  a membrane  
solubilizing agent (Fig. 4). D o e  greatly en- 
hanced the initial peroxida t ion  rate. A slight 
increase in the extent  of  peroxidat ion  was also 
noted.  

Ef fec t  o f  Divalent Cations. In the SP-lipid 
micelle complex ,  iron-ascorbate catalyzed lipid 
peroxidat ion  was inhibited by the addi t ion of  
Ca ++ , Co ++ and enhanced by the further  
addi t ion of  iron (Table V). The degree of  in- 
hibi t ion was greatest with Cu ++ and least with 
Ca ++ . 

Ef fec t  of" Ascorbic Acid.  Lipid peroxida t ion  
in the microsomal  fract ion and in the SP-lipid 
micelle complex  was catalyzed by ascorbic acid. 
Increased amounts  of  ascorbic acid increased 
peroxidat ion  in both systems (Fig. 5 and 6). 
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FIG. 5. Effect of ascorbic acid concentration on 
microsomal lipid peroxidation. A microsomal sus- 
pension, containing 1.50 mg protein, was incubated at 
37 C in 0.15 M NaCI, 0.01 M phosphate buffer, pH 
7.0. Incubation mixture was 4 ml. Ascorbic acid added 
was 17.5/.tg ...... , and 280/.tg - - - per vessel. Values 
ate the means of duplicate samples. 

The addi t ion of  ascorbic acid to the lipid 
micelle system had no effect.  

DISCUSSION 

Analysis of Microsomal Lipids 

The  results presented confirm that the 
microsomal  fract ion is rich in lipid and contains 
95% phospholipid and 5% cholesterol.  The 
major phosphol ipid  groups were phosphat idyl  
c h o l i n e ,  p h o s p h a t i d y l  e thanolamine and 
phosphat idyl  inositol,  as reported by others 
(19). The microsomal  fat ty acid composi t ion 
reported here is also in general agreement with 
published results (19,20). Of special signifi- 
cance to this investigation was the high content  
(36%) of  polyunsatura ted  acids found in the 
microsomal  fract ion,  particularly those with the 
1-4, polyene structural feature.  These are the 
fat ty acids most susceptible to pcroxidat ion 
(21). 

Chromatographic  analysis of  lipid micelle 
components  indicated that there was no prefer- 
ential micel l izat ion of  any microsomal  phos- 
pholipid group. The same conclusion has been 
arrived at on the basis of  micel le-DEAE binding 
studies (22). This result could be expected since 
the fat ty  acids of  all the phospholipid fractions 
have a comparable  degree of  unsaturation.  

Analysis of Structural Protein 

The protein isolated in the present study ful- 
filled the criteria commonly  used to indicate 
structural protein.  The protein fraction was 
insoluble over the broad pH range of 2 to 1 I. 

LIPIDS, VOL. 4, NO. 6 



LIPID PEROX1DAT1ON 587 

TABLE V 

Effect of Divalent Cations on Iron-Ascorbate 
Catalyzed Lipid Peroxidation in the 

SP-Lipid Micelle Complex a 

LO0 

08C 

Cation added O'D'530 o6c 

None 0.350 to 1.4 X 10 "1 #moles Fe ++ 0.440 c~ 
5 X 10 -3 #moles Ca ++ 0.160 0 040 
5 X 10 -3 #moles Co ++ 0.100 
5 X 10 -3 #moles Cu ++ 0.080 

aA suspension of SP-lipid micelle complex 
containing 2 mg SP at 21.3/rig P/rag SP was incubated 
at 37 C in 0.15 M NaC1, 0.01 M phosphate buffer, pH 
7.0, with 0.070 mg ascorbic acid, 3.6 X 10 -2 b/moles 
iron, and the divalent cations indicated. Incubation 
volume was 4 ml. 

The amino acid composition indicated an 
average hydrophobicity of 1153 cal/residue 
which places it in the top 20% of the over 150 
proteins studied (18). Recent evidence suggests 
that structural protein is not homogeneous but 
actually represents a group of closely related 
proteins (19). 

Structural proteins bind a variety of bio- 
chemical species (5). The binding can be either 
primarily electrostatic or hydrophobic. It is 
believed, however, that SP binding to lipid is 
primarily hydrophobic (24). The liver micro- 
somal SP prepared in this study bound about 
45% lipid by weight. This is a higher value than 
reported for mitochondrial SP (24). The evi- 
dence presented is consistent with the idea that 
the SP-lipid micelle interaction is mainly hydro- 
phobic. This is indicated by insensitivity to pH 
and ionic strength and by the non-specificity of 
SP binding to different phospholipid fractions. 
The .microsomal phospholipids isolated can be 
classified as neutral zwitterionic, mildly acidic 
and acidic (PC, PE and PI, respectively). The 
fact that there was no preferential SP binding 
to any of the three species suggests that the 
hydrocarbon, rather than the polar moiety of 
the phospholipid molecule, is involved in the 
binding. Similar findings have been reported in 
the literature using other systems (24). The 
binding reaction proceeded with kinetics similar 
to that observed in the interaction of mito- 
chondrial SP with lipid micelles (6) and of ace- 
t o n e - e x t r a c t e d  mitochondria with lecithin 
micelles (25). 

Lipid Peroxiflation Studies 

The lipid peroxidation reactions in micro- 
somes and in the SP-lipid micelle complex are 
similar but different in micelles. A quantitative 
kinetic analysis of the reactions is not possible 
now since all three systems contain mixed 
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FIG. 6. Effect of ascorbic acid concentration on 
lipid peroxidation in the SP-lipid micclle complex. A 
suspension of SP-lipid micelle complex containing 4 
mg SP at 6 pg lipid P/rag SP was incubated at 37 C in 
0.15 M NaCI, 0.01 M phosphate buffer, pH 7.0. Eight 
pg of iron was added. Total incubation volume was 4 
ml. The ascorbic acid added was 17.5//g . . . . .  , 35 pg 
- - -, and 70/Jg ....... per vessel. Values are the means of 
duplicate samples. 

tipids. Some progress has been made, however, 
in the kinetic analysis of the autoxidation of 
single pure fatty acids (26). The similarity 
between the microsomal and the SP-lipid com- 
p l e x  has i m p l i c a t i o n s  to cytomembrane 
structure and suggests that, in the membrane, 
lipid and protein may be associated as in the 
SP-lipid complex. It is proposed that the nature 
of lipid peroxidation kinetics in microsomes is a 
consequence of the mode of lipid protein 
association. The catalytic action of deoxy- 
cholate on microsomal lipid peroxidation sug- 
gests that the lipid-protein membrane structure 
is disrupted in such a way that peroxidation can 
proceed more rapidly. DOC is known to rup- 
ture hydrophobic bonds and thus it is likely 
that its action results in a rapid unmasking of 
the peroxidizing sites. A previous study has 
reported fatty acid binding with several pro- 
teins, including serum albumin, gelatin, oval- 
bumin and diluted horse serum (3). Although 
binding increased the amount of lipid peroxi- 
dation, no effect on the rate of the reaction was 
noted. The fact that SP does have an effect on 
lipid peroxidation kinetics that other proteins 
do not, suggests a very specific role for SP in 
the structural arrangement of lipid in the mem- 
brane. 

The effect of divalent cations on lipid per- 
oxidation in pure lipid systems differs from 
that seen in tissue homogenates (26,27). Where- 
as cobalt, copper and calcium catalyze peroxi- 
dation in pure lipids, they inhibit peroxidation 
in tissue homogenates and microsomal frac- 
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t i ons .  T h e  SP-l ipid mi ce l l e  c o m p l e x  s h o w s  t h e  
s a m e  r e s p o n s e  as t i s sue  h o m o g e n a t e s .  T h i s  evi- 
d e n c e  a lso  s u g g e s t s  t h a t  t h e  SP-l ipid c o m p l e x  is 
s imi l a r  to  t h e  c y t o m e m b r a n e  s y s t e m  f o u n d  in  
t h e  m i c r o s o m a l  f r a c t i o n .  

A s c o r b a t e - i r o n  c a t a l y s i s  h a s  b e e n  p r o p o s e d  
as t h e  n o r m a l  n o n e n z y m a t i c  m e c h a n i s m  fo r  
l ip id  p e r o x i d a t i o n  in  t i s sue  h o m o g e n a t e s  a n d  
m i c r o s o m a l  f r a c t i o n s  (2) .  A s c o r b i c  ac id  a lso 
s t i m u l a t e s  i r o n - c a t a l y z e d  l ipid p e r o x i d a t i o n  in 
t h e  SP-l ip id  c o m p l e x  s y s t e m .  

I t  t h e r e f o r e  a p p e a r s ,  o n  t h e  bas i s  o f  t h e  evi- 
d e n c e  p r e s e n t e d ,  t h a t  a n  in v i t ro  l ip id  p e r o x i -  
d a t i o n  s y s t e m  h a s  b e e n  d e v e l o p e d  w h i c h  c lose ly  
r e s e m b l e s  t h a t  o f  t h e  o r ig ina l  i n t a c t  c y t o m e m -  
b r a n e  s y s t e m .  It is l ike ly  t h a t  m a n y  o t h e r  
r e a c t i o n s  o f  c y t o m e m b r a n e s  can  be  p r o f i t a b l y  
s t u d i e d  u s i n g  t h i s  s a m e  s y s t e m .  
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Biosynthesis of Glycolipids: Incorporation of N-Acetyl 
Galactosamine by a Rat Brain Particulate Preparation I 

SHIZUO HANDA 2 and ROBERT M. BURTON, Department of Pharmacology 
and Beaumont-May Institute of Neurology, Washington University 
School of Medicine, St. Louis, Missouri 63110 

ABSTRACT 

A m i x t u r e  of UDP-(N-acetyl)glu- 
cosamine-114 C and Ul)P-(N-acetyl)galac- 
tosamine-114C (7:3) served as a substrate 
to demonstrate in young rat brain tissue 
the presence of enzymes which catalyzes 
the reactions:  UDP-glcNAc ~ UDP- 
galNAc (E.C.5.1.3) and UDP-galNAc + 
gal-glc-cer ~ galNAc-gal-glc-cer + UDP. 
The glycolipid acceptor specificity was 
examined and preliminary kinetic data 
were obtained for the UDP-(N-acetyl)ga- 
lac tosamine:  gal-glc-ceramidc N-acetyl 
galactosamine transferase. The products 
of the reaction were identified. The 
relationship of this reaction to ganglioside 
biosynthesis is discussed. 

INTRODUCTION 

Gangliosidcs are a family of sphingosine 
glycolipids which contain N-acetyl neuraminic 
acid (1-5). [The abbreviated nomenclature 
employed for the glycolipids has been described 
in detail (13)] The major gangliosides possess a 
common neuraminic acid-free unit consisting of 
sphingosine, fatty acid (85-95% as stearic acid), 
glucose, galactose and N-acetyl galactosamine in 
a molar ratio of 1:1:1:2:1. One or more 
neuraminic acids are attached to this unit in 
forming the complete molecule. The structure 
of a typical dineuraminyl ganglioside is as 
f o l l o w s :  ( N - a c e t y l ) n e u r a m i n y l - ( 2 ~ 3 ) -  
ga lac t  osy 1( 1 -+ 3)- (N-a  c e t yl)galactosaminyl- 
( 1 - - , 4 ) -  [ ( N - a c e t y l ) n e u r a m i n y l - ( 2 ~ 3 ) l -  
galactosyl-(l~4)-glucosyl ceramide (2-7). 

Burton et al. (8) have suggested two possible 
routes for the biosynthesis of gangliosides. One 
route is the stepwise addition of monosac- 
cha r i de  u n i t s  f rom sugar-nucleotides to 
ceramide or sphingosine acceptors. The other 
route is the transfer of an oligosaccharide 
moiety from a nucleotide to the sphingosine 
containing acceptor. A combination of both 

l A preliminary report of this work has been 
presented orally at the Federation of American 
Societies for Experimental Biology in 1966 (41). 

2Fulbright Scholar from Japan. Present address: 
Department of Biochemistry, Faculty of Medicine, 
University of Tokyo, Bunkyo-ku, Tokyo, Japan. 

pathways may exist. Evidence in support of the 
stepwise formation of gangliosides is being 
accumulated by in vitro experirnents in this and 
other laboratories. 

Korey et al (9) and Suzuki (10,1 1)reported 
the incorporation of 14C-glucose into ganglio- 
sides by a rat brain preparation. Kanfer et al. 
(12) have shown the incorporation of 14C-N- 
acetyl neuraminic acid from CMP-neuNAc 
into gangliosides. Basu et al. (14) reported the 
biosynthes is  of neuNAc-gal-glc-cer by an 
N-acetyl neuraminyl transferase obtained from 
the brain of chicken embryo. A similar enzyme 
which catalizes thc transfer of neuNAc from 
CMP-neuNAc to a tetrahexosyl ceramide to 
form gal-galNAc-(ncuNAc)gal-glc-cer has been 
described by Arce et al. (15). In addition, Basu 
et aJ. (16) and Kaufman et al. ( 1 7 ) h a v e  
reported the presence of a galactosyl transferase 
which converts galNAc-(neuNAc)gal-glc-cer to 
gal-galNAc-(neuNAc)gal-glc-cer and Steigerwald 
et al. (18) presented evidence for the formation 
of galNAc-(neuNAc)gal-glc-cer by N-acetyl- 
galactosamine transferase from the brain of 
chicken embryo using neuNAc-gal-glc-cer as 
acceptor. 

llexosamines were used in the prescnt study, 
because previous in vivo experiments (19) 
showed that ] 4C_hexosamin e was incorporated 
almost exclusively into the hexosamine and 
N-acetyl neuraminic acid moieties of ganglio- 
sides, whereas glucose and galactose were 
incorporated into sphingosine and fatty acids as 
well as sugar moieties. We wish to report the 
incorporation of 14C-hexosamine from UDP- 
(N-acetyl)hexosaminc-14C to form galNAc- 
gal-glc-cer, a possible intermediate in ganglio- 
side biosynthesis, by a cell-free preparation of 
rat brain. This enzyme preparation contains 
U DP-(N-a c e t y l ) g l u c o s a m i n e - 4 ' - e p i m e r a s e  
(E.C.5.1.3) activity which permits the ready 
formation of UDP-galNAc. 

MATERIALS AND METHODS 

UDP-(N-acetyl)hexosamineA 4C was pre- 
pared in vivo according to Molnar et al. (20) 
and O'Brien and Neufeld (21). Rat livers (six 
rats) were removed 15 rain after the intra- 
peritoneal injection of 1-14C-glucosamine (New 
E n g l a n d  N u c l e a r  Corp . ,  8.7 and  9.7 
mc/mmole). Nucleotides were extracted from 
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T A B L E  I T A B L E  II 

Ac t iv i ty  of  UDP-(N-ace ty l )g lucosamine-4 ' - ep imerase  
in Rat  Brain Part icles  a 

N-acety l  
T ime  g lucosamine  f o r m e d  Per cent  
min.  # m o l e s  convers ion  

0 0 0 
30 29 .0  27.6 
60 47.5 45.2 

aThe i ncuba t ion  m e d i u m  con ta ined  a ra t  brain par- 
t ic le  f rac t ion  (6 mg p ro te in ) ,  1.05 x 10 -4 M UDP-gat- 
NAc,  3 x 10"3M MgC12, 2 x lO-4M EDTA,  2 x 10 -4 M 
NAD, 5 x 10 -2 M g lyc ine-NaOH pH 9 . 0 i n a t o t a l v o l -  
ume  of  1.0 ml. Af te r  the i n c u b a t i o n  at  37 C, a l iquo t s  
were r e m o v e d  and h y d r o l y z e d  w i t h  0.1 N hyd roch lo r i c  
acid at  100 C for  20 min.  The a l iquo t s  were  neu t r a l i zed  
and the  increase in ace ty l -hexosamine  color  due to  the 
f o r m a t i o n  of  N-acetyl  g lucosamine ,  was d e t e r m i n e d  by 
the m e t h o d  of  Reissig et  al. (32).  

D i s t r ibu t ion  of  U D P - h e x N A c : g l y c o l i p i d  
N - a c e t y l h e x o s a m i n e  Transferase  Ac t iv i ty  in 

Rat  Brain Subcel lu lar  Part icles  a 

Subce l lu la r  pa r t i cu la te  14C-N-acetyl  h e x o s a m i n e  
f r ac t ion  incorpora ted ,  #MKH 

H, t o t a l  h o m o g e n a t e  6.7 
R 1, cell  debris  f r ac t ion  6.5 
R 2, nuc le i  f rac t ion  3.3 
R3, n i t o c h o n d r i a  f r ac t ion  7.0 
R4, m i c r o s o m e  f rac t ion  7.2 
S, s u p e r n a t a n t  f rac t ion  0 

aThe i ncuba t ion  m e d i u m  con ta ined  5 x 10 -2 M po- 
t a s s ium phospha t e  buffer  pH 7.6, 5 x 10 .3 M MnSO4,  
500 /dg of  gal-glc-cer, $ m g  of  Tr i ton  X-100. UDP-(N- 
a c e t y l ) h e x o s a m i n e - 1 4 C  (1 X 105 cpm;  0.2/d.moles) and 
ra t  bra in  par t ic les  (6 mg of p ro te in )  in a t o t a l  vo lume  
of  1 ml. Subce l lu la r  pa r t i cu la te  f rac t ions  were p repared  
by  the  p rocedu re  of  Brody and  Bain (28).  

these livers by homogenizing (Waring blendor) 
in ice-cold 10% trichloroacetic acid. After 
removal of the precipitate by centrifugation 
and combining the supernatant fluids from the 
extract and one wash of the precipitate with 
cold trichloroacetic acid (550 ml total volume) 
the trichloroacetic acid was removed from the 
supernatant by parti t ioning with diethyl ether 
(100 ml, five times). The ether in the aqueous 
supernatant was removed by flushing with 
nitrogen. The nucleotides were adsorbed on 
Darco-G-60 (13 g), the Darco collected in a 
Buchner funnel. The Darco was washed in 
0.001 N HC1 (100 ml), and eluted with 50% 
aqueous ethanol containing 0.1% of  concen- 
trated ammonium hydroxide (500 ml, 200 ml) 
by the batch-wise procedure. The eluate was at 
pH 7.2. The nucleotides were precipitated by 
adding 25% barium acetate (100 ml) and 1200 
ml of cold absolute ethanol. After standing for 
16 hr at -20 C, the cotton-like precipitate was 
collected by centrifugation in a refrigerated 
Lourdes centrifuge. The supernatant was dis- 
carded and the precipitate dissolved in water 
(30 ml). The barium was removed with sodium 
sulfate (5 ml of 0.1 M), the precipitate washed 
w i t h  water (10 ml) and the supernatant 
lyophilized. The lyophil ized nucleotides were 
dissolved in 2 ml of water and streaked on a full 
sheet of 3 MM-Whatman filter paper. Appro- 
priate standards were placed on each end and in 
the middle of the paper, to identify the 
nucleotide bands after ascending chromato- 
graphing for 21 hr in a 1:5 mixture of  1 M 
ammonium acetate and absolute ethanol. The 
nucleotide areas were located by visualization 
under ultraviolet light (2600 A). One narrow 
strip of the chromatogram was scanned for 
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radioactivity by the Vanguard strip counter. 
The UDP-hexosamine band was cut out  of the 
chromatogram and eluted with water by the 
Markham technique. The eluate was lyophilized 
to reduce the volume, dissolved in 2 mt of 
water and Darco-G-60 (200 rag) was added, 
collected by centrifugation and washed with 
0.001 N HC1 (5 ml), and eluted with 50% 
aqueous ethanol containing 0.3% ammonium 
hydroxide (2 ml, twice). The eluates were com- 
bined, lyophilized, and stored in sealed vials at 
-20 C until used. 

A mixture of UDP-(N-acetyl)glucosamine 
and UDP-(N-acetyl)galactosamine was obtained 
in a ratio of glcNAc to galNAc of approxi- 
mately 7 to 3. UDP-(N-acetyl)galactosamine, 
prepared according to Glaser (22) was a gift 
from L. Glaser, Washington University Medical 
School, St. Louis. Specific activity of 14C- 
UDP-hexNAc was approximately 0.3/ac//~mole. 
Glycolipids: cerebroside (gal-cer) from beef 
brain, gal-glc-cer (23) and galNAc-gal-gal-glc-cer 
(24) from human red blood cells, neuNGly-gal- 
g l c - c e r  f r o m  horse red blood cells (25) 
neuNGly-neuNGly-gal -g lc-cer  from cat red 
blood cells (26) and ceramide-oligosaccharides 
obtained by the partial hydrolysis of galNAc- 
g a l - g a l - g l c - c e r  (27) were the gift of T. 
Yamakawa, University of Tokyo. Ceramide 
oligosaccharides also were prepared from beef 
brain gangliosides by mild acid hydrolysis, i.e., 
0.1 N sulfuric acid at 80 C for 1 hr, followed by 
0.1 N hydrochloric acid at 100 C for 1 hr, and 
then purified by silicic acid column chroma- 
tography. The rats (Sprague-Dawley strain from 
Holtzman Co.) were 12 to 15 day old males, 
since the biosynthesis of  gangliosides in vivo is 
most active in young rats (19). 
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FIG. l. Effect of enzyme protein concentration on the incorporation of UDP-fN-acetyl)- 

hexosamine into the glycolipid product. The experimental details are described in Table II, except that 
the protein concentration was altered as noted. Open and closed circles represent two different 
experiments. 

EXPERIMENTAL PROCEDURES 

Rat brains were homogenized with 4 vol of 
0.25 M sucrose and separated into subcellular 
f r a c t i o n s  by d i f f e r e n t i a l  centrifugation 
according to Brody and Bain (28). As shown in 
the Results section and Table II, the mito- 
chondrial (R a) and microsomal (R4)fract ions  
were the most active and therefore were used in 
most experiments. 

The composition of the basal incubation 
medium is given in the legend of Table II. The 
glycolipids in chloroform-methanol solution 
were added to empty test tubes as measured 
volumes. The organic solvent was removed by 
nitrogen and the detergent in aqueous solution 
was added. Vigorous vibration with the Vortex 
m i x e r  and  gentle warming when needed 
resulted in a smooth colloid which could be 
dispersed in the final aqueous solution. The 
enzyme preparation was always added last to 
start the reaction. After the incubation period 
at 37 C (3 hr), the reaction was stopped by the 
addition of 20 vol of chloroform-methanol (2:1 
v/v). The lipids were partitioned by Folch's 
method (29). Radioactivity in the organic phase 
(lower) was determined in a Packard Tri-Carb 
liquid scintillation spectrometer. In general, the 
aqueous phase (upper) had only negligible 

radioactivity after dialysis. In this procedure, 
the gangliosides are largely contained in the 
aqueous phases, while the organic phase con- 
tained the non-acidic glycolipids, including the 
product, galNAc-gal-glc-cer. 

In some experiments (Fig. 4) the radio- 
activity of the glycolipid product was deter- 
mined by the procedure of Goldfine (30). The 
reaction mixture was placed on filter paper, 
d r i e d  and washed with ice-cold 10% tri- 
chloroacetic acid for 30 min. A 10 min rinse of 
the filter paper in ice-cold trichloroacetic and 
two washes in ice water were used. After 
drying, the radioactivity was first measured in a , 
Beckman LS-133 liquid scintillation spectro- 
meter. After the filter paper was removed from 
the counting vial, it was extracted with chloro- 
form-methanol (2:1) for  2 hr in a Soxhlet 
apparatus. The radioactivity was determined for 
a second time. The difference between the first 
and second radioactivity measurements indicate 
radioactivity of the glycolipid product. 

Enzyme activities are reported as moles of 
substrate reacted or product formed per kilo- 
gram protein per hou r  (MKH) under defined 
conditions. Protein was estimated by the pro- 
cedure of Lowry et al. (31). N-acetyl glu- 
cosamine was measured by the procedure of 
Reissig et al. (32). 

LIPIDS, VOL. 4, NO. 6 
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FIG 2. Effect of time on the incorporation of UDP-(N-acetyl) hexosamine into the glycolipid 
product. The experimental details are described in Table II, except that the time interval of incubation 
was altered as indicated. 

RESULTS 

UDP-(N-Acetyl )  Glucosamine-4'-E pimerase 
(E.C.5.1.3.)  Activity 

Because the substrate used was a mixture of 
UDP-(N-acetyl)glucosamineJ4C and UDP-(N- 
acetyl)galactosamineJ 4C, it was necessary to be 
sure that the rat brain particles contained 
U D P - g l c N A c - 4 ' - e p i m e r a s e  ac t i v i t y .  The 
epimerase activity was assayed according to the 
procedure of Glaser (22) and, as shown in Table 
I, rat brain particles do contain UDP-(N- 
acetyl)glucosamine-4'-epimerase. The epimerase 
activity of the young rat brain particles was 
estimated to be 50 mMKH. 

Distribution of UDP-hexNAc:  Glycolipid 
N-Acetylhexosamine Transferase Activity 
in Subcellular Particles 

Subcellular particles prepared by t h e  pro- 
cedure of Brody and Bain (28) were examined 
for  U D P - h e x N A c : g l y c o l i p i d  ( N - a c e t y l )  
h e x o s a m i n e  transferase activity. The data 
reported in Table II show that all of the 
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p a r t i c l e s  c o n t a i n  e n z y m e  activity. The 
mitochondrial (R3) and microsomal (R4) frac- 
tions contained most of the enzyme activity. 
However, their specific enzyme activity was not 
m u c h  g r e a t e r  t h a n  t h a t  of  the initial 
homogenate, suggesting that either the enzyme 
is labile and partially inactivated during the iso- 
lating of the particles or that an essential com- 
ponent of the enzyme is lost during the sub- 
cellular fractionations. Experiments proved that 
the  latter possibility is not true because 
recombining the subcellular fractions resulted 
only in an additive increase in transferase 
activity. The particulate nature of the enzyme 
was demonstrated by the total lack of activity 
in the supernatant fraction. 

Using the basal incubation system with dif- 
f e r e n t  a m o u n t s  of enzyme protein, the 
incorporation of 14C.N_acetyl hexosamine into 
the glycolipid was proportional to the protein 
concentration (Fig. 1). Figure 2 indicates that 
the incorporation of the radioactivity increases 
with time up to 14 hr, the longest time interval 
examined. 
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The Effect of Various Incubation Conditions 
on the Enzyme Activity 

The i n c o r p o r a t i o n  of  N-acetyl  h e x o s a m i n e  ~ 
i n t o  the  glycol ipid was increased by  the  
add i t i on  of  de tergents .  T r i t on  X-100 was the  a, 
mos t  ef fec t ive  a m o n g  the  de te rgen t s  t e s ted  and  
it increased the  i n c o r p o r a t i o n  a b o u t  1.8-fold. 
The  de te rgen t s  examined  showed the  fo l lowing  
order  o f  decreasing act ivi ty:  Tr i ton  X-100,  
Tween-40 ,  Cu t scum,  BRIJ-96 ,  Tween-20  and  
Tween  80. ~ ~, 

Divalent  ca t ions  increased the  act ivi ty  o f  the  ~ 
U D P - h e x N A c : g l y c o l i p i d  t ransferase  sys tem.  ~ ' ~  
M a n g a n e s e  ions were mos t  effect ive wi th  ,~ 
magnes ium ions being on ly  80% effective.  

Effect of Substrate Concentrations on the 
UDP-HexNAc: Glycolipid N-Acetyl Hexosamine 
Transferase Activity 

The da ta  p resen ted  in Figure 3 show an  in- 
crease in t ransferase  act ivi ty  wi th  increas ing 
U D P - h e x N A c  c o n c e n t r a t i o n .  L inear i ty  of  the  
L ineweaver -Burk  plot  is s h o w n  in the  inser t  of  
Figure 3. Since the  UDP-galNAc-4 ' -ep imerase  is 
p resen t  in excess, the  UDP-galNAc to UDP- 
glcNAc ra t io  mus t  be m a i n t a i n e d  at equil i-  
b r ium.  Thus  the  c o n c e n t r a t i o n s  of  UDP-galNAc 
in the  r eac t ions  mix tu r e  can be e s t ima ted  and  a 
first a p p r o x i m a t i o n  of  the  K m for  UDP-galNAc 
can be es t imated .  This  e s t ima ted  K m is 1.2 x 
10 -4 M. The  nuc leo t ide  p r o d u c t  of the  t rans-  
ferase r eac t ion  was s h o w n  to be UDP by  
m e a s u r e m e n t s  w i t h  p y r u v i c  acid kinase 
(E .C.2 .7 ,1 .40)  and  p h o s p h o e n o l  pyruva te .  

The  lipid acceptor ,  gal-glc-cer, was e m p l o y e d  
in the  s tudy  p resen ted  in Figure 4A. It m ay  be 

0.4 

0 2  / .  , , 

o.I  / I 2 
L's 

o'., o'z ' o%x o-'M 
SUBSTRATE CONCENTRATION AS 

UDP- (N-acetyl) hexosamine- 14C 

I, 

~xlO 4 

FIG. 3. Effect of UDP-(N-acetyl)hexosamine con- 
centration on incorporation into the glycofipid prod- 
uct. The experimental details are described in Table II 
and the text, except that the UDP-hexNAc-14C con - 
centration was altered as noted. Results are reported 
as total //moles incorporated hexNAc. The insert is a 
plot of the data according to Lineweaver-Burk (42). 

"seen t h a t  greater  e n z y m e  act ivi ty  was o b t a i n e d  
wi th  gal-glc-ceramide t h a n  wi th  neuNgly-gal-  
g l c - ce ramide .  The L ineweaver -Burk  plot  is 
s h o w n  in the  inser t  to  Figure  4A. Figure  4B is a 
p h o t o g r a p h  of a th in  layer c h r o m a t o g r a m  
which  shows t h a t  gal-glc-cer did no t  con ta in  
neuNgly-gal-glc-cer and  t h a t  the  neuNgly-gal-  
glc-cer was free of  gal-glc-cer. 

TABLE III 

Lipid Acceptor Specificity of the Rat Brain UDP-hexNAc:glycolipid Transferase a 

Source of 14C-N-acetyl hexosamine 
glycolipid Glycolipid acceptor used incorporated, #MKH 

Bovine brain gal-cer b 11.1 
Gangliosides glc-cer c 10.5 
Globoside glc-cer b 8.8 
Ganglioside gal-glc-cer c 11.3 
Globoside gal-glc-cer b 12.8 
Globoside gal-gal-glc-cer b 2.8 
Gangliosides galNAc-gal-glc-cer c 3.5 
Gangliosides gal-galNAc-gal-glc-cer c 3.5 
Globoside galNAc-gal-gal-glc-cer b 2.4 
Horse red blood cells neuNGly-gal-glc-cer b 1.6 
Cat red blood ceils neuNGly-neuNGly-gal-glc-cer b 2.3 

alncubation conditions are described in the Experimental section and legend to Table II, 
All glycolipid acceptors were at concentrations of 500 #g/ml. After incubation, glycolipids 
were extracted with chloroform-methanol (2:1 v/v) and chromatographed on paper  with 
0.1% sodium tetraborate. The spot at the origin was cut out and its r~dioactivity determined. 

bThe fatty acid is primarily 24:0. 
CThe fatty acid is primarily 18:0. 

LIPIDS,  VOL.  4, NO. 6 
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FIG. 4A. Effect of gal-glc-ceramide concentration on N-acetyl hexosamine incorporation into the 
glycolipid product. The experimental details are described in Table II and the text, except that the 
glycolipid acceptor concentration was altered as noted, 6.5 x 10 -3 M UDP-hexNAc was used, and 1 x 
10 -4 M MgC12 replaced the MnC12. Results are reported as total//moles hexNAc incorporated. The 
insert is a plot of the data according to Lineweaver-Burk (42). 

Glycolipid Acceptor Specificity 

As shown in Table III, the glycolipid 
acceptors which contain one or two hexose 
moieties are better acceptors than the gtyco- 
lipids which have three or more sugar residues. 
In addition, both of the neuraminic acid con- 
taining glycolipids studied had low activity at 
the concentration employed. Thus gal-glc-cer is 
the best acceptor studied being over sixfold 
more active than neuNGly-gal-glc-cer. 

Since brain gangliosides mainly contain 18:0 
fatty acids, it was of considerable interest to 
know whether the chain length of the fatty acid 
residues affected the ability of the glycolipids 
to serve as N-acetyl hexosamine acceptors. The 
glycolipids prepared from animal red blood 
cells and the cerebrosides from brain have 
longer fatty acids, centered around 24:0, than 
those prepared from brain gangliosides. From 
the data presented in Table III, it may be seen 
that the size of the fatty acid residue was 
without significant effect on the incorporation 
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of radioactive N-acetyl hexosamine using either 
glc-gal-cer or glc-cer as acceptors. 

The incorporation of N-acetyl hexosamine 
into the glycolipid was markedly reduced when 
high concentrations, i.e., 0.1-0.3 M, of sucrose, 
l a c t o s e ,  m a l t o s e ,  g l u c o s e ,  galactose, or 
galactosamine were added to the complete 
reaction mixture. However, at substrate concen- 
trations (3 x 10 -4 M), the reaction was not 
observed to be inhibited by these sugars. Since 
h igh  c o n c e n t r a t i o n s  of sucrose are used 
frequently in the preparation of subcellular 
particles, the sucrose inhibition can become a 
technica l  problem. Because of this, some 
particle preparations were washed in potassium 
phosphate buffer to reduce their sucrose con- 
tent. 

Identification of the Reaction Product 

The glycolipid formed during the incubation 
of reaction mixtures (essentially as described in 
Table II) was dissolved in chloroform-methanol 
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(2: 1) and washed with water. The washed lipids 
were chromatographed on a silicic acid column, 
being eluted with mixtures of chloroform- 
methanol as shown in Figure 5. Most of the 
radioactivity was e lu ted  in Fractions 7 and 8, 
the fractions which have been shown to contain 
galNAc-gal-glc-cer. 

Fractions 7 and 8 were combined and 
examined by thin layer chromatography (TLC) 
on silica gel plates using a solvent system of 
chloroform-methanol-water (65:25:4 v/v)as 
described by Wagner et al (33). The TLC plate 
was divided into eight areas and the radio- 
activity of each area determined by placing the 
silica gel directly in the scintillation fluid. As 
illustrated in Figure 6, the major radioactive 
p r o d u c t  chromatographed with the same 
mobility as the reference galNAc-gal-glc-cer. 
This radioactive glycolipid separated readily 
from related glycolipids such as gal-glc-cer and 
glc-cer (Fig. 6) and from the various ganglio- 
sides. 

The radioactive glycolipid product was dis- 
solved in methanol containing 4% anhydrous 
hydrogen chloride and heated at 85 C for 17 hr. 
The methyl esters were extracted with petro- 
leum ether and shown not to be radioactive. 
A f t e r  removal of the methyl esters, the 
methanol phase was separated into the sphingo- 
sine and methyl glycoside fractions by TLC 
(Silica gel, chloroform-methanol-2 N 
ammonium hydroxide, 40:10:1 v/v/v). The 
sphingosine so isolated was not radioactive. All 
of the radioactivity of the glycolipid was 
recovered in the area near the origin containing 
methyl glycosides. This radioactive glycoside 
reacted with ninhydrin indicating it to be a pri- 
mary amine. 

In another experiment, the glycolipid was 
hydrolyzed with 2 N hydrochloric acid at 100 
C for 3 hr. After hydrolysis, the carbohydrates 
were separated from the lipid moieties by 
partitioning between chloroform-methanol and 
water (29). The aqueous phase was concen- 
trated and chromatographed on Whatman No. 1 
filter paper (n-butanol-pyridine-water, 6:4:3 
v/v/v). The radioactivity was found to occur 
only in the galactosamine spot, which separated 
well from the hexoses. In addition, glucosamine 
was not present nor was any radioactivity 
found in the area where glucosamine would mi- 
grate. 

The results of these experiments are consis- 
tent with the interpretation that radioactive 
glycolipid product is galNAc-gal-glc-cer, in 
which the radioactivity resides solely in the 
galNAc moiety. 

FIG. 4B. Thin layer chromatogram of gal-glc-cer 
and neuNGly-gal-glc-cer. The glycolipids were ob- 
tained as described in Methods. Silica gel G plates 
(0.25 mm) were developed in chloroform-methanol- 
water, 65:25:4 v/v/v (33) and the glycolipids located 
with the anthrone-sulfuric acid spray. Lanes 1,5, gal- 
glc-cer; lanes 2,6, neuNGly-gal-glc-cer; Lane 3, brain 
cerebroside mixture; and Lane 4, galNAc-gal-gal-glc- 
cer. The light bands in Lanes 2 and 6 react with Bial s 
reagent. 

DISCUSSION 

The data presented indicate the incorpo- 
ration of hexosamine from UDP-(N-aeetyl)- 
hexosamine into a glycolipid by rat brain 
particles. This glycolipid has been identified as 
galNAc-gal-glc-cer by its mobilities on silicia 
acid columns and on thin layer chromatograms. 
Radioactivity was found exclusively in the 
g a l a c t o s a m i n e  moie ty  of the glycolipid. 
Although a mixture of UDP-(N-acetyl)galac- 
tosamine and UDP-(N-acetyl)glucosamine was 
used as the substrate, rat brain particulate frac- 
t i o n s  contain UDP-(N-acetyl)glucosamine-4'- 
epimerase activity in sufficient excess to main- 
tain the equilibrium mixture of the nucleotides 
as the  UDP-galNAc is used in glycolipid 
synthesis. 

The data presented in this paper, in addition 
to other experiments, are consistent with the 
following reaction sequence for ganglioside bio- 
synthesis in rat brain: 

(a) cer + UDP-glc -+ glc-cer + UDP 

(b) UDP-glc ~ UDPgal 

(c) glc-cer + UDP-gal -+ 
gal.glc-cer + UDP 

LIPIDS, VOL. 4, NO. 6 
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FIG. 5. Silicic acid column chromatography of the radioactive glycolipid product. The radioactive 
glycolipid product formed and isolated as described in Table II and the text was suspended in 
chloroform and chromatographed on 4 g of silicic acid by stepwise elution with 40 ml portions of 
chloroform-methanol mixtures. The solvent mixtures employed are shown in the figure. Reference 
glycolipids were chromatographed under similar conditions to relate specific glycolipids and their 
elution patterns. 

(d) UDP-glcNAc ~ UDP-galNAc 

(e) gal-glc-cer + UDP-galNAc -~ 
galNAc-gal-glc-cer + UDP 

(f) galNAc-gal-glc- 
cer + CMP-neuNAc 
galNAc-(neuNAc)gal-glc-cer + CMP 

(g) galNAc-(neuNAc)gal-glc- 
cer + UDP-gal 
gal-galNAc-(neuNAc)gal- 
glc-cer + UDP 

Reaction a has been demonstrated in chicken 
brain particles by Basu (34) and in rat brain 
particles in experiments in which UDP-glc was a 
better hexose donor than UDP-gal (Burton, un- 
p u b l i s h e d  da ta ) .  Experiments conducted 
essentially as described (37) and using rat brain 
particles heated to 52 C for 2 min to inactivate 
the UDP-glucose-4'-epimerase showed the for- 
mation of glc-cer. The two lipid acceptors 
s t u d i e d  were c e r a m i d e  (N-pal-sph) and 
sphingosine. BRIJ-96 was used to bring the 
lipid acceptors into the aqueous incubation 
mixture. UDP-glc donated glucose to ceramide 
at a rate four times greater than the endogenous 
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rate. No transfer of the glucose to sphingosine 
o c c u r r e d .  UDP-ga!  donated galactose to 
sphingosine at a rate 17 times greater than the 
endogenous rate. Ceramide was not an acceptor 
for galactose. The UDP-glc:ceramide glucosyl 
transferase was only aA as active as the UDP- 
gal:sphingosine galactosyl transferase. Reaction 
b has been shown by Maxwell et al. (35,36) and 
Burton et al. (37) to occur in rat brain and to 
be heat sensitive, a property which allowed the 
dissociation of reaction a and b. Reaction c has 
been demonstrated by Hauser (38) to occur in 
rat spleen, and Basu (34) has shown this 
galactosyl transferase to be present in chicken 
brain particles. This paper presents data which 
show that reactions d and e can occur. Kanfer 
et al. (12) have documented reaction f using rat 
kidney preparations, and their evidence also 
suggested the occurrence of reaction g. Basu et 
al. (16). have reported the presence of an 
enzyme which catalyzes reaction g in chicken 
embryo brain, and Yiamouyiannis and Dain 
(39) have found a similar enzyme in frog brain. 
It is pertinent to note that brain tissue from 
pa t i en t s  afflicted with infantile amaurotic 
familial idiocy accumulate galNAc-gal-glc-cer 
(40) as well as galNAc-(neuNAc)gal-glc-cer 
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(Tay-Sachs' ganglioside). 
The in vitro rate of synthesis of galNAc-gal- 

glc-cer is about 1.7 gMKH (wet weight tissue) 
under the conditions described. This rate is 
sufficient to supply this glycolipid as a possible 
precursor of gangliosides, which are accumu- 
lated in vivo at a rate of 1.5/JMKH (wet weight 
tissue) in 12- to 14-day-old rats (19). The rate 
of the UDP-glcNAc-4'-epimerase reaction (50 
mMKH) is more than sufficient to provide the 
UDP-galNAc needed. 

There is a difference in the results obtained 
by Steigerwald et al. (18) for the UDP-gal- 
NAc:glycolipid transferase in which the pre- 
ferred glycolipid substrate was neuNAc-gal-glc- 
ceramide and the results reported by Handa and 
Burton (41; this paper) in which the preferred 
glycolipid substrate appeared to be gal-glc- 
c e r a m i d e .  In experiments designed to be 
identical with those of Steigerwald et al. (18), it 
was observed that in fact, neuNAc-gal-glc- 
ceramide accepted approximately 10-fold more 
N-acetyl galactosamine than gal-glc-ceramide 
with chick embryo brain particles. Rat brain 
p a r t i c l e s  catalyzed a twofold increase in 
N - a c e t y l  g a l a c t o s a m i n e  incorporat ion by 
neuNAc-gal-glc-ceramide over that incorporated 
by gal-glc-ceramide at concentrations employed 
by Steigerwald et al. (18). Under the conditions 
used (i.e., lower glycolipid concentrations) to 
obtain the data presented in Table III, the gab 
glc-ceramide was always the better acceptor. 
The use of highly purified neuNAc-gal-glc- 
ceramide as described in Figure 4 resulted in 
negl ig ible  incorporation of N-acetyl galac- 
tosamine under conditions in which gal-glc- 
ceramide was an efficient acceptor. There 
appeared to be two possible factors involved in 
explaining the two sets of data, i.e., species dif- 
ference and the physical properties of the 
glycolipid acceptors. 

The glycolipids used in these experiments 
are only sparingly soluble in water; therefore, 
detergents were used to keep the glycolipids in 
water as colloids. The precise size and shape of  
the colloidal unit or micelle depends upon the 
s p e c i f i c  g l y c o l i p i d s  and the  detergent  
employed. These micelles must have the ter- 
minal galactose exposed sufficiently to allow 
reaction with the nucleotide substrate and the 
enzyme. The rate and extent of the N-acetyl 
g a l a c t o s a m i n e  t r a n s f e r a s e  a c t i v i t y  was 
dependent upon the detergent used and Triton 
X-100 was the most efficient. Some of our 
experiments suggest that the more polar glyco- 
lipid, neuNAc-gal-glc-ceramide, might function 
in vitro as a detergent to form a micellar 
solution of gal-glc-ceramide. 

Because the substrate for the N-acetyl 
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FIG. 6. Thin layer chromatography of the radio- 
active glycolipid product. The radioactive glycolipid 
isolated from a silicic acid column, as described in the 
legend to Figure 5,was chromatographed by TLC using 
silica gel (Absorbosil-1) and chloroform-methanol- 
water, 65:25:4 v/v/v (33). After development, the dry 
plates were exposed to iodine vapor to provide guide- 
lines for sectioning the glycolipid product tract. The 
silica gel in the eight subdivisions was removed and 
transferred to vials, 10 ml scintillation fluid (toluene, 
DPO, POPOP) was added, and the radioactivity 
measured in a Packard Tri-Carb liquid scintillation 
spectrometer. The glycolipid reference spots were 
detected by dichromic-sulfuric acid charring. 

galactosamine transferase reaction was present 
as micelles, the kinetics of the incorporation 
were impossible to interpret being dependent 
on the factors mentioned above. An estimated 
K m for these glycolipids acceptors has little 
meaning and probably will be different for dif- 
ferent detergents. Such experimental  problems 
have been encountered in other studies, for 
example, the synthesis of rhamnolipids which 
involved the substrate /3-hydroxydecanoyl-/3- 
hydroxydecanoic  acid; which probably exists as 
a miceUe since the reaction rate is independent 
o f  c o n c e n t r a t i o n  (43), and studies with 
palmitoyl-CoA which clearly form mieelles 
(44). 
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ABSTRACT 

Improved procedures for preparation 
of lipid extracts and determination of 
phospholipids by phosphorus analysis of 
spots separated by thin layer chromato- 
graphy (TLC) were employed to deter- 
mine the phospholipid class distributions 
of vertebrate (human, bovine, rat,  mouse, 
f r o g )  k idney,  liver and spleen. The 
absence of significant changes arising 
from postmortem enzymatic degradation 
was demonstrated by analysis of lipids of 
organs after standing for different times 
postmortem. Intraspecies variability was 
evaluated by separate analysis of several 
rat organs. Accuracy of analytical results 
was insured by demonstrating the absence 
of spot overlap by two-dimensional TLC 
and low values for standard deviations. 
The values for kidney and liver demon- 
strate tittle or no species variability, 
whereas values for spleen indicate two 
groups which differ in cellular compo- 
sition. The findings for kidney and liver 
are in keeping with data obtained from 
heart, skeletal muscle, lung and highly 
purified subcellular particulates which in- 
dicate that ,  among vertebrates, there is 
little or no species variability of phospho- 
lipid class distribution of  organs and most 
subcellular particulates. 

INTRODUCTION 

This report  is one of a series in which data 
are presented for species variations of animal 
cell membrane phospholipid class distribution 
as disclosed by analysis of whole organs and 
highly purified subcellular particulates. Data for 
kidney, liver and spleen are presented in this 
report.  Data for other organs and subcellular 
particulates are presented in other reports (1-5). 

MATERIALS AND METHODS 

Sampling Procedures 

Human organs, obtained as soon as possible, 
were frozen, then maintained at -20 or -70 C 
until extracted. Organs from other species were 
obtained immediately after death, then frozen, 

Ipermanent address: Department of Neurology, 
Presbyterian-St. Luke's Hospital, Chicago, Ill. 

and  m a i n t a i n e d  at -20C or -70C until 
extracted. Samples consisted of whole organs in 
the case of small animals (Wistar strain rats, 
Swiss white mice and the frog, Rana pipiens) 
and 10 or more portions of 1.0-20 g each 
removed from representative areas of the larger 
animal organs (human and bovine). All samples 
were first ground to a uniform paste by passage 
through a household type meat grinder (large 
animals) or a Potter-Elvehjem homogenizer 
(small animals). Three samples (100-500 mg) 
were taken for moisture determination by 
drying them to constant weight over potassium 
hydroxide pellets, and one or more additional 
a l i q u o t s  ( 1 - 1 0  g) were taken for lipid 
extraction. The remainder of each homogenate 
was preserved at -20 C or -70 C in plastic 
bottles. 

Lipid Extraction 

In all cases, extraction was accomplished 
after flushing with nitrogen by homogenization 
in a Wafing blender for 5 rain first with 20 vol 
of chloroform-methanol,  2:1, containing 1 mg 
of butylated hydroxy toluene (BHT) per liter 
of solvent. The suspension was filtered under 
slight vacuum through a medium porosity 
sintered glass filter under a nitrogen atmos- 
phere. The residue was reextracted three times 
(3 min each) with 10 vol each of chloroform- 
methanol,  2: 1, chloroform-methanol,  1:2, and 
f i n a l l y  chloroform-methanol,  7:1 saturated 
with ammonium hydroxide (28% by weight, 
freshly prepared) (6). The extracts were pooled 
and the solvent removed under vacuum, care 
being taken not to allow the temperature in the 
flask to rise above 15 C. Methanol and water 
were removed by repeated additions of chloro- 
form and evaporation to small volume. At no 
time were the solids taken to complete dryness 
(7,8). 

Following solvent evaporation, lipid was 
transferred to a Sephadex column in chloro- 
form-methanol,  19:1, saturated with water and 
the lipids separated from water soluble nonlipid 
c o n t a m i n a n t s  as previously described (9), 
except that the acetone wash of Sephadex was 
eliminated, the bed being washed instead by 
passing each of the elufing solvents through the 
bed twice in the same sequence used after 
sample application. The lipid in fraction 1 from 
Sephadex was dissolved in a known volume of 
chloroform-methanol,  9:1. Volumes above 3 ml 
were prepared in graduated cylinders. Solutions 
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of smaller volume were prepared in graduated, 
glass-stoppered 1 ml or 3 ml tubes with grad- 
uations to 0.02 ml (Owens-Illinois, Kimble 
Products Cat. No. 46365, Toledo, Ohio). The 
total  weight of lipid was determined by 
weighing an aliquot of the solution on a micro- 
balance (8). A 5-6 nag aluminum pan was 
heated for 3 rain at 60-80 C on a melting point 
block, cooled over potassium hydroxide pellets 
for 2 rain in a desiccator and transferred to a 
Cahn microbalance for zero adjustment. An ali- 
quot ( i  0-200/Jl) of solution was then transfer- 
red to the pan which was heated and cooled 
exactly as before and then weighed to +0.1/~g. 
Heating and cooling periods were carefully 
t imed with a stopwatch and reproduced to 
within 1 sec. 

Preparation of TLC Adsorbent 

Silica Gel H (Merck No. 7736, 180g)  was 
mixed with 20 g of magnesium silicate (Brite- 
sorb chromatographic grade; Chemical Spe- 
cialities Div., Amerace Corp., Tenafly, N.J.) and 
placed in a wide-mouth screw-cap jar of 2 liter 
capacity along with 80-90 porcelain grinding 
balls 0.5 in. in diameter (total weight about 
350 g) and heated at 120-150 C for 6 hr. Im- 
mediately upon removal from the oven, the 
bottle was tightly capped and cooled. The ad- 
sorbent was then placed on a ball mill and 
ground for about 2 hr at relatively slow speed. 

Preparation of TLC Plates 

Glass plates (20 x 20 cm) were first washed 
in detergent, rinsed with distilled water, air 
dried and then, immediately before spreading, 
washed with a stream of chloroform from a 
plastic wash bottle and air dried. A slurry of 
adsorbent (20 g) in about 65 ml of 0.01 M 
potassium hydroxide was spread (Desaga 0.25 
mm fixed distance spreader) over the surface of 
five clean glass plates. 

After  spreading, plates were stored in air 
tight chambers until  used. Immediately before 
use, plates were heated at 100-120 C for 30 min 
and  transferred to a humidity controlled 
chamber (constructed of clear plastic supported 
on a metal frame) where they were cooled and 
spot ted in a nitrogen atmosphere. The water 
content of nitrogen inside the chamber was 
maintained at the desired level by mixing the 
required amount of dry nitrogen with nitrogen 
saturated with water by bubbling through a 
water tower heated electrically at the base. 
Relative humidity,  usually below 60% (range 
40-70%) was read from a small meter placed 
inside the spotting chamber. 

Spotting and Chromatographic Development 

The TLC chamber (10 3/4 x 2 3/4 in. x 10 
1/2 in. high) was prepared for chromatography 
at the time that heat activation of the plate was 
begun. The chamber was lined on all sides with 
Whatman 3 MM paper, about 200 ml of the 
desired solvent was added, and the liner was 
saturated with solvent by tilting the covered 
chamber first to one side and then the other. 
Sample (200-2000 /~g) was spotted from a 
microsyringe (10-50 /~1 capacity) as an over- 
lapping row of small spots forming a rectangle 
about 1 mm wide and 10 mm long. The plate 
was then transferred to a clear plastic box (only 
slightly larger than the TLC plate) to minimize 
gain or loss of water, carried to the TLC 
chamber, and placed in the chamber as rapidly 
as possible to avoid extensive loss of solvent 
vapor from the chamber. After development in 
the first dimension, the plate was dried for 10 
min in a TLC chamber flushed with dry nitro- 
gen and then placed in the second developing 
solvent. The completed chromatogram was air- 
dried and sprayed evenly (moderately fine 
spray) with a mixture of 3 vol of 37% formalde- 
hyde solution plus 97 vol of 98% sulfuric acid 
to the first appearance of wetness of the 
adsorbent. The chromatogram was transferred 
to a forced-draft oven with a glass observation 
panel in the door and heated at 180 C for 30 
min. Color changes were observed during the 
first few minutes. Almost immediately choles- 
terol gave a reddish spot that turned black; 
glycolipids, after a short time, gave purple spots 
which then turned black, whereas phospho- 
lipids charred directly to black spots. 

TLC Solvent Systems 

Three systems were routinely employed for 
separation of the polar lipids (phospholipids 
and glycolipids). These were two-dimensional 
development  with chloroform-methanol-28% 
a q u e o u s  ammonia ,  65:25:5,  followed by 
chloroform-acetone-methanol-acetic acid-water, 
3:4:1 : 1:0.5, the same solvents employed in the 
proport ions 65:35:5 and 5:2:1:1:0.5,  respec- 
tively (10), and chloroform-methanol-water,  
65:25:4,  followed by 1-butanol-acetic acid- 
water, 3:1:1 (10). 

Column Chromatography and Characterization 
of Lipids 

D EAE cellulose column chromatography 
(6,8) followed by two-dimensional TLC were 
employed to determine the extent  of spot over- 
lap of components separated by TLC only. 
L ip id  classes were characterized by spray 
reagents (ninhydrin and colors produced during 
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TABLE IlI 

Spleen Phospholipids of Various Species a 
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Rat Mouse Human d Bovine 
Species 

Sample No. 1 2 3 4 5 6 7 
No. Animals (3) (1) (1) (1) (12) (1) (1) 

H20 , % 76.23 77.64 77.71 75.38 78.61 76.40 77.0 
Lipid b, % 2.76 1.40 2.16 2.18 2.27 3.99 5.0@ 
Lipid pc 2.31 2.65 2.57 2,68 1,88 1.98 0.50 

No. determinations 7 4 4 4 8 8 8 
Phosphatidyl 41.9 41.5 41.9 42.3 41.5 41.2 36.0 

choline +--0.4 +--0.3 +-0,2 +1.5 +1.4 -+0.2 
Phosphatidyl 23.9 24.6 23.9 23.7 24.9 24.5 24.5 
ethanolamine -+0.9 -+0.2 -+0.1 -+1.1 -+0.6 -+0.2 +-0.2 

Phosphatidyl 8.3 7.4 8.4 7.9 7.9 8.3 12.0 
serine +0.2 +-0.3 -+0.1 +-0.2 -+0.1 +d).3 :h0.2 

Phosphatidyl 5.0 5.8 5.6 5.7 5.8 4.4 4.3 
inositol -+0.1 +0.3 +--0. I -+0.1 -+0.2 -+0.2 :b0.2 

Phosphatidic 0.4 O. 1 0.7 0,6 0.2 0.2 0.6 
acid +-0.2 +-+-+-+-+-+-+-+-+-+- 0.1 +-0.2 +0.2 -+0.1 +-0,1 :k0.2 

Diphosphatidyl 1.7 2.5 2,1 1.9 2.0 1.0 0.3 
glycerol +--0.2 -+0.1 -+0.2 +-0.2 +--0.2 -+0.1 :h). 1 

Phosphatidyl 2.2 0.1 0.5 0.3 0.3 0.3 ND 
glycerol 5:0.3 -+0.1 +--0.2 -+0.1 4-0.2 -0.1 

Lysobisphosphatidic 0.5 Trace 0.7 0.5 0.7 0.3 ND 
acid -+0.2 +0,3 +0.0 -+0.2 -+0.1 

Lysophosphatidyl 1.2 1,2 1.5 1.6 1.5 1.5 0.8 
choline +-0.1 +--0.2 -+0.2 -+0.1 +-0.2 -+0.2 +-0.4 

Lysophosphatidyl ND ND ND ND ND ND 0.3 
ethanolamine +-0,1 

Sphingomyelin 7.3 6.4 6.4 6.4 6.6 12.8 14.5 
+-0.2 +-0.3 --+0.2 +-0.2 -+0.3 +-0.4 -+0.3 

Sum 92.4 89.6 91.7 90.9 91.4 94.5 93.3 
P recovery, % 97.5 95.9 96.6 97.6 97.1 98.9 98.3 
Total unidentified 7.6 !0.4 8.3 9.1 8.6 5.5 6.7 

a,b,CAs for Table I. 
dObtained 1 3/4 hr post-mortem.  
eMote triglyceride was present in the sample. 

charr ing) ,  p h o s p h o r u s  analysis  (10) ,  ester  g roup  
d e t e r m i n a t i o n  (11) ,  c h r o m a t o g r a p h i c  mi-  
gra t ion ,  i den t i f i ca t ion  of  hydro lys i s  p r o d u c t s  
(6)  and  in f ra red  s p e c t r o p h o t o m e t r y  (6). 

Determination of Phosphorus After TLC 

The p r o c e d u r e  previously  descr ibed  (10)  and  
a more  sensi t ive m o d i f i c a t i o n  ( r e d u c t i o n  of  
reagent  vo lumes  to  one  th i rd  of  those  pre- 
viously descr ibed)  were used for  d e t e r m i n a t i o n  
of  p h o s p h o r u s  and  hence  t he  mola r  a m o u n t s  of  
phosphol ip ids .  

RESULTS 

Evaluation of Analytical Data 

T h e  p h o s p h o l i p i d  class d i s t r i b u t i o n  of  
k i d n e y  (Table  I), l iver (Table  II)  and  spleen 
(Table  I I I )  can be a l te red  by  p o s t m o r t e m  
e n z y m a t i c  degrada t ion .  We f o u n d  t h a t  values 

for  ra t  and  bov ine  k idney  did no t  change ap- 
prec iab ly  w h e n  organs  were  a l lowed to  s tand  at  
23 C for  5-8 hr .  The  values in  Table  I are t hus  
no t  a f fec ted  s ignif icant ly  by  such changes.  In  
con t ras t ,  liver phospho l ip ids  were f o u n d  to  
unde rgo  deg rada t ion  w i th  some  a l t e r a t ion  of  
p h o s p h o l i p i d  class d i s t r i bu t ion  wi th in  1 hr  (12).  
Since livers f rom species o t h e r  t h a n  m a n  were 
o b t a i n e d  immed ia t e ly ,  on ly  the  values for  
h u m a n  liver (Tab le  II)  are in some  er ror  f rom 
p o s t m o r t e m  degrada t ion .  U p o n  s tanding  at 
23 C, spleen p h o s p h o l i p i d s  were degraded less 
rap id ly  t h a n  liver bu t  more  rap id ly  t h a n  k idney .  
Thus ,  even the  values for  h u m a n  spleen (Tab le  
I I I )  were no t  apprec iab ly  a l te red  by  post -  
m o r t e m  changes .  

A l t e r a t i o n  of  l ipid class d i s t r i bu t i on  was 
observed  to  occu r  w h e n  l ipid ex t rac t s  were 
e v a p o r a t e d  c o m p l e t e l y  to  dryness  and  w h e n  
so lu t ions  w i t h o u t  an a n t i o x i d a n t  were a l lowed 
to  s tand (-20 C or  -70 C). Such  a l t e ra t ions  were 
p r even t ed  by  use of  the  solvent  r e p l a c e m e n t  

LIPIDS,  VOL.  4, NO. 6 
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FIG. 1. Map of spots obtained by TLC (600-800 pg 
of sample applied at the lower right side with chloro- 
form-methanol-28% aqueous ammonia, 65:25:5, fol- 
lowed by chloroform-acetone-methanol-acetic acid- 
water, 3:4:1 : 1:0.5. Excellent resolution of phospho- 
lipid classes is obtained with this system. Note by 
comparison with Fig. 2, for which the same solvents in 
different proportions were used for development, that 
increase of the amount of methanol or acetone causes 
a greater change in the migration of acidic phospho- 
lipids as compared to the nonacidic phospholipids. 
Abbreviations: LPL, less polar lipids (cholesterol, tri- 
~ yceride, etc.); LBPA, lysobisphosphatidic acid; FA, 

ee fatty acid; DPG, diphosphatidyl glycerol; PG, 
phosphatidyl glycerol; PE, phosphatidyl ethanolamine; 
LDPG, tysodiphosphatidyl glycerol sometimes seen in 
extracts of organs allowed to stand for several hours 
before extraction; PC, phosphatidyl choline; PA, phos- 
phatidic acid; PS, phosphatidyl serine; PI, phospha- 
tidyl inositol; LPE, lysophosphatidyl ethanolamine; 
Sph, sphingomyelin; LPC, lysophosphatidyl choline. 

procedure and weighing of an aliquot of a 
solution (described under Methods) and by 
addition of an antioxidant. BHT proved to be a 
convenient antioxidant since it is effective in 
small amount and most of it is lost during sol- 
vent evaporation, thus making careful addition 
of an exact amount unnecessary. 

The accuracy of  quantitative TLC deter- 
minations was judged in part by demonstration 
that each spot was produced only from the 
components indicated in Tables I-III. This was 
accomplished by two-dimensional TLC with 3 
different solvent pairs, with which relative mi- 
grations of the phospholipids are different, and 
by ion exchange cellulose column chromato- 
graphy which separates lipid classes in a charac- 
teristic manner that is different from TLC. Spot 
identifications in Figures 1-3 were supported by 
all TLC and column chromatographic findings. 
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FIG. 2. Map of spots obtained by TLC with the 
solvents used for Figure 1 but in the proportions 
65:35:5 and 5:2:1:1:0.5 for the first and second di- 
mensions, respectively. Sec Figure 1 for abbreviations 
and comments. 

Each spot showed the characteristic chromato- 
graphic migration of the substance designated 
and phosphorus determinations showed the 
spots after TLC with different systems to con- 
tain the expected amount of phosphorus. It was 
thus judged that spots shown in Figures 1-3 
were produced from the lipid classes shown and 
that the values in Tables I-III are for individual 
phospholipids classes. Reproducibility which 
also contributes to overall accuracy was demon- 
strated by satisfactory values for standard de- 
viations. 

Phosphorus recoveries with pure standards 
were 100% + 0.5-1.0%. The lower recoveries ob- 
tained with organ extracts (Tables I-III) were 
traced to the presence of uncharacterized sub- 
stances. Some of these substances occurred at 
very low level and thus could not be observed 
by TLC alone, although their presence was dis- 
closed by TLC of DEAE column fractions. 
Most of the uncharacterized phosphorus-con- 
taining substances were found in the last 
( a c i d i c )  fraction eluted with chloroform- 
methanol 2:1 made 0.1 N in potassium acetate 
and containing 20 ml of 28% aqueous ammonia 
per liter. Fortunately, these uncharacterized 
components were separable by two-dimensional 
TLC from the lipid classes shown in Tables 
I-III. Some areas of chromatograms, although 
devoid of spots, were taken for analysis. Other 
areas devoid of spots and not analyzed also con- 
tained phosphorus and thus, total phosphorus 
recovery was less than 100%. 
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FIG. 3. Map of spots obtained by TLC with chloro- 
form-methanol-water,  65:25:4, followed by 
1-butanol-acetic acid-water, 3:1:1. Sce Figure 1 for 
abbreviations and comments. 

Variations in Phospholipid Class Distribution 
Within One Species and Among Different Vertebrates 

Rat kidney was investigated for variations 
within a species (Table 1). The data for differ- 
ent animals are similar, but some biological vari- 
ability is evident. The variability within one 
species is of the same order as that observed for 
different species of vertebrates. 

Some biological variability is apparent 
(Table II) for rat liver phospholipid class distri- 
bution which is clearly not methodological 
error as shown by the three separate analyses of 
one sample (4-6, Table II). Differences among 
the various vertebrate species are similar to 
those obtained for rat livers. 

The data for rat spleens (analyses 1-4, Table 
III) indicate little variability within one species. 
The values for the other species fall into two 
groups, i.e., those with sphingomyelin levels of 
about 6.7% and 13.6%, respectively, although 
the values for phospholipids other than diphos- 
phatidyl glycerol are closely similar (see Discus- 
sion). 

followed by determination of phosphorus con- 
tent of spots is a relatively rapid procedure 
which providcs accurate values. Satisfactory 
s e p a r a t i o n s  are no t  o b t a i n e d  by one- 
dimensional TLC, and DEAE column chro- 
matography followed by TLC is more time- 
consuming. The latter procedure is, however, 
excellent for demonstration of the number of 
lipid classes represented by each spot obtained 
by d i r e c t  two-dimensional TLC of lipid 
extracts. 

The kidney, like lung, heart and skeletal 
muscle in particular, is an organ that performs 
the same function in various vertebrate species 
and is also relatively stable to change of its 
p h o s p h o l i p i d  composition by postmortem 
enzymatic degradation. It is thus an organ with 
which species variations in phospholipid class 
distribution can be determined with relative 
ease. The close similarity of kidney phospho- 
lipid values for all species corroborates the con- 
clusion that, among vertebrates, neither the 
relative proportions of different membranes of 
organs nor the phospholipid composition of the 
individual types of membrane varies appre- 
ciably (1-5). Data for liver lead to similar con- 
clusions. Spleen is an organ that is not present 
in some species (e,g., frog). Also, hematopoiesis 
takes place in the spleen in some species. The 
differences in sphingomyelin values for the 
smaller and larger species of animals may be 
explained by this difference. The level of di- 
phosphatidyl glycerol is much lower in human 
and bovine spleens. In most organs, diphospha- 
tidyl glycerol is present only in mitochondria 
which contain little or no sphingomyelin (13). 
A lower level of diphosphatidyl glycerol and a 
higher level of sphingomyelin thus indicate a 
small contribution of mitochondrial lipid to the 
phospholipid composition of human and bovine 
spleens. 
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DISCUSSION 

Factors affecting phospholipid class distri- 
butions were evaluated in the present study. 
These  included alteration by postmortem 
enzymatic degradation, methods of preparing 
lipid extracts for analysis, accuracy and repro- 
ducibility of analytical methods and deter- 
mination of intra- as well as interspecies 
variability. Separation by two-dimensional TLC 
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Species Variations in Phospholipid Class Distribution of Organs: 
II. Heart and Skeletal Muscle 
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Chicago, Illinois 60612 and GEORGE ROUSER, Section of Lipid Research, 
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ABSTRACT 

Total lipid, lipid phosphorus and phos- 
pholipid class distribution were deter- 
mined for heart and skeletal muscles from 
five vertebrates (human, bovine, rat, 
mouse and frog) and skeletal muscles 
from four invertebrates (lobster, abalone, 
scallop and sea urchin). The precision of 
the analytical method [separation by 
two-dimensional thin layer chromato- 
graphy (TLC) and phosphorus analysis of 
spots] was demonstrated by small values 
for standard deviations. Accuracy of spot 
identification and analytical values was 
insured by comparison with results ob- 
tained by TLC of triethylaminoethyl cel- 
lulose column chromatographic fractions. 
Values for total lipid, total phospholipid 
and phospholipid class distribution of 
heart and skeletal muscles from the five 
vertebrate species showed essentially the 
same variability observed for the same 
organ from different animals of one 
species (rat). The data indicate that, 
among vertebrates, there is little or no 
variability for phospholipid class distri- 
bution in muscle membranes in agree- 
ment with data for other organs and sub- 
cellular particulates presented in other 
repor t s .  Invertebrate skeletal muscles 
were found to differ qualitatively and/or 
quantitatively from those of vertebrates. 
In one species (sea urchin), ceramide 
phosphorylethanolamine was the only 
sphingolipid, sphingomyelin characteristic 
of vertebrates being absent. In two 
species (abalone and scallop) ceramide 
aminoethylphosphonate was present and 
s p h i n g o m y e l i n  was absent. In one 
(lobster), sphingomyelin was the only 
sphingolipid. Quantitatively, higher levels 
of sphingolipid and phosphatidyl serine 
and lower levels of phosphatidyl inositol 
were f o u n d  in invertebrate skeletal 
muscle. The significance of the data is dis- 
cussed in relation to subcellular particu- 
late lipid class composition. 

INTRODUCTION 

This report is one of a series in which data 
are presented for species variation of animal cell 

membrane phospholipid class distribution as 
disclosed by analysis of whole organs and sub- 
cellular particulates. Heart and skeletal muscle 
are considered in this report. Data for other 
organs and for highly purified subcellular 
particulates are presented in other reports (1-5). 

MATERIALS AND METHODS 

Beef heart was obtained 20 min post- 
mortem, frozen and maintained at -20 C until 
extracted. A normal human heart was obtained 
I hr and 45 rain postmortem, frozen and main- 
tained at -20 C until extracted. Hearts from rats 
(Wistar strain), mice (Swiss white) and frogs 
(Rana pipiens) were obtained immediately after 
decapitation, weighed and extracted. 

Skeletal muscle was obtained from the legs 
of mouse, rat, frog and human and from bovine 
neck. Invertebrate muscle was obtained from 
animals caught by the investigators off the 
Channel Islands near the coast of Southern Cal- 
ifornia. As soon as a specimen was taken, it was 
immediately brought to the surface, the muscle 
removed, placed in a plastic bag. and frozen on 
dry ice. No more than 3 rain elapsed between 
the time any specimen was taken and the 
muscle was placed on dry ice. Each species was 
caught in the same general locality. Thus, all 
Large Rock Scallops (Hinnitesgiganteum)were 
collected off the north coast of Santa Cruz 
Is/and, all Pink Abalone (11aliotis corrugata) 
were caught off the south coast of Santa Cata- 
l ina  I s l a n d ,  all Giant Red Sea Urchins 
(Strongylocentrotus franciscanus) were caught 
off the west coast of Santa Catalina Island, and 
all Spiny Lobster (Panulirus interruptus) were 
caught off the west coast of San Clemente 
Island. Muscle from eight individuals was 
pooled prior 1o extraction of the lipids from 
each species. 

Lipid Extraction and Analysis 

Heart muscle samples were first cut into 
small pieces and then homogenized in a Waring 
blender with chloroform-methanol. Skeletal 
muscle was first frozen in liquid nitrogen, 
powdered in a cold piston-cylinder device, and 
t h e n  h o m o g e n i z e d  in the blender with 
extracting solvent. In all cases, extraction, 
Sephadex column chromatography and quanti- 
tative TLC were carried out as described in an 
accompanying report ( 1 ). 

607 



608 GERALD SIMON AND GEORGE ROUSER 

TEAE Column Chromatography 

Selectacel TEAE standard grade (Brown Co., 
Berlin, New Hampshire) was washed (0.01 N 
potassium hydroxide and 1 N hydrochloric 
acid) and dried as previously described for 
DEAE cellulose (6). The washed, dry prepa- 
ration (15 g) was left in glacial acetic acid over- 
night and packed into a 2.5 (i.d.) x 30 cm 
chromatographic tube equipped with a 1 liter 
solvent reservoir and Teflon stopcock. Columns 
were packed by first placing a glass wool plug in 
the tube partially filled with solvent, removing 
air bubbles, then adding a small portion of 
TEAE slurry. Excess solvent was allowed to fall 
to the "top of the bed which was then com- 
pressed manually with the aid of a large bore 
glass rod and the uppermost part of the bed 
stirred. This process was repeated four to five 
times to give a final height of 20 -+ 2 cm. Acetic 
acid was washed out with 6 column volumes of 
methanol. The bed was then washed with 3 col- 
umn volumes of 0.01 N potassium hydroxide in 
methanol, 6 column volumes of methanol, 3 col- 
umn volumes of chloroform-methanol, 1 : 1 and 3 
column volumes of chloroform. 

Each newly packed column was tested by 
applying about 1 mg of azulene in 3-5 ml of 
chloroform (7). Solvent was collected in a 
graduated cylinder from the time the blue 
hydrocarbon solution was applied. The volume 
collected to the first appearance of azulene 
(about 75 ml for a 2.5 x 20 cm bed) was re- 
corded as the column volume and any uneven 
portions of the bed were easily observed as the 
narrow band of azulene moved down the bed. 
If the bed was observed to be packed in an 
uneven manner, it was extruded and repacked 
in chloroform and retested. Samples (100-200 
mg) were applied in the first eluting solvent. 

Chloroform, methanol and glacial acetic acid 
were redistilled before use. Aqueous ammonia 
(28% by weight) was prepared by passing 
gaseous ammonia into ice-cold distilled water in 
a Teflon bottle. The ammonia was discarded 
after several days when nonvolatile solids 
appeared. 

Elution of the column (7) was as follows: 
Fraction 1, chloroform (7 column volumes) for 
neutral (less polar) lipids; Fraction 2, chloro- 
form-methanol, 9:1 (5 column volumes) for 
phosphatidyl choline, lysophosphatidylcholine 
and sphingomyelin; Fraction 3, chloroform- 
methanol, 2:1 (7 column volumes) for ceramide 
p o l y h e x o s i d e s ;  Fraction 4, chloroform- 
methanol, 2:1, containing 1% (v/v)glacia l  
acetic acid (8 column volumes) for phospha- 
tidyl ethanolamine, lysophosphatidyl ethanol- 
a m i n e ,  ceramide phosphorylethanolamine, 

ceramide aminoethylphosphonate and free 
fatty acid; Fraction 5, glacial acetic acid (5 
column volumes) for phosphatidyl serine; Frac- 
tion 6, a methanol wash (4 column volumes) to 
remove acetic acid (added to Fraction 5 for 
evaporation); Fraction 7, chloroform-methanol, 
2:1 made 0.1 N in potassium acetate and con- 
taining 20 ml of 28% aqueous ammonia per 
liter (8 column volumes) for phosphatidic acid, 
phosphatidyl inositol, diphosphatidyl glycerol, 
phosphatidyl glycerol, lysobisphosphatidic acid 
and traces of other uncharacterized acidic 
lipids; and Fraction 8, a methanol wash (4 
column volumes) to clear the column (added to 
Fraction 7 for evaporation). Salt in the last 
fraction was removed by Sephadex column 
chromatography (1). 

Phospholipid Identification and Quantitation 

The lipid classes of TEAE column fractions 
were separated by two-dimensional TLC and 
visualized by charring (i) .  All lipid classes were 
identified on the basis of their characteristic 
chromatographic properties (TEAE column 
chromatography and two dimensional TLC) 
and reactivity to spray reagents (ninhydrin and 
formaldehyde-sulfuric acid). Ceramide phos- 
phorylethanolamine was identified by com- 
parison with an authentic sample provided by 
T. Hori. In addition, ceramide aminoethylphos- 
phonate was identified on the basis of its 
hydrolysis products (6,8). 

Isolation of Ceramide Aminoethylphosphonate 
from Scallop Skeletal Muscle 

The lipid eluted in TEAE column Fraction 4 
was spotted onto TLC plates which were 
d e v e l o p e d  w i t h  c h l o r o f o r m - a c e t o n e -  
methanol-acetic acid-water, 5:2:1:1:0.5. The 
lipid bands were located by spraying with 
water, scraped from the plate, and lipid eluted 
quantitatively from the wet adsorbent with 
chloroform-methanol, 2:1. The solvent was 
removed under a stream of nitrogen, the lipid 
(dissolved in chloroform-methanol, 19:1, satu- 
rated with water) separated from silica gel and 
salt by application to a 1 x 10 cm Sephadex 
column and elution with chloroform-methanol, 
19:1 sa turated with water. Solvent was 
removed under vacuum and the lipid stored in 
chloroform-methanol, 9:1 at -20 C. 

Degradation of Ceramide Aminoethylphosphonate 

Lipid was placed in a Teflon-fined screw- 
c a p p e d  t u b e ,  hydrolyzed (8), and lipid 
extracted into chloroform. The hydrolysis 
products were examined by paper chromato- 
graphy and TLC (6,8). Sphingosine, dihydro- 

LIPIDS, VOL. 4, NO. 6 



MUSCLE PHOSPHOLIPIDS 

I j 01Ch~ 
I FA DPG /LBPA 
J C) PE ! \ / 
0 O0o--eG ! 

/ I / o  CPE / jPAEP Pc-O 
I I ._. 
I I  I I PA"t~ ( ~  ~ ~LPC 
I l PS / PI 

C/A/M/HAc/H20 
512111110.5 

FIG. 1. Diagram of the positions of the different 
lipid classes after development first with chloroform- 
methanol 28% aqueous ammonia 65:35:5 and then 
chloroform-acetone-methanol-acetic acid-water 
5:2:1:1:0.5. Abbreviations: Chol, cholesterol; LBPA, 
lysobisphosphatidic acid: FA, fatty acid; DPG, diphos- 
phatidyl glycerol (cardiolipin); PAEP, phosphatidyl 
2-aminoethylphosphonate; PE, phosphatidyl ethanol- 
amine; PC, phosphatidyl choline; CPE, ceramide phos- 
phorylethanolamine; CAEP, ceramide aminoethyl- 
phosphonate; Sph, sphingomyelin; LPE, lysophospha- 
tidyl ethanolamine; LPC, lysophosphatidyl choline; PI, 
phosphatidyl inositol; PS, phosphatidyl serine; PA, 
phosphatidic acid. 
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sphingosine and phytosphingosine were used as 
standards. 

Isolation and Characterization of the Phosphonic 
Acid Analogue of Phosphatidyl Ethanolamine 

In scallop skeletal muscle, a small nin- 
hydrin-positive spot was detected just below 
the usual phosphatidyl ethanolamine spot. The 
substance was eluted from TEAE in Fraction 4, 
the ethanolamine phosphoglyceride fraction. It 
was separated from phosphatidyl ethanolamine 
by  TLC w i t h  ch loroform-methanol -28% 
aqueous ammonia, 65:35:5 as solvent, located 
by spraying with water, eluted with chloro- 
form-methanol 2:1 saturated with water, freed 
of nonlipid contaminants by Sephadex column 
chromatography, hydrolyzed and hydrolysis 
products examined as described for ceramide 
aminoethylphosphonate (6,8). 

R ESU LTS 
Separation, Identification and Determination 
of Lipid Classes 

The positions of the different lipid classes 
after TLC with the two systems used routinely 
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FIG. 2. Diagram of the positions of the different 
lipid classes after development f, rst with chloroform- 
methanol-water 65:25:4 and then 1-butanol-acetic 
acid-water 3:1:1. Abbreviations as for Fig. 1. Spots 
from many lipid classes overlap with this system, but 
lysophosphatidyl ethanolamine is separated from the 
other phospholipids and the different relative order of 
migration of lipid classes with the system is useful for 
identification of lipid classes. The position of lyso- 
phosphatidyl ethanolamine relative to the other phos- 
pholipids is somewhat variable. It may migrate some- 
what above or below the position shown. 

for analysis (Fig 1-3) were quite reproducible. 
When both two-dimensional systems are used, 
separation (without spot overlap) of the lipid 
classes shown in Figures 1 and 2 is possible. 
Thus, each lipid class shown can be determined 
separately. TLC of TEAE column fractions was 
used to disclose overlap of spots seen by TLC 
without column chromatography. These ex- 
aminations demonstrated that the spot identifi- 
cations in Figures 1 and 2 are correct, and that 
there were no other lipid classes in each spot. 

TEAE cellulose column chromatography is 
particularly useful for demonstrating spot over- 
lap by TLC because phospholipids are eluted on 
the basis of differences in the types of ionic 
groups, whereas other factors influence TLC 
separations. With TEAE, all choline lipids are 
e l u t e d  in F r a c t i o n  2, ethanolamine and 
2-aminoethylphosphonic acid lipids in Fraction 
4, serine lipids in Fraction 5, and acidic phos- 
pholipids (phosphate as the only ionic group) in 
Fraction 6, although some Fraction 6 compo- 
nents are eluted in part in Fraction 5. This dif- 
ficulty was overcome by passage of Fraction 5 
through a DEAE column on which Fraction 6 
components are retained and thus separated 
completely from phosphatidyl serine. 
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610 GERALD SIMON AND GEORGE ROUSER 

FIG. 3. TLC separation of scallop muscle phospho- 
lipids. The chromatogram was developed as described 
in the legend for Figure 1. Note that ceramide amino- 
ethylphosphonate in this species gives two completely 
separated spots which were shown to be from the 
same lipid class by demonstration of sphingosine, fatty 
acid and 2-aminoethylphosphonic acid as hydrolysis 
products. 

TEAE differs from DEAE in retaining the 
ethanolamine lipids when eluted with chloro- 
form-methanol,  2:1 (Fraction 3) and thus, with 
TEAE, use of the latter solvent gives a fraction 
composed only of ceramide polyhexosides (two 
or more hexose moieties) when these are 
present. TEAE Fraction 3 from all muscle 
samples was devoid of glycolipid in keeping 
with the failure to find by TLC typical glyco- 
lipid spots which, with the formaldehyde- 
sulfuric acid spray, give a purple color turning 
to black. TLC of TEAE column Fract ion 2 at 
high (1 mg) load also failed to disclose the 
presence of even a trace of sphingomyelin in 
skeletal muscles from abalone, scallop and sea 
urchin. Similar examination of TEAE Fraction 
4 failed to disclose even a trace of ceramide 
phosphorylethanolamine or ceramide amino- 
ethylphosphonate in lobster skeletal muscle and 
vertebrate heart and skeletal muscles. 

It is noteworthy that the phosphonolipids 
are separable from the corresponding phospho- 
diester lipids with solvent mixtures used for 
Figure 1 but not  those used for Figure 2. Also, 
two or more spots are obtained for different 
molecular species of ceramide aminoethylphos- 
phonate and ceramide phosphorylethanolamine 
in some species. It is thus essential for identifi- 
cation of components  that each spot be isolated 
and characterized by the products obtained 
after hydrolysis. 

Species Variability of Heart Phospholipid Composition 

The variability of composition within one 
species is indicated by the values (Table I) for 
rat and frog hearts. Water content was quite 
reproducible,  although total  lipid and total  lipid 
P (mg/lO0 mg lipid) showed more variability 
which was related to the variable amount of 
triglyceride in samples. The values for the rat 
heart phospholipid classes (as percentage of the 
total  lipid phosphorus) were in all cases very 
similar. The variability noted was biological and 
not methodological since the same values were 
obtained for samples when rerun. This high 
degree of reproducibil i ty demonstrates the 
absence of large biological variations and the 
good reproducibil i ty of the procedures for 
extraction, Sephadex column chromatography, 
and quantitative determination of phosphorus 
after TLC. 

The phospholipid values (Table I) for mouse, 
bovine, human and frog hearts show in general 
about the same order of variability as that 
found for different rat hearts. There is a dis- 
t inctly higher level of sphingomyelin associated 
with a lower level of diphosphatidyl  glycerol in 
frog heart. This suggests that mitochondria 
(which contain diphosphatidyl  glycerol) are less 
abundant in frog heart muscle. Total  lipid phos- 
phorus recovery from most heart samples was 
lower than that obtained with pure sthndards 
(100% - 0.5-1.0%) and with skeletal muscle 
(about 99.5% + 1.0%, Table II). The lower re- 
covery is related to the presence of uncharacter- 
ized phosphorus-containing substances, some of  
which are not  visualized with the char spray. 
Most of the uncharacterized phospholipid was 
eluted from TEAE in the last (acidic) fraction 
in which other minor components not detect- 
able by direct TLC of the mixture were also 
observed. Chromatographic separation of water 
soluble compounds released by mild alkaline 
hydrolysis indicated that some of the minor un- 
cha rac t e r i zed  lipids were lyso compounds 
related to bisphosphatidic acid and diphospha- 
t idyl  glycerol. 

Species Variability of Skeletal Muscle 
Phospholipid Composition 

The large variability of values for total  lipid 
and lipid phosphorus was clearly related to 
large differences in triglyceride content of dif- 
ferent samples. The phospholipid class values 
obtained for skeletal muscle of vertebrates 
(Table II) are different from those obtained for 
heart muscle, although like heart muscle, the 
s t r ik ing  feature of the vertebrate skeletal 
muscle values is their close similarity. The 
largest variation was in the diphosphatidyl 
glycerol (cardiolipin) content.  
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Invertebrate skeletal muscle phospholipid 
class composit ion (Table II) differs qualitatively 
and/or  quantitatively from vertebrate muscles. 
Although sphingomyelin is present in lobster 
muscle, this phospholipid was not present in 
other invertebrate species examined. Ceramide 
aminoethylphosphonate  was found to replace 
sphingomyelin in two species (scallop, abalone) 
and in another (sea urchin), sphingomyelin was 
replaced by ceramide phosphorylethanolamine,  
the phosphod ies te r  analogue of ceramide 
a m i n o e t h y l p h o s p h o n a t e .  Rather consistent 
quantitative differences between vertebrate and 
invertebrate skeletal muscles are the higher 
phosphatidyl  serine and lower phosphatidyl  
inositol values of invertebrate muscles. Three of 
the four invertebrate species examined also had 
a much higher sphingolipid level, although the 
level of ceramide phosphorylethanolamine in 
the sea urchin was lower and similar to that of  
sphingomyelin of vertebrate skeletal muscle. 

DISCUSSION 

The validity of phospholipid class values 
should be judged in the light of  possible effects 
of post-mortem enzymatic alteration and the 
accuracy of methods for determination of lipid 
classes (1). There is little enzymatic degradation 
of vertebrate heart muscle phospholipid even 
after standing at room temperature for several 
hours (9). Similar results were obtained with 
vertebrate skeletal muscle (Simon, in prepa- 
ration). Changes of this type were prevented in 
our studies of invertebrates by freezing within 3 
min of the time animals were removed from the 
ocean. Alteration of lipids prior to analysis was 
prevented by addition of the antioxidant  
butylated hydroxyto luene  and use of the sol- 
vent replacement procedure as previously 
described (1) rather than evaporation to com- 
plete dryness. Precision ( reproducib i l i ty )of  the 
procedures was documented by small values for 
standard deviations. Lipid classes were identi- 
fied by TEAE column chromatography of the 
intact lipids, TLC migration, the colors ob- 
tained with ninhydrin and the formaldehyde- 
sulfuric acid reagent with which sterols and 
glycolipids give specific colors before charring 
(pink and purple, respectively), and identifi- 
cation of hydrolysis products. 

Phospholipids appear to be present almost 
exclusively in organs as major components  of 
the cell surface and subcellular particulate 
membranes (10,11). Each membrane when iso- 
lated in highly purified and undegraded form 
appears to have a characteristic and rather 
reproducible phospholipid class distribution 
which differs qualitatively and/or  quantitatively 

from that of other membranes (4,10,11). The 
phospholipid composit ion of an organ is thus 
determined in part by the relative abundance of 
each type of membrane. Data with maximum 
significance for species variations of membrane 
phospholipid class distribution are thus ob- 
tainable only from organs composed almost 
entirely of one type of cell with the same 
function in all species to be compared. The 
organ must also have a relatively constant pro- 
portion of the different subcellular particulates. 
Muscle fulfills these criteria very well and the 
relatively more abundant skeletal muscle is 
particularly good for studies of invertebrates of 
small size. The data obtained for vertebrate 
muscle indicate that there is little variation in 
the proport ions of the different types of mem- 
branes of muscle cells and that there is little or 
no species variability in the phospholipid class 
distribution of vertebrate muscle cell surface 
and subcellular particulate membranes. This 
conclusion is supported by direct analysis of 
highly purified mitochondria from bovine, 
human and rat hearts (4) which were found to 
have virtually identical phospholipid class distri- 
butions. It is also in agreement with results 
obtained for other vertebrate organs (1-5). 

Direct, accurate determination of the true in 
vivo phospholipid composit ion of subcellular 
particulates is difficult. Procedures for isolation 
and characterization of pure subcellular particu- 
lates are relatively time-consuming and must be 
carefully chosen and modified specifically for a 
particular organ or species (I 0,11 ). Furthermore,  
enzymes may act on lipids during subceUular 
particulate isolation. Whole organ analysis thus 
provides a valuable baseline for subcellular 
particulate work. 

The data for invertebrates show greater 
qualitative and quantitative variations and it 
was not  possible to determine to what extent 
the variations arose from differences in the 
types of cells present, the relative proport ions 
of different membranes, and variability of com- 
position of the individual membranes. 

In previous studies, Hack et al. (12) investi- 
gated the qualitative lipid class patterns of 
invertebrates by one-dimensional paper chro- 
matography,  but failed to observe many of the 
lipid classes we have encountered. They did, 
however, demonstrate the presence of plasma- 
logen (vinyl ether linked) forms of glycerol- 
phospholipids in various species in agreement 
with the earlier report  of Rapport  and Alonzo 
(13). In molluscan tissue, ether linked hydro- 
carbon chains were shown (14) to be very 
abundant in glycerolphospholipids. In an in- 
formative series of publications (15-17), De 
Koning noted the presence of ceramide amino- 
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e t h y l p h o s p h o n a t e  [first isolated and character-  
ized f rom the sea anemone  (6,8)] in the 
abalone,  Haliotis midae. Ceramide aminoethyl -  
p h o s p h o n a t e  was no t  found  in two  species of  
fish and the rock lobs ter  (Jasus lalandii). The 
presence  of  ceramide phospho ry l e thano l amine  
in tissues of  some inver tebrates  has been  f irmly 
establ ished by Hori et al. (18). The presence of  
a very small amoun t  of  the phosphon ic  acid 
analogue of  phospha t idy l  ethan01amine in 
Tetrahymena pyriformis was establ ished by 
Liang and Rosenberg  (19). 

Of special in terest  wi th  regard to  di f ferences  
in membrane  phosphol ip id  class compos i t i on  of  
organelles f rom ver tebra tes  and inver tebra tes  
are the  phosphol ip id  data p resen ted  by Thomas  
a n d  Gilbert  (20) who  repor ted  for  m o t h  
(Hyalophora cecropia) sarcosomes  (mit-  
ochondr ia )  data  closely similar to  tha t  r epor ted  
for  beef  hear t  m i tochondr i a  (10,11).  This close 
agreement  indica ted  tha t ,  in general,  subceUular 
par t iculates  f rom ver tebrates  and inver tebra tes  
may  have the  same lipid class compos i t ions .  
T h e  p h o s p h o l i p i d  values for  insect  mito-  
c h o n d r i a  ob t a ined  in o ther  invest igat ions 
(21,22)  do no t  agree wi th  those  r epor ted  by 
Thomas  and Gilbert  (20),  but  the  di f ferences  
appear  to  us to  be a t t r ibutable  to  the  superior  
m e t h o d o l o g y  used by Thomas  and Gilbert .  
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SHORT COMMUNICATIONS 

Hepatic Metabolism of 1-14C Octanoic and 
1.14C Margaric Acids 

A B S T R A C T  

The hepatic metabolism of 1-14C 
margaric acid, a 17 carbon long chain 
saturated fatty acid which is present in 
the liver in trace amounts, was compared 
with 1-14C octanoic acid and 1-14C 
palmitic acid to determine if the en- 
hanced oxidation of medium chain fatty 
acids to CO 2 was dependent on fatty acid 
chain length or the endogenous pool size 
of the fatty acid substrate. Despite the 
fact that endogenous margarate is present 
in trace amounts, there was no significant 
difference in the oxidation of margarate 
and palmitate to CO2, while the oxi- 
dation of octanoate to CO 2 was signifi- 
cantly more rapid. Both margarate and 
palmitate were more readily incorporated 
into lipid soluble products in contrast to 
the  low ra te  of incorpora t ion  of 
octanoate. However, margarate was less 
readily incorporated into triglyceride, 
phospholipid and monoglyceride than 
palmitate. These studies suggest that the 
chain length rather than hepatic content 
of the fatty acid determines whether the 
carboxyl group of equimolar amounts of 
a 1A4C-carboxyl labeled fatty acid will 
be preferentially oxidized to CO 2 or in- 
corporated into tissue lipid in the liver. 

Previous studies in rat liver slices showed 
that octanoic acid, a constituent of medium 
chain triglycerides, is more readily oxidized to 
CO 2 and less effectively incorporated into tis- 
sue lipids than an equimolar amount of palmitic 
acid, a constituent of long chain triglycerides 
(1). These differences in metabolism have also 
been demonstrated in other tissues, namely, 

kidney, skeletal muscle, myocardium, brain, 
intestine and adipose tissue (2,3). Moreover, 
studies in both the intact and hepatectomized 
rat have corroborated the in vitro differences in 
the rate of oxidation of octanoate and palmi- 
tate. It is known, however, that palmitic acid is 
one of the most prevalent fatty acids in tissue 
lipids. For example, 23% of the fatty acids in 
liver is palmitate, while octanoate is present in 
only trace amounts (< 0.5%) (4). Therefore, 
the possibility exists that the results of the 
above studies are due to unequal dilution of the 
substrate label by endogenous fatty acid in tis- 
sue lipid. 

To test this hypothesis, we have compared 
the hepatic metabolism of 1-1 aC octanoate and 
1-14C palmitate with 1-14C margarate, a 17 
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T i m e  O c t a n o a t e  Palmitate  Margarate 

1 hr 24-1"3 171 + 3 5  1 8 1 - 1 1  
2 hr 56 + 29 306 + 50 307 + 19 

aThe mean and standard deviation are represent- 
ative of three separate experiments. 

50 

o .,.j.~...~.-. ---'r " " ~ "  "~'-"  " ~  Z,--.----'. I 
I 2 

H O U R S  

FIG. 1. Oxidation of 1-14C fatty acid substrate to 
14CO2 by rat liver slices at 1 and 2 hr. The mean and 
standard deviation represent three separate experi- 
ments. 
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TABLE II 

Lipid-Soluble Products From 1-14C Margaric and 1-14C Palmitic Acid 
by Liver Slices a 

Percentage distribution of total lipid radioactivity 

Phospholipid 
14 C Substrate and Unesterified 

(3/,/moles) monoglyceride fatty acid Triglyceride 

Margaric Acid (6) 29.0-+3.8 42.8-+9.8 25.0---9.8 
Palmitic Acid (6) 34.5-+2.4 16.7-+2.0 46.0-+3.4 
p value ~0.05 ~0.00 ! ~ 001 

aLipid soluble products migrating with diglycerides comprised 1-2% of activity for pal- 
mitate and 2-3% for margarate. Cholesterol and cholesterol esters accounted for less than 
2% of the activity for both substrates. Numbers in parenthesis refer to the number of experi- 
ments. Incubations were for 2 hr and results are expressed as the mean ---standard deviation. 

carbon, straight chain saturated fatty acid 
which is present in the liver, but in concen- 
trations similar to octanoate. 

Incubations of liver slices (.344-+0.02 g) 
from male, Sprague-Dawley rats in pH 7.4 
Krebs Ringer bicarbonate buffer (1/2 calcium) 
containing 5% albumin and 3/amoles of the 14 C 
fatty acid substrate were performed as pre- 
viously described (1). 1-14C Octanoic and 
1-14C palmitic acids were purchased from New 
England Nuclear Corp., Boston, Mass. and 
1-14C margaric acid from Nuclear-Chicago, Des 
Plaines, 111. After 1 and 2 hr, the radioactivity 
contained in both CO 2 and in the tissue lipid 
was determined by liquid scintillation spectro- 
scopy. The CO 2 was trapped in hyamine hy- 
droxide and tissue lipid was extracted with 
chloroform-methanol. In addition, in order to 
ascertain if margarate was incorporated as 
readily into the same lipid classes as palmitate, 
the per cent distribution of radioactivity into 
lipid soluble products was determined for both 
margarate and palmitate by thin layer chroma- 
tography as previously described (I).  

The results (Fig. 1) indicate that the rate of 
oxidation of margarate is similar to that of 
palmitate, in spite of marked differences in 
their tissue concentration. However, the rate of 
conversion of the carboxyl label of octanoate 
to  14CO 2 is over 10 times greater than that of 
either palmitate or margarate, differences that 
were statistically significant (p < 0.01). In con- 
trast, both margarate and palmitate are readily 
incorporated into tissue lipid compared to 
octanoate (Table I). Although margarate and 
palmitate were both incorporated into lipid 
soluble products of rat liver slices to a similar 
extent, the distribution of the fatty acids into 
the different lipid classes was significantly dif- 
ferent (Table II). Margarate was less readily in- 
corporated into triglyceride, phospholipid and 
monoglyceride. Furthermore, nearly half of 

margarate (42.8 -+ 9.8%) but only 16.7 -+ 2.0% 
of palmitate remained in the unesterified fatty 
acid fraction after the 2 hr incubation. In this 
respect, margarate behaved more like octanoate 
(1)  a l t h o u g h  the  total incorporation of 
margarate into tissue lipid was considerably 
greater. 

Since margaratc is a long chain saturated 
fatty acid, like palmitate, it might also be di- 
luted by endogenous saturated fatty acids of 
similar although not identical chain lengths, 
despite its own very low endogenous concen- 
tration in hepatic lipids. This seems quite un- 
likely however, since there were distinct dif- 
ferences in the distribution of the two long 
chain fatty acids in the lipid soluble product 
( T a b l e  II) .  Also, when the amounts of 
margarate or palmitate in the incubation were 
reduced by a factor of 3-10, or the weight of 
the liver slices was altered by a factor of 0.5 to 
2.0, the amount of 1-14CO2 recovered was 
directly proportional (Boyer and Scheig, un- 
published observations). These results would 
not be expected if there was significant dilution 
of either labeled fatty acid substrate by 
endogenous fatty acids pools. 

These results suggest, therefore, that the 
chain length of the saturated fatty acid sub- 
strate determines whether the carboxyl group 
of the fatty acid will be principally oxidized or 
incorporated into tissue lipid, and excludes the 
possibility that the observed low rate of oxi- 
dation of long-chain saturated fatty acids is due 
to dilution of the isotope by unlabeled tissue 
lipid. Since the concentration of unbound fatty 
acid in the medium may be an important deter- 
minant of the rate of its metabolism (5), tile 
possibility exists that our results might be 
explained by differences in the binding affinity 
of the fatty acid substrate to albumin or in its 
water solubility. However, our data indicate 
that the total amount of substrate incorporated 
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into hepatic lipid soluble product and metabo- 
lized to CO 2 is similiar for all three fatty acids. 
After 2 hr, for example, 311 /Jmoles of 
octanoate/g liver was either oxidized or in- 
corporated into tissue lipid compared with 330 
/~moles of palmitate/g liver and 323 /amoles of 
margarate/g liver. Thus it seems that any differ- 
ences in the amount of unbound fatty acid in 
the medium could not account for our observa- 
tions. 
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A Cyanogenetic Lipid from 
Cordia verbenacea DC. Seed Oil 

ABSTRACT 

C y a n o g e n e t i c  nonglycerol diesters, 
which are composed of two fatty acid 
moieties esterified with an unsaturated 
five-carbon dihydroxynitrile, constitute 
3 5 %  o f  Cord ia  v e r b e n a c e a  DC. 
(Boraginaceae) seed oil. 

The only cyanogenetic lipid reported exten- 
sively in the literature occurs in seed oil of 
S c h l e i c h e r a  trijuga (Sapindaceae). It has 
variously been referred to as nonglucosidic (1), 
glucosidic (2), a glycerol derivative (3) and a 
nonglycerol ester (4), but its structure or that 
of any other cyanogenetic lipid has not been 
reported. We wish to describe our investigation 
of the structure of a cyanogenetic lipid isolated 
in 35% yield from seed oil of Cordia verbenacea 
DC. (Boraginaceae). 

The oil was fractionated by countercurrent 
distribution between hexane and nitroethane in 
a 200 tube apparatus. In this solvent system, 
the nitrogen containing lipid fraction (NCLF) 
traveled as one peak, which moved slower than 

1presented at the AOCS Meeting, April 1969, San 
Francisco, Calif. 

2 p o s t d o c t o r a l  Research Associate, 1967-68. 
Present address: Department of Botany, University of 
Texas, Austin. 

3Department of Chemistry, University of Arizona, 
Tucson. 

triglyceride constituents of the oil. 
When analyzed by temperature-programmed 

gas liquid chromatography (GLC) on a 0.3 X 
19.7 cm stainless steel column packed with 3% 
OV-1 on Gaschrom Q (Applied Science Labora- 
tories), the NCLF separated into four peaks 
w i th  e l u t i o n  t e m p e r a t u r e s  intermediate 
between those of ethylene glycol distearate and 
triglycerides of long chain acids. Adjacent peaks 
appeared to differ by two carbon units. On thin 
layer chromatography (TLC) with Silica Gel G, 
developed in hexane-ether (95:5), the NCLF 
migrated as one spot slightly ahead of ordinary 
triglycerides. The infrared (IR) spectrum (1% in 
CS 2) of the NCLF had broad, medium intensity 
bands at 938 and 1015 cm-1 possibly, due to 
terminal methylene and allylic ester groupings. 
The ester carbonyl band at 1760 cm-1 was 
slightly broadened; otherwise, the IR spectrum 
resembled those of ordinary triglycerides. The 
ultraviolet spectrum of the NCLF in cyclo- 
hexane had no absorption maxima above 210 
m/a. Optical rotatory dispersion measurements 
showed that the NCLF was dextrorotatory, 
[eg] 26 c =+1.4 ~ (e = 2.1 hexane). 500 

Elemental analysis revealed that this unusual 
ester contained 2.2% of nitrogen (Dumas). 
Treatment with dilute base at 35-50 C for 30 
min produced HCN as shown by positive 
pierate (5) and Prussian blue (6) tests. These 
color reactions were greatly accelerated by acid- 
ification of the basic test solution. The lack of 
nitrile absorption in the IR spectrum is not 
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into hepatic lipid soluble product and metabo- 
lized to CO 2 is similiar for all three fatty acids. 
After 2 hr, for example, 311 /Jmoles of 
octanoate/g liver was either oxidized or in- 
corporated into tissue lipid compared with 330 
/~moles of palmitate/g liver and 323 /amoles of 
margarate/g liver. Thus it seems that any differ- 
ences in the amount of unbound fatty acid in 
the medium could not account for our observa- 
tions. 
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variously been referred to as nonglucosidic (1), 
glucosidic (2), a glycerol derivative (3) and a 
nonglycerol ester (4), but its structure or that 
of any other cyanogenetic lipid has not been 
reported. We wish to describe our investigation 
of the structure of a cyanogenetic lipid isolated 
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triglyceride constituents of the oil. 
When analyzed by temperature-programmed 

gas liquid chromatography (GLC) on a 0.3 X 
19.7 cm stainless steel column packed with 3% 
OV-1 on Gaschrom Q (Applied Science Labora- 
tories), the NCLF separated into four peaks 
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between those of ethylene glycol distearate and 
triglycerides of long chain acids. Adjacent peaks 
appeared to differ by two carbon units. On thin 
layer chromatography (TLC) with Silica Gel G, 
developed in hexane-ether (95:5), the NCLF 
migrated as one spot slightly ahead of ordinary 
triglycerides. The infrared (IR) spectrum (1% in 
CS 2) of the NCLF had broad, medium intensity 
bands at 938 and 1015 cm-1 possibly, due to 
terminal methylene and allylic ester groupings. 
The ester carbonyl band at 1760 cm-1 was 
slightly broadened; otherwise, the IR spectrum 
resembled those of ordinary triglycerides. The 
ultraviolet spectrum of the NCLF in cyclo- 
hexane had no absorption maxima above 210 
m/a. Optical rotatory dispersion measurements 
showed that the NCLF was dextrorotatory, 
[eg] 26 c =+1.4 ~ (e = 2.1 hexane). 500 

Elemental analysis revealed that this unusual 
ester contained 2.2% of nitrogen (Dumas). 
Treatment with dilute base at 35-50 C for 30 
min produced HCN as shown by positive 
pierate (5) and Prussian blue (6) tests. These 
color reactions were greatly accelerated by acid- 
ification of the basic test solution. The lack of 
nitrile absorption in the IR spectrum is not 
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unusual for compounds having an oxygen 
function (especially an ester) close to the nitrile 
grouping (7). 

Saponification of the NCLF (methyl  laurate 
included as internal standard) yielded a mixture 
of ordinary fatty acids of C 16, C18, C 2 0  and 
C22 chain lengths, 50% of which was C20 
monoene. Neither glycerol nor ethylene glycol 
was present in the hydrolyzate as shown by 
TLC. By GLC analysis of the esterified fatty 
acid mixture, we demonstrated that two fatty 
acid moieties are incorporated per molecule of 
the NCLF. The extremely unstable alcohol 
moiety has not been isolated intact. 

The 100 MHz nuclear magnetic resonance 
(NMR) spectrum of the NCLF in CDC13 
(reference, tetramethylsilane) is in accord with 
structure I, where acyl groups are long chain 
fat ty acids. 

Ctt 2 
fl 

AcyI-O-CH 2 -C-~tt-O-Acyl 

C N 

[I1 

Signals expected from protons of  ordinary 
fat ty acids are present. These include terminal 
m e t h y l  p ro tons  ( r 9 . 1 5 ,  triplet),  shielded 
methylene protons (r  8.75, singlet), protons on 
carbons 0~ to double bonds (r  8.05, multiplet) ,  
and olefinic protons (r  4.72, rough triplet).  In 
CDC13 the signal due to protons on carbons t~ 
to carboxyl groups approximates a quartet 
centered at r 7.66 (4H), but in benzene-d 6 this 
signal becomes a pair of overlapping triplets 
centered at r 7.64 and 7.68 (J = 7 Hz). This 
nonequivalence of the methylene groups a to 
fat ty acid carboxyl groups in structure I is 
probably caused by influence of the nitrile 
grouping on one of them. 

Addit ional  signals (all apparent singlets) 
appear in the spectrum (CDC13) at r 5.37 (2H), 
7" 4.50 (1H), r 4.34 (1H) and r 4.06 (1H). On 
examination in benzene-d6, however, the signal 
at r 5.37 becomes two overlapping doublets 
centered at r 5.44 and 5.60 (J = 13 Hz). These 
doublets are due to the two nonequivalent pro- 
tons of the methylene group adjacent to 
oxygen in the dihydroxynitr i le  moiety.  The 
signal at r 4.06 (CDC13) is assigned to the pro- 
ton at tached to the cyanohydrin carbon. Ter- 
minal methylene protons frequently are non- 
equivalent and show smalt coupling constants 
(8,9), therefore, the apparent singlets at r 4.34 
and 4.50 arise from these protons in structure I. 
Decoupling experiments show a number of long 
range couplings that are not readily apparent in 

the original spectrum. Irradiation at r 5.37 
sharpens all three downfield signals, but fine 
splitting in these signals indicates that  long 
range allylic coupling (10) also occurs between 
the terminal methylene protons and the proton 
on the cyanohydrin carbon. 

By random distribution, the most likely 
detectable combinations of two acyl groups, 
which would give the largest molecular weights 
for components  of the NCLF, are a C2o 
m o n o e n e  p l u s  either a C22  saturate or 
monoene. If we assume a diol of molecular 
weight 113 (from NMR data), the largest com- 
ponents of the NCLF should have a molecular 
weight of 725 or 727. The mass spectrum of 
the NCLF revealed that the largest fragments 
had m/e 725 and 727, and also showed other 
molecular ions at m/e 671, 673, 697 and 699 
due to other combinations of two acyl groups. 

Preliminary data indicate that GLC and IR 
characteristics of Cardiospermurn halicacabum 
(Sapindaceae) seed oil are nearly identical with 
those of Cordia oil. Therefore it is possible that 
the material isolated by Hopkins et al. (11) 
from this seed oil (after chemical t reatment)  
may be related to the dihydroxynitr i le  moiety 
of  I. Similarly, the IR of Schleichera trijuga 
seed oil (4) resembles that  of Cordia with the 
exception that nitrile absorption is observed. 
I nd i an  workers (4) have recently isolated 
/3 -me thy l  tx-tetronic acid from chemically 
treated,  unfractionated Schleichera oil, and we 
have also isolated this compound,  along with 
other artifacts, from products derived by chem- 
ical treatment of the Cordia NCLF. 

A d d i t i o n a l  results from our continuing 
investigation of these nitrogen containing lipids 
will be reported later. 
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Determination of Double Bond Position in Polyunsaturated 
Fatty Acids Using Combination Gas Chromatography 

Mass Spectrometry 

The use of gas liquid chromatography com- 
bined with mass spectrometry (GLC-MS) for 
the determination of the double bond position 
in unsaturated fatty acids has been limited since 
unsaturated compounds generally give similar 
spectra. A method for the determination of the 
double bond position in monoenoic fatty acids 
employing the trimethyl silyl ether derivatives 
of  the corresponding hydroxy esters has 
recently been presented by us (1) as well as 
others (2,3). In this communication, an ex- 
tension of that method to the determination of 
double bond position of dienoic and trienoic 
f a t t y  acid methyl esters using combined 
GLC-MS is presented. Polyhydroxy fatty acid 
methyl esters were synthesized as previously de- 
scribed (1), except that the extraction of the 
aqueous layer with chloroform was repeated 
three more times to ensure complete extraction 
of the polyhydroxy derivatives. The prepa- 
ration of the silyl ether derivatives and their 
subsequent GLC separation and MS analysis 
were carried out as previously described (1). 
S a m p l e s  of m e t h y l  l i n o l e a t e ,  m e t h y l  
ct-Iinolenate, and methyl 7-1inolenate were ob- 
tained commercially (The Hormel Institute). A 
sample of methyl 9,15-octadecadienoate was 
furnished by H. J. Dutton, NRRL, USDA. 

A summary of the principal fragments ob- 
tained from the MS of the derivatives obtained 
from methyl linoleate, a-linolenate, ?-linolenate 
and 9,15-octadecadienoate is given in Table 1. 
These indicate the position of the original 
double bond. In all cases fragmentation occur- 
red between adjacent substituent groups giving 
rise to ions designated as A, B, C and D in the 

case of the linoleate derivative which indicate 
the position of the double bond directly: 

I ) ' f B ' A 
1"73 477 391 25~. ~ 

', 

C113 ( ( ' I12)4- ( ' I I  ...a.- C I I - ( l l  2- ( . l l  _a._ ( . I I - (C I12)7-C02( I I  3 

I : I I I 
0 0 O O 

1 I I I 
Sl S~ Si Si 

I I I I 
ICll3) 3 (C113)3 ((lt313 (Ctt313 

In all cases, several other ions were observed 
which also may be used to indicate the double 
bond position. A rearrangement ion was present 
in all of the spectra (at m/e 332 in the case of 
derivatives formed from double bond at the 9 
position). This ion has the following proposed 
structure (2) which is also in agreement with 
our data: 

+ 
0-$3 (CI43) 3 

Ctt(CH 2)n C-O('II 3 

I 
O-Si ICH3) 3 

m/e= 3321orn=7 

The mass spectrum of the corresponding tri- 
methyl silyl ether of ethyl 9,10-dihydroxy octa- 
decanoate yielded an ion of t4 units higher 
mass, thus confirming the presence of the ester 
group in this ion. High resolution mass measure- 
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T A B I . E  1 

Mass Spectra l  F r a g m e n t a t i o n  o f  the T r i m e t h y l s i l y l  l'-'ther Der iva t ive  
o f  H y d r o x y l a t e d  P o l y u n s a t u r a t e d  F a t t y  Acid 

Per cent  o f  Doub le  bond  Per cent  o f  Doub le  b o n d  
m / e  F r a g m e n t  base peak pos i t ion  m / e  F r a g m e n t  base peak pos i t ion  

Linole ic  acid (Ag ,  12) Linoleic  acid (A9 ,15 )  

259 A 37.0 9 259 A I00 .0  9 
169 A-90 0.5 169 A-90 2.0 
271 A + 1 0 2 - 9 0  6.0 271 A + 1 0 2 - 9 0  2.0 
332 A+73  4.0 332 A+73  27.0 
361 A + I 0 2  5.0 361 A+102  1.0 
391 B 4.0 9 391 B 2.0 9 
301 B-90 97.0 301 B-90 23.0  
211 B-2X90 7.1 211 B-2X90 25.2 
121 B-3X90 0.5 121 B-3X90 7.0 
47"7 C 1.0 12 493  B + I 0 2  1.5 
387 C-90 100.0 519 C 9.0 15 
297 C-2 X90 9.0 429 C-90 13.0 
207 C-3X90 1.0 339 C-2X90 33.0 
1"73 I) 1"7.5 12 249  C-3X90 9.5 
275 I )+102  10.0 131 D 25.0 15 
185 D+102-90  1.0 

O~- L ino len ic  acid ( A 9 , 1 2 , 1 5 )  3' - L ino len ic  acid ( ~ 6 , 9 , 1 2 )  

259 A a 100.0 9 217 A 41.5 6 
169 A-90 b 31.2 127 A-90 4.3 
2"71  A+102-90  81.5 229  A + 1 0 2 - 9 0  18.1 
332 A+73  6.0 290 A + 7 3  3.3 
361 A+102  22.0 319 A + I 0 2  4.3 
567 B --- 9 609 B --- 6 
477  B-90 --- 517 B-90 --- 
387 B-2X90 3.5 429  B - 2 x g 0  26.5 
297 B-3X90 3.0 339 B - 3 x g o  19.1 
207 B-4X90 4.0 249 B-4X90 2.4 
117 B-SX90 7.0 333 C 1.1 9 
4-77 C --- 12 243  C-90 10.9 
387 C-90 3.5 435 C+102 3.5 
29"/ C - 2 X 9 0  3.0 493  D 0.3 9 
207 C-3X90 4.0 403  D-90 1.7 
349 D 3.0 12 313  D-2X90  7.9 
259 D-90 --- 223 D - 3 X 9 0  0.9 
169 D - 2 X 9 0  --- 653 E --- 12 
131 I-" 38.5 15 563  E-90 --- 
233 I-'+102 44.0  473  E-2X90 20.9 
143 F + 1 0 2 - 9 0  25.0 383 E-3X90 19.8 

293  E-4X90 7.7 
173 F 22.6  12 

83 F-90 1.1 
275 F + I 0 2  13.6 
185 F+102-90  4.2 

a C o n t r i b u t i o n  f r o m  tile 1)-90 f r a g m e n t .  

b C o n t r i b u t i o n  f r o m  the D - 2 X 9 0  f r a g m e n t .  

ments indicated that the postulated ion has the 
suggested molecular formula (calculated mass 
332.2193, found 332.2189). 

In addition to the rearrangement ion several 
other series of ions are present which cor- 
respond to the loss of trimethylsilanol from a 
fragment formed through the rupture of the 
bond between the substituent bearing carbon 
atoms of the derivative (i,e., M-B+90, or the 
fragment A-90). This aonsecutive loss of tri- 
methylsilanol from various fragments continues 
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to produce several series of ions which may in 
genera l  be r e p r e s e n t e d  as: (M-(X-90)) +, 
( M - ( X - 2 X 9 0 ) )  §  ( M - ( X - 3 X 9 0 ) )  + and 
(M-(X-4X90)) § where X may be A, B, C, etc. 
Another series of ions formed by cleavage c~ to 
the bond that is substituted was present in cases 
where there was a methylene group situated 
between the substituted carbon atoms (i.e., 
B+ 102 +). 

In addition to the ions discussed above, an 
ion of  m/e = 191 was present in all of  the deri- 
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vatives containing the grouping (1): However, 
its intensity was high only in those derivatives 
which had more than three carbon atoms 
between any two carbons bearing the trimethyl- 
silyloxy groups. (Linoleic acid A9,12, 2.0%; lin- 
o le ic  acid A 9 , 1 5 ,  64.0%; &-linolenic acid 
A9,12,15, 28.0%; 3'-linolenic acid A6,9,15, 
74.8%): 

-CH-CH 2- Ctt- CIt- 

I I I 
O O O 

I I I 
Si Si Si 

J \ 
(C113)3 (CH3) 3 

A cyclic ion whose structure cannot be assigned 
at this time could be the precursor of the ion at 
m/e 191: [(CH3)3Si-O-CH-O-Si-(CH3)3]. A 
similar ion has been postulated by Niehaus and 
Ryhage (4) for the m/e 75 ion derived from the 
corresponding polymethoxy ether derivatives. 
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Reciprocal Interactions in the Desaturation of Linoleic 
Acid into 7-Linolenic and Eicosa-8,1 1,14-Trienoic 

into Arachidonic 

ABSTRACT 

Variable concentrations of [I14C] 
l i n o l e i c  ac id  and  [ I 1 4 C ]  eicosa- 
8,11,14-trienoic acid were incubated with 
liver microsomes in a medium containing 
the necessary cofactors for fatty acid 
desaturation. The conversion of linoleic 
into 3' -linolenic acid and eicosatrienoic 
i n t o  arachidonic acid were mutually 
inhibited and the inhibi t ion depended on 
the concentration of the fatty acids incu- 
bated. 

In studying the regulation (1) of unsaturated 
fatty acid biosynthesis in the microsomes of the 
liver, tinoleic acid desaturation into 3' -linolenic 
acid was inhibited by other members of the 
linoleic acid family, such as 3' -linolenic and 
arachidonic acid (2). This effect was evoked 
either when the acids were tested as CoA der- 
ivates or as free acids plus ATP, CoA and Mg ++. 

In order to understand more properly the inter- 
relationships of t h e  members of this series, the 
effect of [114C]_lirmleic acid desaturation to 3' 
- l inolenic acid upon [I14C]-eicosa-8,11,14 - 
trienoic acid conversion to arachidonic acid and 
vice versa was studied. 

Liver microsom~s of male albino rats fed a 
balanced diet wer~ separated by differential 
centrifugation at 140,000 X g (3). Microsomal 
protein 5 mg and 200 to 800 nmoles [I14C] - 
linoleic acid (specific activity 52.9 mC/mmole, 
diluted with unlabeled acid in the proportion 
1:144) (The Radiochemical Centre, Amersham, 
England) were incubated during 20 min at 25 C 
in air with 2 0 0  to 800 nmoles, [I14C] - 
eicosa-8,1 t,14-trienoic acid (specific activity 
1.65 X 105 dpm/~mole, synthesized in W. 
Stoffel's laboratory, Institut fur Physiologische 
Chemie, Cologne, Germany). The free acids dis- 
solved in propylene-glycol were added to a 
medium containing in /~moles: ATPNa 2, 8; 
CoA, 1.2; NADPH 2.5; MgC12 15; glutathion 
4.5; NaF 125; nicotinamide 1 ; phosphate buffer 
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TABLE I 

Effect of Increasing Concentration of Substrate Upon the Conversion 
of [ I 14 C ] -Linoleic Into 3' -Linolenic Acid and [ I 14 C ] -Eicosa-8,1 1,14-Trienoic 

into Arachidonic Acid a 

Labeled acid Amount 
Original Incubated, Conversion converted, 
substance nmoles % nmoles 

[I14C]- 200 4.7 9.4 
Linoleic 400 2.1 8.4 
acid 800 0.7 5.6 
[I14C] Eicosa- 200 14.8 29.6 
8,11,14-trienoic 400 7.2 28.8 
acid 800 3.2 25.6 

aTwo hundred nmoles eicosa-8,11,14-trienoic or linoleic acid were included in the 
medium. Results are the mean of two experiments. 

(pH 7.2) 125 in a to ta l  vo lume of  3 ml of  0.15 
M KC1; 0.25 M sucrose solution.  The amount  of  
fa t ty  acids relative to amount  of  microsomal  
protein was so chosen to assure that  the fa t ty  
acid desaturat ion was the l imiting factor  of  the 
react ion and to avoid alien act ivating effects 
(1). Once the incubat ion  was s topped the fa t ty  
acids were saponified,  extracted and esterified 
with 3 N HC1 in methanol ,  in the usual way (3). 
The fa t ty  acids were separated by gas l iquid 
chromatography  in a Pye apparatus equipped 
with a co lumn packed with 10% diethylene-  
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FIG. 1. Mutual effects of the conversion of 

[I14C]-linoleic acid into 3'-linolenic acid and [I14C]- 
eicosa-8,11,14-trienoic acid into arachidonic acid. 
( , - - . )  200 nmoles [114C]-linoleic acid were incubated 
with increasing amounts of eicosa-8,11,14-trienoic 
acid.  (X--X) 200 nmoles [I14C]-eicosa-8,11,14- 
trienoic acid were incubated with increasing amounts 
of linoleic acid. The experimental conditions are 
described in the text. Figures axe the mean of two 
experiments. 

glycol  succinate in Chromosorb  W (100-120 
mesh). Appropr ia te  fractions were collected 
every minute  in vials containing the  scinti l lation 
c o u n t i n g  s o l u t i o n  a n d  the radioact ivi ty 
measured in a Packard Tricarb Scinti l lation 
Counter .  

Figure 1 shows that  eicosa-8,11,14-trienoic 
acid conversion into  arachidonic acid (16.1%) is 
higher than l inoleic acid desaturat ion into 3' 
- l inolenic acid (6.4%). These conversions agree 
wi th  the results found  by Stoffel  and Schiefer 
(4). However,  the decrease in the conversion of  
[114C]-linoleic into 3' -linolenic acid by effect  
of  substrate concent ra t ion  is higher than was 
expec ted  by simple di lut ion,  as is shown in 
Table I. This result  might  suggest the possibili ty 
of  an inhibi t ion p rovoked  by the substrate. The 
desaturat ion of  eicosa-8,11,14-tr ienoic acid into 
arachidonic  acid, is also inhibi ted by its own 
substrate,  suggesting the same possibility. 

Eicosa-8,11,14-tr ienoic acid provoked,  as 
expected ,  an inhibi t ion of  l inoleic acid desatu- 
ra t ion into  3' - l inolenic acid and corroborates  
our  postulate  that  higher members  of  l inoleic 
acid series may compe te  with linoleic acid 
desaturat ion.  This effect  is provoked,  in suit- 
able condit ions,  e i ther  when the inhibi tor  is 
desaturated as is the  case with eicosa-8,11,14- 
t r ienoic  acid or when it  is not  desaturated as 
was found with 3' - l inolenic or arachidonic acid 
( 1,2). The conversion o f  eicosa-8,1 t ,  14-trienoic 
acid in to  arachidonic acid is also inhibi ted by 
increasing concent ra t ions  of  l inoleic acid (Fig. 
1). Marcel et al. (5) have just  repor ted  that  the 
addi t ion of  l inoleic acid to eicosa-8,11,14- 
t r ienoic  acid in a 2:1 rat io increased the desatu- 
rat ion of  the lat ter  by 300%. This result ,  which 
in the  first instance appears to  contradic t  our  
finding, must  be carefully analyzed. The experi- 
m e n t a l  c o n d i t i o n s  chosen by the afore- 
men t ioned  authors,  tha t  is the ratio 10 mg 
microsomal  prote in  to  100 nmoles of  fa t ty  

LIPIDS, VOL. 4, NO. 6 



S H O  ICI' C O M M U N I C A T I O N S  623 

acid, appears to be too high to assure that the 
desaturating cnzyme is the limiting factor of 
the reaction, as we have shown in a previous 
work (1). Consequently, according to our 
theory that desaturation and esterification com- 
pete for the fatty acid, activating effects were 
very probably expected to be found in these 
conditions by addition of another fatty acid 
that would decrease the amount of substrate 
available for the esterification. Therefore this 
result and the other reported activating effects 
of the addition of 7 -linolenic acid, eicosa- 
11,14-dienoic acid or arachidonic acid to the 
eicosa-8,11,14-trienoic acid system supports 
our theory (1). 

The fact that eicosa-8,11,14-trienoic acid 
desaturation to arachidonic acid competes with 
linoleic acid conversion into 7- l inolenic  acid 
and vice versa, does not necessarily prove that 
the same enzyme or enzymes are used by both 
acids. 

R. IL BRENNER 
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La Plata, Argentina 

AC K N O W I . E D G  M EN TS 

Part  of  this  w o r k  was d o n e  in the  Ins t i t u t  fu r  
Phys io log i schc  Chemie .  C o l o g n e ,  G e r m a n y  t h r o u g h  
the D e u t c h e r  A k a d e m i s c h e r  A u s t a u s c h d i e n s t  a n d  the  
( ' o n s e j o  N a t i o n a l  de Inves t igac iones  C ien t i f i cas  y 
Tecn icas ,  Argen t i na .  W. S to f fe l  p r o v i d e d  the  d rugs  and  
e q u i p m e n t  used  in this  e x p e r i m e n t  anti Mrs. E. C. T. 
de Serres  p r o v i d e d  t echn i ca l  ass i s tance .  This w o r k  has 
been  s u p p o r t e d  by  G r a n t  9 o f  the Cornis ion  tie Investi-  
g a t i o n  Cien t i f i ca ,  Univers i ty  o f  l_a Plata.  

R E t . ' E R E N C E S  

1. Brenner ,  R. R. ,  a n d  R. O.  Pe lu f fo ,  l l i och im.  Bio- 
phys .  A c t a  176,471 ( 1 9 6 9 ) .  

2. Brenner ,  R. R.,  R. O. Pe lu f fo ,  A. M. Nervi a n d  M. 
E. De T o m a s ,  Ibid.  176,420 ( 1 9 6 9 ) .  

3. Brenner ,  R. R., a n d  R. O. Pe lu f fo ,  J .  11iol. C h e m .  
241, 5 2 1 3  ( 1 9 6 6 ) .  

4. S to f fe l ,  W., a n d  H. G. Sch ie fe r ,  Z. Phys io l .  C h e m .  
345, 41 ( 1 9 6 6 ) .  

5. Marcel .  Y. L.,  K. Ch r i s t i an sen  a n d  R. T. H o l m a n .  
B i o c h i m .  B iophys .  A c t a ,  164, 25 ( 1 9 6 8 ) .  

]Received April 22, 1969] 

Phospholipid Class and Fatty Acid Composition of 
Developing Spinal Cord in Normal Pigs and in Congenital 

Tremor (Myoclonia Congenita) 

ABSTRACT 

Extracts of spinal cord lipids from 
normal pigs and littermates affected with 
myoclonia congenita were examined for 
lipid and fatty acid composition at 6, 10, 
14, 21 and 30 days of age. A marked 
decrease in total crude lipid and in phos- 
phatidylethanolamine (PE), phosphatidyl- 
choline (PC), phosphatidylscrine (PS) and 
phosphatidylinosi tol  (PI) occurred in 
spinal cord lipids of affected pigs. Choles- 
terol esters were absent from spinal and 
lipid extracts and no qualitative differ- 
ence  in g a n g l i o s i d e  patterns were 
observed between normal and affected 
pigs at any age. Spinal cord lipid extracts 
from affected pigs had less oleic acid 
except at 30 days and more arachidonic, 

docosapentaenoic and docosahexaenoic 
acids than normal. 

Previous studies (1,2) indicated that swine 
affected with myoclonia congenita exhibited 
variable degrees of hypomyelinization, espe- 
cially of the spinal cord, as determined by 
histochemical staining procedures. By ablation 
t e c h n i q u e s  it was established that the 
myoclonus was activated by neural inputs from 
the brain or spinal nerves but the mechanism 
was localized at the spinal cord level. The 
present investigation was developed to survey 
the phospholipid class composition and the 
fatty acids of the spinal cord in pigs of various 
ages with myoclonia congenita and in their 
unaffected littermate controls. 

Tissue moisture content determination, lipid 
extraction, treatment with antioxidant, thin 
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lipid extracts and no qualitative differ- 
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observed between normal and affected 
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acids than normal. 

Previous studies (1,2) indicated that swine 
affected with myoclonia congenita exhibited 
variable degrees of hypomyelinization, espe- 
cially of the spinal cord, as determined by 
histochemical staining procedures. By ablation 
t e c h n i q u e s  it was established that the 
myoclonus was activated by neural inputs from 
the brain or spinal nerves but the mechanism 
was localized at the spinal cord level. The 
present investigation was developed to survey 
the phospholipid class composition and the 
fatty acids of the spinal cord in pigs of various 
ages with myoclonia congenita and in their 
unaffected littermate controls. 

Tissue moisture content determination, lipid 
extraction, treatment with antioxidant, thin 

LIPIDS, VOL. 4, NO. 6 



624 

< 

..= 
e~ 

ca 

< 

Z 

.a 

o 

O 

O 

.2 

*2 m 

_ ~  ~ ~.~ 

m 

LIPIDS, VOL. 4, NO. 6 

SHORT COMMUNICATIONS 

layer chromatography (TLC) and phosphorus 
analysis of  the separated phospholipids were 
carried out as described by Rouser et al. (3). 
Methyl esters of fat ty acids from total  lipid 
e x t r a c t s  were  prepared  as described by 
Morrison and Smith (4) using 14% BF a in 
methanol at 100 C for 2 hr. Gas liquid chroma- 
tography of the methyl esters was carried out  
on polar and nonpolar columns with the condi- 
tions and standardization procedures for detec- 
tor response and linearity, and peak identifica- 
tion methods previously described (5,6). Peak 

~* areas were determined by electronic integra- 
tion. 

Table I shows that the only consistent differ- 
ence from normal in the development of spinal 
cord in affected pigs was a marked decrease in 

'~ total  lipid at all time periods except at 30 days 
of age although the per cent of crude lipid was 
unchanged. Samples from affected pigs taken at 
30 days had light cases of the disorder. Table II 
indicates that the decrease of total  crude spinal 
cord lipids in affected pigs noted in Table I is 
reflected in decreases of each of the phospho- 
lipid classes except at 30 days of age. The distri- 
bution of phospholipid classes appears to be 
normal at all ages in affected pigs when results 
are expressed on the basis of milligram per 100 
mg total  lipid or as per cent P of total P. TLC in 
propanol-NH3/H20 (6:2:1)  revealed no quali- 
tative differences from normal of the pattern of  
gangliosides present in spinal cord lipids from 
affected pigs. TLC in CC14 indicated that cho- 
lesterol esters were absent from the spinal cord 
lipids of normal and affected pigs at all ages 
studied. The absence of cholesterol esters from 
spinal cord lipids of affected pigs suggests that  
the pathology of this disorder is not associated 
with demyelination where the presence of cho- 
lesterol esters is characteristic (5). Table III  
shows that  total  lipid extracts of spinal cord 
showed an increase in polyenoic acids over 
n o r m a l  w h i c h  was d i s t r i b u t e d  between 
arachidonic ,  docosopentaenoic and docosa- 
hexaenoic acids, and in linoleic acid at 30 days. 
The increase was significant at 6 days (P < 
0.001), 10 days (P < 0.05), 14 days (P < 0.02), 
30 days (P < 0.01), but not  at 21 days. Oleic 
acid was noted to decrease at 6 days (P < 0.05), 
10 days (P < 0.05), 14 days (P < 0.001), 21 
days (P < 0.02), but not  at 30 days. No marked 
d i f f e r e n c e s  in saturated fat ty acids were 
observed. Increases in fa t ty  acids containing 
more than 18 carbon atoms in spinal cord lipids 
of affected pigs were due largely to polyunsatu- 
rated fat ty acids. The relative increases in poly- 
u n s a t u r a t e d  f a t t y  acids were similar to 
observations made in the lipids of sciatic nerve 
undergoing Wallerian degeneration after tran- 
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section (5) but the relative losses of saturated 
fatty acids containing more than 18 carbon 
atoms which were noted in Wallerian degenera- 
tion did not occur in spinal cord of pigs with 
myoclonia congenita. 
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The Determination of Trans Isomers in GLC 
Fractions of Unsaturated Esters 

ABSTRACT 

The determination of the amount of 
t rans  unsaturated isomers present in col- 
lected fractions of unsaturated fatty acid 
methyl esters separated by gas liquid 
c h r o m a t o g r a p h y  is accomplished by 
measuring the infrared absorbances of the 
collected peak at 10.36 and 8.55 /a. The 
ratio of these two absorbances is propor- 
tional to the t rans  unsaturation. The in- 
terfering polyester column bleed is re- 
moved from the collected peaks by 
collection on alumina and elution into 
the spectrophotometer cell with CS 2. 

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

The GLC separation of unsaturated fatty 
esters employing the usual 6-8 ft column of 
polyester separates the unsaturated esters into 
fractions according to the number of double 
bonds in the molecule. However, each unsatu- 
rated ester may be a mixture of cis and t rans  
isomers. Although these geometrical isomers 
can be separated by capillary columns (1), the 
positional isomers present in hydrogenated oils 
interfere with this separation (2). 

In partially hydrogenated fats, the trans- 
octadecenoate may be the principal fatty ester 
present (2) but will be reported as oleate. Also 
t rans-eis ,  and t r a n s - t r a n s - o c t a d e c a d i e n o a t e  will 
be included with the cis-c is- l inoleate .  Although 
the total t rans  isomers may be determined by 
infrared spectrophotometry (3), this method 
does not reveal if the t rans  double bond is in a 
monoene or a diene system. 

By a combination of GLC separation and 
infrared spectrophotometry of the collected 
fractions of each peak, the isomeric form of 
each ester can be determined. 

The amount of t rans  isomers in a sample of 
methyl esters is proportional to the ratio of the 
absorbances at 10.36 ~ ( t rans  double bonds) 
and 8.55/~ (ester group) and this ratio is inde- 
pendent of the concentration of the sample (4). 
Thus, since the ester sample need not be 
weighed nor made up to known volume, the 
small samples collected from a gas chromato- 
graphic separation may be analyzed. 

EXPERIMENTAL PROCEDURES 

A Perkin-Elmer Model 21 with a sample 
micro cell of 0.5 mm path length was used for 
the spectrophotometric analysis. The instru- 
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section (5) but the relative losses of saturated 
fatty acids containing more than 18 carbon 
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does not reveal if the t rans  double bond is in a 
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the spectrophotometric analysis. The instru- 
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TABLE I 

GLC Infrared Analysis of a Mixture of Methyl Oleate, Elaidate and Linoleate 

GLC Separation 

Found 
Known 
Original Octadecenoate Octadecadienoate 

Mixture sample, % fraction, % fraction, % 

Methyl oleate 42.1 
Methyl elaidate 3 1 . 5  73.0.73.2,72.8 (73.0) 
Methyl linoleate 26.4 27.0,26.8,27.2 (27.0) 
% Tran~a 42.4,41.4,41.9 (41.9) 1.0,2.1,2.2 (1.8) 

aFrom IR analysis of GLC fractions % trans = .419(73.0) + .018(27.0) = 31.0%. 

ment was adjusted to read 0 absorbance at 
10.36 /~ with carbon disulfide in both sample 
and reference cells and to cover 100% span so 
total absorbance could be recorded. 

Gas liquid chromatographic separations were 
made using an Aerograph Model A90P with a �88 
in. x 12 ft column packed with 15% diethylene 
glycol succinate on Chromosorb W, 60/80 
mesh. The column was held at 212 C with 70 
ml/min He. 

There is a continuous bleed of the polyester 
liquid phase from the chromatograph column 
that is mixed with the collected ester fractions. 
This material has an infrared absorption peak at 
about 8.6 tt that interferes with the absorbance 
ratio of the fatty ester so it must be removed 
from the samples. We found that polyester 
bleed material was adsorbed on alumina and 
was not  eluted by carbon disulfide. Therefore 
the GLC fractions were collected in 1 x 100 
mm melting point capillary tubes that had a 3 
to 4 mm section packed with 60-80 mesh 
alumina held in the central part of the tube 
with glass wool. 

When a fraction was eluted from the gas 
chromatograph, the collecting tube was inserted 
into the outlet and the fraction collected. The 
collecting tube was not cooled and no fog was 
produced. After the fraction was collected, the 
ester was washed through the alumina into the 
microcell with 10-20 #1 of carbon disulfide and 
the absorbance values of the peaks at 8.55 and 
10.36 tt recorded. The sample was diluted if the 
absorbance was over 0.8. The ratio of the two 
absorbances, A 10.36/AS.ss,  is calculated and 
substituted into the linear equation, % trans = 

K (Alo .36 /A8.ss )  - k. The values of the two 
constants K k, are found from the absorbance 
ratios of known samples. K is the slope of the 
line relating % trans and absorbance ratio and k 
is the y intercept. By analysis of known mix- 
tures of methyl oleate and methyl elaidate 
(high purity esters obtained from the Hormel 
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Institute, Austin, Minn.) in carbon disulfide, we 
found the equation to be: 

% Methyl elaidate = 
121.9 (Alo .36 /As . s s )  - 9.2 

RESULTS AND DISCUSSION 

The results of a GLC Infrared Analysis of a 
mixture of methyl oleate, elaidate and linoleate 
are shown in Table I. As shown, the t rans  iso- 
mers were correctly located as part of the 
octadecenoate from the percentage of that frac- 
tion that is trans.  The method described shows 
good accuracy and precision. 

Carbon disulfide was used as a solvent 
although other solvents, such as chloroform, 
could be used. However, the constants in the 
equation depend on the solvent. For example, 
in chloroform the value of K in the equation 
was found to be 181.0. 

This infrared method of analysis is believed 
to be a general method for mixtures of isomers 
whose components have several infrared absorp- 
tions in common but one that is peculiar to one 
isomer. It is quite rapid since the samples need 
not be weighed or made up to a known concen- 
tration. 

ROBERT R. ALLEN 
Anderson Clayton Foods 
3333 N. Central Expressway 
Richardson, Texas 75080 
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Oxidation of e-Tocopherol to e-Tocopheryl Quinone 
by Carbon Tetrachloride-Ethanol Solvent 

ABSTRACT 

The addition of small amounts of CC14 
to ethanolic solutions of a-tocopherol ,  
vitamin A acetate or fl-carotene caused 
destruction of these fat-soluble com- 
p o u n d s .  The  ox ida t ion  product of 
a - t o c o p h e r o l  was i den t i f i ed  as a- 
t o c o p h e r y l  quinone by UV and IR 
spectral analysis. Maximum conversion to 
the quinone occurred with a ratio of CC14 
to ethanol of 25:75 (v/v). 

Butler (1) has shown that CC14 induced the 
n o n - e n z y m a t i c  o x i d a t i o n  of  r e d u c e d  
glutathione, cysteine and cytochrome C at 
physiological temperatures. Hove (2) reported 
that CC14 catalyzed the bleaching of/3-carotene 
in ethanol solution in the presence of linoleate 
hydroperoxide.  Recknagel and Ghoshal (3) 
found that a conjugated diene was formed from 
the linoleic acid of liver microsomes after CC14 
treatment.  Butler (1) has shown that CC14- 
induced oxidations resulted in an inverse sub- 
s t i t u t i o n  of one of the chlorine atoms, 
presumably through free radical formation,  and 
assumed that the final fate of this chlorine 
atom was as a chloride ion produced by acquisi- 
tion of two electrons from the substrate com- 
pound~ He suggested that this oxidative activity 
may be involved in the hepatotoxic effect of 
CC14 in animals. If this is true, then antioxi- 
dants should confer protect ion against the toxic 
action of this solvent. Indeed, several years ago 

Hove (4) did show that ot-tocopherol and other 
antioxidants had a marked protective effect 
against fatal CC14 poisoning of rats fed low pro- 
tein diets. This finding has recently been con- 
firmed by Gallagher (5) and by Seward et al. 
(6). Therefore it is of interest to find now that 
CC14 can oxidatively destroy a- tocopherol  by 
causing its conversion to the quinone. 

When glass-distilled spectral grade CC14 was 
added to ethanolic solutions of dl-a-tocopherol 
(70  #g/ml), conversion to the tocopheryl  
quinone began quickly and proceeded to near 
completion within a period of several days (Fig. 
1). Q u a n t i t a t i v e  conversion, as observed 
spectrophotometr ical ly ,  occurred within 20 
days when the CC14 concentration was 20% 
(v/v). In control solutions (no CC14) under the 
same time and conditions, no change occurred. 
The loss of the tocopherol  was indicated by the 
complete disappearance of the Emmerie-Engel 
reaction and by loss of the UV absorption peak 
at 293 m# (Fig. 2). The UV curve showed the 
strong bicuspid peaks at 264 and 273 m/a that 
are characteristic of the quinone, with E}~om 
(273)=345 (Fig. 3). The IR spectrum of the dry 
product conformed exactly to that of authentic 
o~-tocopheryl quinone (7). In another trial (Fig. 
1 and 2), CHC13 was found to be less than half 
as active as CC14 in oxidizing tocopherol  to the 
quinone. 

The rapidity and degree of oxidation o f  
tocopherol  by CC14 depends  on the relative 
ratio of the two solvents, ethanol and CC14. in 
either pure CC14 or pure ethanol, tocopherol  
was quite stable. The maximum rate of oxi,  
dation occurred with 25% CC14 in e t h a n o l  
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FIG. 1. UV curves showing the production of 
o~tocopheryl quinone (273 m/t) from a-tocopherol, in- 
duced by low levels of CC14 at 18 C. a-Tocopheryl 
quinone production was monitored by periodic UV 
readings over 36 days. 
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FIG. 2. UV curves showing the loss of absorption 
at 293 m/.t (a-tocopherol) induced by low levels of 
CC14 at 18 C. o~-Tocopherol loss was monitored by 
periodic UV readings over 36 days. 
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FIG. 3. UV curves showing the concomitant loss of 
a- tocopherol  (294 rng) and production of C~- 
tocopheryl quinone (264, 273 m/a) induced by low 
levels of CCI 4 at 18 C. Volumes of CCI 4 for curves 0, 
1, 2 and 3 were 0%, 1.25%, 2.50% and 5.00% in 
ethanol, respectively. 

(v/v), as shown in Figure 4. 
We have obtained other data showing that 

vitamin A acetate is even more labile to the 
solvent effect than is tocopherol. As little as 
1.3% of CC14 added to vitamin A acetate in a 
mixture of ethanol and xylene (11 /~g/ml) 
caused the destruction of 53% in 4 days; con- 
trol solutions with no CC14 were completely 
stable under identical conditions. 

The oxidative effect of CC14 probably de- 
pends on free radical primers. Polar compounds 
such as ethanol could be such primers, and 
could explain the effect of the mixed solvents. 
We also found that diffuse laboratory light was 
a primer; in 4 days the destruction of /3- 
carotene by 5% CC14 was 85% in light but was 
only 30% in total darkness. In the control 
solutions (without CC14) no loss occurred in 
this period, even in the light. Short wavelength 
UV light (254 m/~) has been found to be an 
especially effective primer. Under this radia- 
tion, the reaction time was minutes rather than 
days, but approximately the same amount of 
destruction occurred. We have also noted that a 
high level of hydroquinone (0.1 g/4.2 ml 
reaction mixture) almost completely inhibited 
the CC14-induced oxidations. 

The oxidative potential of CC14 under cer- 
tain conditions may have a relation to its 
hepatotoxic action, as has been suggested in the 
literature. In addition, this property has impor- 

w 
Z 
0 
Z 

o 
8c ) -  

oc: 

o 6c 

o 4 0  

w 
~ 20 
o u 
? 

/\ 
/ \  

/ \. 
I I I J I I I I 

2 0  4 0  6 0  8 0  

% C C I  4 I N  E T H A N O L  ( u / u )  

FIG. 4. Effect of proportions of CC14 in ethanol 
on the oxidation of 0l-tocopherol to 0r 
quinone, at 18 C over a 4 day period in dim, diffuse, 
laboratory light. 

tant implications for the extraction of samples 
and storage of samples and standards in ana- 
lytical procedures for easily oxidized fats and 
fat-soluble components. 

C. R. SEWARD 
G. VAUGHAN MITCHELL 
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Division of Nutrition 
Food and Drug Administration 
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Washington, D. C. 20204 
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Erratum 

In the paper ent i t led " F a t t y  Acid Desaturase 
Systems of  Hen Liver and Their  Inhibi t ion by 
Cyclopropene  Fa t ty  Acids"  by A. R. Johnson  
et al., which appeared in Lipids, Vol. 4, No. 4, 
July 1969, the legend of  Figure 2 should belong 
to Figure 1 and the legend of  Figure 1 should 
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FIG. 1. Desaturation of fatty acids of varying chain 
length by the desaturase system prepared from each of 
three hen livers, A, B and C. Dotted line represents 
mean; least significant difference between means (P = 
0.05) = 10.1%. 

belong to Figure 2. See correct  p lacement  
below. 
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FIG. 2. Mean per cent inhibition of desaturation of 
fatty acids of vaxying chain lengths by sterculic and 
malvalic acids (0.0005 mM) in desaturating systems 
from two hen livers (A and B, Fig. 1). The open blocks 
represent sterculic acid and shaded blocks malvalic 
acid. The per cent inhibition was calculated using the 
per cent desaturation from the uninhibited systems as 
100% conversion. 
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